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Foreword

Achim Steiner
UN Under-Secretary General and

Executive Director
United Nations Environment Programme

   

The past decade has witnessed profound human-induced changes on Planet Earth. We have today a 
population of  over six billion whose primary sources of  energy are fossil fuels and biomass burning. 
The per capita demand for energy is increasing. This demand has a direct impact on 
total emissions and various atmospheric environmental issues. The past decade has also witnessed 
a major increase in both the intensity and frequency of  natural disasters. Some examples include 
the intensification of  the Atlantic hurricanes, acceleration of  the melting of  extra-tropical snow 
packs in the mountains, melting of  the tropical glaciers, and decrease in monsoon rainfall, 
to name a few. After more than a century of  scientific studies on global warming, we have 
today a fair understanding of  the causes and impacts of  greenhouse gases (GHGs). We also 
have a good understanding of  the causes and impacts of  ozone depleting substances, such as 
chlorofluorocarbons (CFCs), on the ozone hole. 

The scientists conducting the Indian Ocean Experiment (INDOEX) during 1998-1999 have revealed 
and documented Atmospheric Brown Clouds (ABCs), that is, regional scale plumes of  air pollution 
that have become an emerging regional climate change issue. The brown clouds, mostly made 
up of  sub-micron size particles, intercept solar radiation, thus significantly affecting the earth’s 
energy budget. ABCs occur frequently downwind of  all heavily inhabited regions across the globe. 
The widespread nature of  ABCs and findings related to their adverse effects on climate, water 
budget, agriculture, human health and ecosystems have given rise to great concern. Recognizing 
the importance of  these findings, UNEP commissioned Project ABC in collaboration with a team of  
distinguished scientists, based on a regional paradigm. 

In its first phase, Project ABC focused on Asia due to the likely impacts on the region’s population 
of  over 3 billion and the presence of  several special features that are relevant to ABCs. Among 
these are Asia’s long dry season and its increasing industrialization and urbanization. The regional 
focus of  current research into ABCs has also come as a result of  significant advances in climate 
and atmospheric sciences. A regional issue of  much concern at present pertains to interactions 
between air pollution and greenhouse gas build-up and their impacts on climate, water, health 
and agriculture. 

Based on extensive research carried out by Project ABC, this publication analyses ABCs and 
regional climate change in Asia, with a focus on human health and food security. The critical need 
to address the growing problem of  ABCs is clearly recognized in this publication. All the findings 
reported in this publication demonstrate in no uncertain terms the urgency of  mitigating the 
adverse impacts of  ABCs.

The work done by Project ABC and the international community of  scientists that made up the 
ABC Science Team is worthy of  high praise. UNEP is grateful to Professor V. Ramanathan for this 
exemplary research, his guidance as well as for providing the intellectual and scientific stimulus 

to the conduct of  Project ABC. UNEP is also grateful to the ABC Science 
Team, ABC Agriculture Impact Study Group, ABC Health Impact Study 
Group, and ABC Water Impact Study group, who have contributed to the 
preparation of  this publication.
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Prof. V. Ramanathan
Chair, ABC Science Team   

Foreword
In preparing this first major publication on atmospheric brown clouds (ABCs), the authors have 
taken great care to integrate  the most recent findings of  research with the knowledge accumulated 
over the last decade into this fast spreading trans-boundary, trans-continental and trans-oceanic 
phenomenon. While the brown cloud problem is common to all areas of  the world, the first focus 
of  Project ABC is on Asia, home to about 60 per cent of  the world’s population of  6.5 billion 
people. By all reasonable measure, the extent to which the authors have managed to present as 
comprehensive an overview of  ABCs as has been made possible, given a number of  constraints and 
limitations, is a matter over which opinions may differ. The present work, large and detailed as it is, 
is designed as much for the specialist intending to pursue further study and research, and for the 
non-specialist who, up till this publication, has been unfamiliar with the subject matter. 

The trans-continental and trans-oceanic atmospheric brown clouds,  documented exhaustively 
for the first time by the Indian Ocean Experiment (INDOEX), were observed as widespread layers 
of  brownish haze hovering over continental South Asia and the Indian Ocean.  Subsequent to the 
completion of  INDOEX in 2000, two important developments established ABCs as a major global 
problem. First was the retrieval of  aerosols over land and oceanic areas by the MODIS instrument 
on Terra satellite in 2001, which revealed brown clouds - originating from major populated regions 
throughout the world - over the Atlantic, Pacific and Indian Oceans. The second development was 
spurred by another field experiment, ACE-Asia in the Western Pacific Ocean downwind of  East Asia. 
The results revealed widespread pollution mixed with dust in the Western Pacific Ocean, further 
confirming the earlier findings of  INDOEX.  

This publication chronicles the adverse effects of  ABCs on climate, agriculture and human health, 
which have aroused concern among governments around the world, especially in Asia, and quite 
rightfully as Asia accounts for three out of  five regional ABC hotspots that have been identified so 
far around the world. 

There are clear signs of  the continued widespread transport of  atmospheric brown clouds over 
long distances. It is in this respect that Project ABC together with this publication assumes special 
significance. More than ever, there is a need to help policy makers and decision makers formulate 
an effective adaptation and mitigation response and for the science of  climate change to address 
the impacts of  atmospheric brown clouds. 

So much research work on atmospheric brown clouds is in progress.  New experiments are going 
on.  And the challenge to mitigate the impacts of  atmospheric brown clouds is constantly being 
renewed. For Project ABC and the members of  the ABC Science Team few experiences are as 
rewarding as the manifest enthusiasm and strong upsurge of  interest surrounding the preparation 
and imminent release of  this publication. We are grateful to the United Nations Environment 
Programme for facilitating Project ABC.  As the Chair of  the ABC Science Team, I would like to 
convey my appreciation to all members of  the Science Team and 
Impact Study Groups, who recognizing the need for this publication, 
have demonstrated their commitment to the goals that Project ABC 
has set for us.
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PreFACe
Atmospheric Brown Clouds and Climate Change: Water Security, Food Security 
and Human Health

At a global scale, aerosol particles in atmospheric brown clouds (ABCs) may have masked as 
much as 25-75 per cent of  global warming due to greenhouse gases. Thus, disconnected and 
isolated policy responses to global warming and to the health and/or ecosystem effects of  
indoor and outdoor air pollution pose unintended consequences for climate and possibly trigger 
non-linear changes. An example of  an isolated policy response is the reduction of  sulphur 
emissions (to mitigate health impacts and acidification) without a comparable reduction in 
carbon dioxide and black carbon emissions, which can lead to a large increase in warming 
during the coming decades. At a regional scale, however, ABCs could intensify the effects of  
global warming on glacier retreat by soot deposition on snow and ice and by soot-induced 
solar heating of  the atmosphere. Reduction of  solar radiation at the surface can lead to major 
droughts in Africa and Asia by asymmetric alterations of  sea surface temperatures and land 
surface temperatures. Locally, ABCs have been shown to suppress the formation of  rain clouds. 
Finally, at local and regional scales, inhalation of  particles (indoors and outdoors) in ABCs has 
been linked with over a million deaths annually worldwide.  

Clearly, what is needed is an assessment of  the combined impacts due to greenhouse gases 
(GHGs), air pollution and land use changes. Such an assessment is the major goal of  this 
report.  In order to help policy makers and decision makers formulate an effective response 
(adaptation and mitigation), the science of  climate change should also address the impacts 
of  ABCs, GHGs and human activities, on water, agriculture and health. We can then more 
effectively develop effective mitigation plans for climate change. Such an assessment has 
to be done at regional scales, for although ABCs are a global-wide phenomenon, they are 
concentrated regionally and their effects are regionally punctuated.

Global climate change has been attributed to three main anthropogenic activities: increasing 
emissions and accumulation of  long-lived GHGs, emissions of  aerosol particles and land use 
change, in addition to natural activities, such as changes in solar output and volcanic eruptions. 
The Fourth Assessment Report of  the Intergovernmental Panel on Climate Change (IPCC-AR4 2007) 
concludes that it is very likely that humans have exerted substantial (warming) influence on 
the climate since 1750. The observed global warming during the past 50 years is largely 
attributable to increasing atmospheric concentrations of  long-lived GHGs (CO2, CH4, N2O, and 
halocarbons). Natural changes are also responsible for climate change, but it is very unlikely 
that the combined natural radiative forcing could have had a warming influence comparable 
to that of  the combined anthropogenic radiative forcing for the period 1950-2005, the IPCC 
concludes. There is now a high level of  scientific understanding of  the radiative forcing of  long-
lived GHGs on the earth’s climate system.

Several recent large-scale atmospheric characterization experiments, in particular the Indian 
Ocean Experiment (INDOEX) conducted in 1998-1999, have revealed the full scope of  another 
atmospheric issue, ABCs, which is a large scale atmospheric haze composed of  aerosol 
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particles and precursor gases (such as sulphur dioxide, nitrogen oxides and volatile organic 
compounds) for the formation of  aerosols and ozone, emitted by fossil fuel combustion, 
biomass burning and biofuel cooking. ABCs are a trans-boundary, trans-continental and trans-
oceanic phenomenon that can cover a large area of  a continent or an ocean basin within a 
few days, as revealed by recent satellite observations. Aerosol particles in ABCs reduce solar 
radiation reaching the earth’s surface, enhance atmospheric solar heating and change cloud 
properties. These radiative forcing terms exert significant influence, as recent modelling 
studies have shown, on regional and global temperatures, north-south sea surface temperature 
gradients and land-sea contrast in sea surface temperatures. In turn, these perturbations lead 
to a reduction and redistribution of  monsoon precipitation. The solar heating of  the atmosphere 
by soot in ABCs and the deposition of  soot on snow packs also intensify glacial retreat, which 
is triggered by global warming. Together, monsoon disruption and glacier retreat have negative 
impacts on water availability and agricultural productivity. Concentration of  aerosols decreases 
with altitude in the source regions, and thus the largest concentrations occur near the ground. 
Hence, ABCs are also a threat to human health in both urban and rural areas. 

As mentioned in the IPCC-AR4, the level of  scientific understanding of  aerosol effects is low. 
More research is needed but we already know enough to motivate mitigation measures.

The emission of  ABCs and their gaseous precursors, which is increasing in many rapidly 
developing regions, notably Asia, leads to intricate interactions among GHGs, aerosol particles 
and climate. It is therefore crucial to understand the role of  each agent of  climate change in 
order to properly quantify the impacts of  GHGs and atmospheric aerosols. Regional effects 
may be larger, in a relative sense, than global average values, due to heterogeneous spatial and 
temporal distributions as it is governed by the short atmospheric lifetime of  aerosols (~a week 
or two in the troposphere, as compared to 50-100 years for GHGs) and geographically variable 
emission strengths. Intense emission strengths coupled with unique meteorological features, 
such as long and dry winter months that aggravate the situation, make the Asian region very 
susceptible to the effects of  ABCs. For as long as such strong sources of  air pollution remain, 
regional aerosol effects will continue to play a major role in the next decades. 

The primary focus of  this report is on Asia, with case studies from China and India. It is widely 
accepted that the negative impacts of  climate change will be felt most acutely in developing 
nations, particularly in Asia. Asia faces a double threat, one in the form of  global warming 
from the build-up of  GHGs and the other in the form of  regional climate change due to aerosol 
particles and ozone in ABCs. ABCs include particles (aerosols), such as soot and sulphates and 
pollutant gases, such as ozone. These pollutants start off  as indoor and outdoor air pollution 
near the surface and are transported vertically and horizontally by atmospheric motions. 
Depending on the meteorology and the lifetimes of  these pollutants (days to a few weeks), they 
can become thick plumes (1-4 km) that are a few hundred to several thousand kilometres wide. 
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In this report, the definition of  ABCs includes indoor and outdoor air pollution that leads to the 
formation of  widespread layers of  brown clouds. 

The regional effects of  ABCs include masking of  regional surface warming by GHGs, disruption 
of  the monsoon rainfall as well as a likely deceleration of  the monsoon and amplification 
of  the effects of  global warming on the retreat of  the Hindu Kush-Himalayan glaciers.  At a 
local scale, ABCs can increase the strength of  low level inversion, suppress precipitation and 
intensify convective storms.  Thus, GHGs and ABCs pose a great challenge to the water budget 
of  planet Earth and to the food security of  Asia. This major emerging issue is far from being 
fully understood and this report is the first attempt to assess current understanding of  complex 
climate-related issues that challenge Asia’s admirable goal to improve the quality of  life of  its 
population of  nearly 4 billion people.

Scope of the Study
About 10 per cent of  all available ice-free land is used for crop production and over 2 billion 
tonnes of  grain are produced for food and animal feed. Future growth in population and 
the economy is expected to double the demand to 4 billion tonnes of  grains annually. It is 
speculated that if  current growth trends in crop yields continue into the future, increased 
supply could be achieved without significantly increasing arable land. Changes in surface 
temperature, solar radiation, precipitation and evaporation are some of  the major climate 
parameters that influence water availability, the availability of  agricultural land and crop yields. 
Thus, climate change and climate variability can significantly impact future water and food 
security.

The effect of  ABCs on climate, water budgets, agriculture and human health is a significant 
problem and its impacts have not been fully explored. This assessment aims to develop a 
quantitative basis for estimating the interactions among ABCs, climate variability/change, water 
budget, agricultural productivity and human health.

Scope of the Report
UNEP commissioned Project ABC to undertake an assessment of  the impacts of  ABCs on 
regional radiative forcing, climate, agriculture, water and health. Part I of  this report describes 
the impacts on radiative forcing and climate. The impacts of  ABCs on agriculture and human 
health are described in Parts II and III, respectively. A preliminary report on the ABCs impacts 
on downstream water resources is available at <http://www.ntu.edu.sg/mrc/waterstudy> 
The ABC Science Team led in the assessment of  radiative forcing and climate. To coordinate 
the assessment of  impacts on agriculture, water and health, Project ABC commissioned lead 
institutions from Asia.

This report appraises and synthesizes recent literature on the sources of  atmospheric aerosols 
and precursors, composition, and their transport, as well as on the effects of  aerosols on 
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regional climate, agriculture and human health. The starting point for this report is an earlier 
report on ABCs published by UNEP in 2002 (ABC 2002). The ABC (2002) report was based on 
findings from the Indian Ocean Experiment (INDOEX) and followed up on modelling studies. 
That report led to the formation of  Project ABC by UNEP in 2002. Project ABC established 
aerosol-climate observatories in the Indo-Asia-Pacific region and conducted several field 
campaigns: ABC Post-Monsoon Experiment (APMEX) in 2004 in the Arabian Sea to examine 
aerosol-cloud interactions; Cloud Indirect Effects Experiment (CIFEX) in 2005 in the eastern 
Pacific Ocean to study long range transport of  ABCs; East Asian Regional Experiment (EAREX) 
in 2005 and 2007 to study aerosol radiative forcing in China, Japan and Korea; Maldives 
Autonomous Unmanned Aerial Vehicles Campaign (MAC) in 2006, using unmanned aircraft 
vehicles to study solar heating by soot and its implications to the retreat of  the Himalayan 
glaciers; and the Pacific Dust Experiment (PACDEX) conducted in spring (April - May) 2007 
to study the long range transport of  dust and soot across the Pacific Ocean. Data from the 
observatories and field campaigns were used to develop regional aerosol-transport-chemical 
models, and for the first time a regional assimilation model of  aerosol chemistry, transport and 
radiative forcing for the Indo-Asia-Pacific region was developed by Project ABC. In addition, ABC 
studies considered the impact on the Indian monsoon and the Himalayan glaciers. Project ABC 
also developed an integrated agro-economic-climate model to assess the impact of  climate 
change on agricultural productivity. This report integrates the findings of  Project ABC with 
other major regional efforts by scientists from Asia. It places these findings in the context of  
the IPCC-AR4 (2007) reports from working groups I and II.  It also cites case studies to quantify 
the impacts of  ABCs. 

Why Asia?
Asia is home to more than a half  (3.9 billion) of  the world’s population, and accounts for 
an estimated 70 per cent of  the world’s poor. Asia has the fastest growing economies and a 
burgeoning middle class. There are more middle- to high-income earners in Asia compared 
to America and Europe combined. Asia is experiencing high rates of  industrialization and 
urbanization, with almost 40 per cent of  the population now living in cities. By 2025, urban 
areas will be home to more than half  of  Asia’s population. With increasing industrialization and 
urbanization, the number of  motor vehicles in Asia has been doubling every five to seven years, 
with energy consumption increasing by 50 per cent between 1996 and 2006. 

The Issues
As a consequence of  rapid urbanization and industrialization in Asia in recent decades, ABCs 
have become one of  the most important problems, with impacts at local, regional and global 
levels. 
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Human health
Human exposure, both in indoor and outdoor, to air pollution is a major challenge in Asia. 
Indoor air pollution is often considered as one of  the primary causes of  health problems, 
especially among women and children in poor communities. The World Health Organization 
(WHO) publication estimated that in the Asia-Pacific region, deaths due to indoor air pollution 
from solid fuel number about 1 million per year. 

Access to clean air is becoming an issue in urban areas. WHO publication estimated that 
exposure to outdoor urban air pollution (PM10) is associated with the death of  nearly 0.5 million 
people annually in Asia and the Pacific region. 

Water security
The Asian monsoon system that affects the lives of  over 2 billion people is vulnerable to ABCs. 
South Asia and East Asia are located in monsoonal areas. The distribution of  water resources is 
non-uniform, both temporally and spatially. Precipitation falls mainly during the rainy season. 
Two monsoon systems are active in Asia, the southwest monsoon in the summer (June-
September) and the northeast monsoon in the winter (December-March).

Water stress (water stress occurs when the demand for water exceeds the available amount 
during a certain period or when poor quality restricts its use) is one of  the most pressing 
environmental problem facing the region, particularly in South and Southeast Asia where, the 
amount of  available water per capita is very low, compared to the world average (8 549 m3/
cap/year), due to the large population. 

Most of  the perennial rivers in Asia, such as the Ganges, Indus, Brahmaputra, Yangtze and 
Mekong, during the warm pre-monsoon season (before June) depend on water from melted 
snow packs and glaciers in the Hindu Kush-Himalayan and Tibetan regions. These regions have 
been witnessing rapid melting and glacier retreat since the 1950s. 

The Working Group II report of  the Fourth Assessment of  the Intergovernmental Panel on 
Climate Change projects that freshwater availability in Central, South and East and Southeast 
Asia particularly in large river basins such as Changjiang is likely to decrease due to climate 
change, along with population growth and rising standard of  living, which could adversely affect 
more than a billion people in Asia by the 2050s.

It should be noted that the current projections do not yet account fully for the ABC effects on 
the monsoon and the glaciers in Hindu Kush-Himalayan region.  As a result, the actual water 
stress situation is expected to be much worse than the projections in available reports. 

Food security
“Deceleration in the growth of  rice production, especially in several Asian countries, is a cause 
for concern in terms of  world food security. Based upon the 1997 estimated production of  570 
million tonnes, at least, an additional 190 million tonnes of  paddy will be required by 2025. 
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Food Security: 
Situation that exists when 
all people, at all times, 
have physical, social, 
and economic access 
to sufficient, safe, and 
nutritious food that meets 
dietary needs and food 
preferences for an active 
and healthy life   (FAO 
definition).

Sustainable rice production is constrained by the limited 
area for expansion in Asia and considerable socio-economic 
constraints in other continents.” (FAO, RICEinfo Webpage, 
http://www.fao.org/ag/AGP/agpc/doc/riceinfo/riceinfo.
htm). While rice output and yields are still growing in most of  
the world’s major rice-producing countries, the growth rates 
of  total output and yields have slowed down since the mid-
1980s. 

India and China, the two largest producers of  rice in the 
world, have experienced slowdown in the growth rates of  rice 
yields since the mid-1980s. Many reasons for this slowdown 
have been proposed. It has been hypothesized that the 
technological frontier has been reached. Hossain (1997)1 

argues, however, that this is not the case, claiming that the single most important reason for 
the observed slowdown is related to water availability. The Indian Rice Directorate (2007) states 
that “rice crop suffers from soil moisture stress due to erratic and inadequate rainfall. In upland 
soils, rain water flows down quickly and farmers are not able to conserve soil moisture. There is 
also no facility for life-saving irrigation, particularly in upland and drought-prone rainfed lowland 
areas.” In addition, soil degradation in irrigated areas, combined with increased incidence 
of  diseases, insects and weeds, are to blame. Furthermore, these physical constraints are 
amplified by various economic factors, such as inadequate investment in irrigation, reduction 
in fertilizer subsidies, rising cost of  agricultural labour and rising land prices, that negatively 
affect the rice crop. 

While all of  these factors affect the rice crop negatively, the potential impact of  ABCs on 
agricultural productivity has been largely unexplored. Examining their direct and indirect impact 
together with that of  GHG warming is an issue of  prime importance. 

1 Hossain, M. (1997). Rice supply and demand in Asia: a socioeconomic and biophysical analysis. In Teng, 
 P.S., Kropff, M.J., ten Berge, H.F.M., Dent, J.B., Lansignan, F.P. and Laar, H.H. van, (eds). Applications of 
 Systems Approaches at the Farm and Regional Levels, Vol. 1. Proceedings of the Second International 
 Symposium on Systems Approaches for Agricultural Development, held at IRRI, Los Banos, Philipines 6-8 
  December 1995. Kluwer Academic Publishers
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Technical Summary

box Ts.1  whaT are abCs?

Basically, ABCs are the same as the aerosols that are 
mentioned in reports by the Intergovernmental Panel 
on Climate Change (IPCC).  In principle, tropospheric 
ozone should be part of ABCs, but ozone effects are 
treated separately in this report. Soot results from 
the incomplete combustion of fuels and consists of 
nano_ to a few micro-metre (millionth of a metre) 
size particles. Black carbon (that is, light absorbing 
elemental and organic carbon particles) and many 
organic acids are the main constituents of soot.  The 
brownish colour of ABCs is due to the absorption 
and scattering of solar radiation by anthropogenic 
black carbon, fly ash, soil dust particles, and nitrogen 
dioxide gas. Typical background concentrations of 
aerosols are in the range 100-300 cm-3, whereas in 
polluted continental regions the concentrations are in 
the range 1 000-10 000 cm-3. 

ABCs start as indoor and outdoor air pollution consisting 
of particles (referred to as primary aerosols) and 
pollutant gases, such as nitrogen oxides (NOx), carbon 
monoxide (CO), sulphur dioxide (SO2), ammonia (NH3), 
and hundreds of organic gases and acids. 

These pollutants are emitted from anthropogenic 
sources, such as fossil fuel combustion, biofuel 
cooking and biomass burning. Gases, such as NOx, 
CO and many volatile organic compounds (VOCs), are 
referred to as ozone precursors since they lead to the 
production of ozone which is both a pollutant and a 
strong greenhouse gas. Gases, such as SO2, NH3, NOx 
and organics, are referred to as aerosol precursor 
gases, and these gases - over a period of a day or more 
- are converted to aerosols through the so-called gas to 
particle conversion process. Aerosols that are formed 
from gases through chemical changes (oxidation) in 
the air are referred to as secondary aerosols. 

atmospheric brown clouds (abCs) are regional scale plumes of air pollution that consist of copious amounts 
of tiny particles of soot, sulphates, nitrates, fly ash and many other pollutants.

1. Five regional ABC hotspots around the 
world have been identified: 
i) East Asia,
ii) Indo-Gangetic Plain in South Asia,
iii) Southeast Asia,
iv) Southern Africa, and
v) The Amazon Basin.

By integrating and assimilating ABC 
surface observations with new satellite 
observations and chemistry transport 
model (CTM), the ABC Science Team 
produced global maps of  ABC hotspots. 

ABC hotspots are defined as regions 
where the annual mean anthropogenic 
aerosol optical depth (AOD) exceeds 
0.3 and the percentage of  absorbing 
aerosols exceeds 10 per cent. Substantial 
loadings of  ABCs over Eastern USA and 
Europe have also been observed. However, 
in these extra-tropical regions, the 
atmospheric concentrations of  ABCs are 
large mainly during the summer season 
since precipitation removes the aerosols 
efficiently during other seasons.
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Figure TS1.1 The integrated satellite data shows anthropogenic aerosol optical depth (AOD) in the period 
2001-2003 for four seasons. AOD is an index for the fraction of sunlight intercepted by particles and total 
aerosol concentration in the vertical column. The ABCs over South Asia peaked during the months of 
November-March. For July-August ABCs and dust reached peak values over Africa and Middle East. During 
the boreal spring, the ABCs and dust extended from East Asia across the North Pacific and further into Atlantic. 
The Amazonian Plume peaked during September to October. (Source: Ramanathan and others 2007a). 
(Adopted from Figure 2.5 of Part I)

2. The following 13 mega-city ABC hotspots
in Asia have been identified: Bangkok, 
Beijing, Cairo, Dhaka, Karachi, Kolkata, 
Lagos, Mumbai, New Delhi, Seoul, Shanghai, 
Shenzhen and Tehran. 

Over these hotspots, the annual AOD 
(natural+anthropogenic) exceeds 0.3 and 
the absorption optical depth is about 10 
per cent of  the AOD, indicative of  the 
presence of  strongly absorbing soot 
accounting for about 10 per cent of  the 
amount of  aerosols. The annual mean 
surface dimming and atmospheric solar 
heating by ABCs over some of  the hotspots 
range from 10-25 per cent, such as in 
Karachi, Beijing, Shanghai and New Delhi.

3. Using satellite data and regional 
assimilation models, the chemical 
composition of aerosols in ABCs and how their 
chemistry contributes to the AOD have been 
characterized for the first time for China 
and India.

 

4. The TOA forcing due to the increase of 
GHGs from the pre-industrial period to the 
present is estimated by IPCC-AR4 (2007) 
at about 3 W m-2 (90 per cent confidence 
interval of 2.6-3.6 W m-2). The same 
report estimates aerosol forcing (direct 
plus indirect) at -1.2 W m-2 (90 per cent 
confidence interval of -2.7 to -0.4 W m-2).  

5. The combined GHG and ABC forcing is
1.8 W m-2 with a 90 per cent confidence 
confidence interval of 0.6-2.4 W m-2.  By 
comparing this with only the GHG forcing 
of 3 W m-2 (90 per cent interval of 2.6-3.6 
W m-2), it is seen that aerosols in ABCs 
have masked 20-80 per cent of GHG 
forcing in the past century. 

6. Air pollution laws can have major 
impacts on global warming this century.

Thus, air pollution regulations can 
have large amplifying effects on global 
warming. For example, using climate 
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Figure TS1.2 Annual and area average chemical speciation of (a) surface mass concentration for 
anthropogenic PM2.5 aerosols in China and India, and (b) column integrated aerosol optical depth (AOD) for 
anthropogenic aerosols, i.e. ABCs (Source: Adhikary and others 2008; except that the average AOD values in 
(b) for China and India are from Chung and others 2005) (Figure 2.10 of Part I)

sensitivity recommended in IPCC-AR4, 
elimination of  aerosols in ABCs can lead 
to an additional warming of  0.3-2.2ºC. 
The upper value of  2.2ºC, when added 
to the 20th century warming of  0.75ºC, 
could likely push the climate system over 
the 2ºC threshold value for the so-called 
dangerous climate change.  

ABC RADIATIVE FORCING 
OVER ASIA: CHINA AND INDIA

7. For regional climate change due to
ABCs, the TOA forcing is not a sufficient 
metric for assessing the magnitude and 
sign of the climate change because 
surface forcing and atmospheric 
forcing have opposing signs. All three 
forcing components - TOA, surface and 
atmosphere - need to be evaluated to 
understand the magnitude and sign of 
regional temperature and precipitation 
changes.
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box Ts.2  radiaTive forCing of greenhouse 
gases and abCs

By interfering with the distribution of the sun’s energy between the surface and the atmosphere, 
aerosols in ABCs influence climate and the biosphere in a fundamental way.

Greenhouse gases (GHGs) act like a blanket and trap some infra-red (IR) radiation. The addition 
of GHGs enhances this heat-trapping effect and reduces the outgoing IR, which leads to 
warming of the surface and the atmosphere. The GHGs add energy to both the atmosphere and 
the surface, unlike ABCs which add energy to the atmosphere and reduce it at the surface. When 
averaged over the entire planet over a long period, a decade or more, the net incoming solar 
energy (incoming minus reflected) is balanced by the outgoing infra-red radiation (also referred 
to as heat radiation) given off by the surface and the atmosphere. 

Aerosols in ABCs intercept solar energy before it reaches the surface and thus perturb 
temperature, precipitation and biomass production. ABCs intercept sunlight by both absorbing 
it in the atmosphere and by reflecting it (also referred to as scattering) back to space. Absorption 
enhances the solar heating of the atmosphere. On the other hand, both absorption and reflection 
of solar radiation lead to dimming at the surface, that is, they reduce the amount of solar energy 
absorbed at the surface. Energy from the sun (also referred to as solar radiation or sunlight) is 
the fundamental forcing agent of the climate system, agriculture and life itself. Sunlight heats the 
surface and leads to the evaporation of water, which ultimately falls back as rainfall and snowfall. 
Sunlight is the energy source for photosynthesis. 

The net effect of ABCs on the global mean climate is determined by the sum of their effects on 
the atmosphere (a heating effect) and on the surface (a cooling effect), and this sum is referred 
to as top-of-the atmosphere (TOA) forcing, which is described in the Fourth Assessment Report 
of IPCC (IPCC 2007). 

For global average climate change, the TOA forcing is the critical climate forcing term.

8. ABC-induced atmospheric solar heating
and surface dimming are large over Asia 
in general and over India and China, in 
particular. The annual mean solar heating 
of the troposphere increased by 15 per 
cent or more over China and India. Heating 
increase in the lower atmosphere (surface 
to 3 km), where ABCs are located, is as 
much as 20-50 per cent (6-20 W m-2) 
over China and India. Large increases in 
heating rates are also widespread over 
regions in the Northern Indian Ocean and 
the Western Pacific Ocean. Over China and 
India, the annual mean surface dimming 
due only to direct ABC forcing is about 14-
16 W m-2 (about 6 per cent).

Regionally, TOA forcing by itself  is an 
insufficient metric. Surface forcing 
(dimming) and atmospheric forcing (solar 
heating) are important terms as they are 
factors of  3-10 larger than TOA forcing. 
Dimming and solar heating have been 
estimated in numerous observational 
and modelling studies over China and 
India.  Over the hotspots, the values are 
about twice as large. The above values 
are estimates for ABCs during the period 
2000-2007. Direct radiative effects are 
major contributors (about 70 per cent) to 
dimming while indirect radiative effects 
dominate (>70 per cent) the TOA forcing.
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for ghgs, the global mean forcing is positive, 
while for abCs it is negative. 
However, this does not mean that all aerosols in 
ABCs have a cooling effect. Some aerosols have 
a cooling effect and others have a heating effect, 
as described next.

some aerosols, such as sulphates and 
nitrates, have a cooling effect. others, such 
as black carbon (bC), have a warming effect 
on the surface-atmosphere system.

i. Cooling aerosols. These aerosols primarily 
scatter solar radiation back to space, leading 
to a reduction of solar radiation at the surface 
(known as surface dimming), which results in 
the cooling of the surface-atmosphere system. 
Major examples of this category are sulphates, 
nitrates and some organics.

ii. heating aerosols.  Major examples of 
this category are elemental carbon and some 
organic acids in soot. Together these aerosols 
are referred to as black carbon. The heating 
aerosols absorb solar radiation. Furthermore, 
the ratio of absorption to scattering exceeds 
10 per cent. These absorbing aerosols add 
solar energy to the atmosphere and alter the 
distribution of energy in two different ways. 
First, by absorbing direct solar radiation, which 
would have otherwise reached the surface, the 

absorbing aerosols lead to dimming at the surface. 
This effect is a redistribution of the solar energy 
between the surface and the atmosphere, and has a 
significant influence on the stability of the atmosphere 
by warming the air above and cooling the surface 
below, suppressing cumulus clouds and cumulus 
precipitation. Furthermore, dimming will lead to 
reduced evaporation of water vapour from the surface, 
thereby impacting precipitation. Second, by absorbing 
solar radiation reflected by the surface, atmosphere 
and clouds, the absorbing aerosols reduce the amount 
of solar radiation that is reflected to space. This results 
in a net heating of the surface-atmosphere system and 
therefore constitutes a positive radiative forcing of the 
climate system and contributes to global warming. 
Thus, black carbon aerosols are major agents of 
regional and global warming.

In ABCs, the cooling aerosols and heating aerosols do 
not exist as separate entities (referred to as externally 
mixed), rather each aerosol particle contains a mix of 
cooling and heating aerosols (referred to as internally 
mixed). In the case of such internally mixed aerosols, 
the distinction between cooling and heating aerosols 
gets blurred, and the net effect can be highly variable 
depending on the region and the season. Thus far, we 
have summarized the forcing of the climate system by 
direct scattering and absorption of solar radiation. The 
above effects are referred to as direct radiative forcing.

box Ts.3  aerosols in abCs have 
boTh Cooling and warming effeCTs

Aerosols in ABCs nucleate cloud drops. The 
enhancement of the cloud drop population 
increases the reflection of solar radiation 
(making the clouds brighter) which leads 
to dimming and surface cooling. In regions 
with copious amounts of ABC aerosols, 
competition for water between nucleating 
aerosols causes cloud drop size to 

decrease, and this inhibits the formation 
of larger size drizzles and rain drops. The 
net effect is an extension of cloud lifetimes, 
that is, the polluted regions are cloudier 
with brighter clouds.  This latter effect also 
leads to dimming and surface cooling.  The 
radiative changes due to the two effects 
above are referred to as indirect radiative 
forcing.

box Ts.4  abCs also influenCe 
Cloud properTies
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Figure TS1.3 Regional 
and annual mean direct 
SW radiative forcing by 
ABCs over South Asia 
(0°N-4°N, 6°E-9°E), 
Southeast Asia (10°S-
2°N, 9°E-13°E), East Asia 
(2°N-54°N, 75°E-145°E), 
China, and India. The 
forcings are for the all-sky 
condition with the unit W 
m-2. The values inside 
the parentheses are the 
percentages of ABCs 
forcing relative to the 
background conditions 
(natural aerosols). 
(Figure 2.17 of Part I).

9. Another important characteristic of ABC
forcing in Asia is that it introduces large 
north-south asymmetries in the forcing 
and large land-sea contrasts. Since these 
are the driving forces for the monsoonal 
climate, ABCs have become major 
forcing terms for regional temperatures, 
circulation and precipitation. 

For example, in the Indian Ocean surface 
dimming is negligible south of  about 
10°S (due to the absence of  ABCs) and 
is concentrated north of  5°N. Similarly, 
negative forcing at the surface is much 
larger over the subcontinent than over 

the surrounding Arabian Sea and Bay of  
Bengal. 

OBSERVED TRENDS IN ABC 
EMISSIONS

10. Emissions of various ABC precursor
species increased rapidly after the 
1950s. During the period 1950-2000, BC 
emissions increased five-fold in China and 
about three-fold in South Asia, including 
India, and Southeast Asia. SO2 emissions 
increased about ten-fold in China and 
about six- to seven-fold in India.

Figure TS1.4 Black carbon emissions for 1850-2000. The estimate includes only fossil fuel and 
biofuel combustion sources. (Source: Bond and others 2007). (Figure 2.23 of Part I).
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OBSERVED TRENDS IN REGIONAL 
CLIMATE AND ATTRIBUTION: 
CHINA AND INDIA

11. In China and India, large changes in
solar radiation, surface and atmospheric 
temperatures and monsoon rainfall have 
been observed. These changes cannot 
be explained solely from the increase in 
GHGs. Global climate model (GCM) studies 
suggest that a combination of GHGs and 
ABCs, along with natural variables, is 
needed to properly simulate the observed 
trends.  
It should be noted that understanding 
of  the complex issues related to the 
simulation of  regional climate change 
from regional and global forcing is 
in an early stage. For a more reliable 
estimate of  regional climate changes, 
a combination of  GCMs and regional 
climate models (RCMs) with a finer 
spatial resolution (about 50 km or less) 
than that adopted in GCMs (200 km 
or more), is required. The results and 
findings described here, based on GCMs, 
should be considered as indicative of  the 
importance of  the problem and should 
provide a strong motivation for further 
studies with RCMs.

SOLAR RADIATION

12. Annual land-average solar radiation
over India and China decreased 
significantly during the period 1950-2000.  
For India, the observed surface dimming 
trend was -4.2 W m-2 per decade (about 2 
per cent per decade) for the 1960-2000 
period, while an accelerated trend of  -8 
W m-2 per decade was observed for the 
1980-2004 period. Cumulatively, these 
decadal trends suggest a reduction of  
about 20 W m-2 from the 1970s up to 
the present, thus supporting the large 
dimming values inferred from modern 
satellite and field campaign data. In 
China, the observed dimming trend from 

the 1950s to the 1990s was about 3-4 
per cent per decade, with larger trends 
after the 1970s. Cities like Guangzhou 
recorded more than 20 per cent 
reduction in sunlight since the 1970s.

13. The dimming trend has been
attributed by numerous studies largely to 
the rapid increase in ABC emissions since 
the 1950s. Coupled Ocean-Atmosphere 
models that employ observed increases 
in SO2 and BC emissions are able to 
account for the observed dimming trends 
solely from ABCs.

14. In China and India, the dimming trend
was accompanied by large decreases in 
pan evaporation. However, this does not 
necessarily imply a decrease in actual 
evaporation or evapo-transpiration. 

Figure TS1.5 All-India averaged annual mean 
surface reaching solar radiation. (Source: Kumari and 
others 2007). (Figure 3.1c of Part I)

Figure TS1.6 Time-series of annual departures of pan 
evaporation and solar irradiance for the period 1995-
2000, averaged over all stations in China (Source: Qian 
and others 2006). (Figure 3.2b of Part I)
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SURFACE AND ATMOSPHERIC 
TEMPERATURES

15. ABCs are intensifying the greenhouse
warming of the atmosphere (at least 
during the dry season), while reducing 
surface warming due to GHGs. 

16. Asia was subject to an annual mean
warming trend of about 0.7-1°C from the 
pre-industrial period up to the present. 
The trend was not uniform over all 
seasons or over all regions. In India, the 
warming trend from the early 1900s, 
during the dry season (January-May), 
was arrested after the 1950s, whereas 
the warming trend during the summer 
continued unabated into the 21st century. 
This is consistent with the stronger 
masking effect of  ABCs during the 
dry season. Annual mean surface air 
temperature in Mainland China increased 
by 1.1°C during the past 50 years. 
Minimum night time temperatures were 
subject to a much larger warming trend 
than daytime maximum temperatures. 
However, the warming was not uniform 
throughout China. Regionally, North, 
Northeast and Northwest China, and the 
Tibetan Plateau experienced the most 
significant warming on an annual mean 
basis accompanied by a strong cooling 
trend (0.1-0.3 per decade) in Southwest 
China and in central East China. 

Figure TS1.7 Geographical pattern of daily mean 
temperature changes in China in the past 50 years 
(Source: Xu and others 2006a). (Figure 3.5b of Part I)

17. In India, the slowing down of the dry
season warming after the 1950s and 
the larger positive trends in night time 
temperatures compared with daytime 
temperatures (when the dimming effect is 
present) are consistent with the masking 
effect of ABCs. 

18. The combined effects of GHGs, ABCs
and rapid urbanization are required to 
explain the complex pattern of warming 
and cooling trends in China. 

19. In India, the atmosphere warms
significantly more than the surface 
during the six month-long dry season. 
Microwave satellite data for lower 
tropospheric average temperature 
trend, when compared with surface 
temperature trends, show that since 
the early 1980s the atmosphere has 
been warming significantly more than 
the surface during the dry season. On 
the other hand, during the summer 
season, the atmosphere and the surface 
warm at about the same level (that 
is, the differential warming is very 
small). Reliable in-situ balloon data for 
atmospheric temperature trends are not 
available for Asia.

20. Coupled Ocean-Atmosphere GCMs
suggest that stronger atmospheric 
warming, preferentially during the Indian 
dry season, is due to the solar heating of 
the atmosphere by black carbon in ABCs. 
This suggests the possibility of  a positive 
feedback between an increase in ABCs 
and solar warming of  the atmosphere, 
since a stable atmosphere increases the 
lifetime of  ABCs.

MONSOON RAINFALL

21. Observed summer precipitation trends
for the 1950-2000 period revealed the 
following: (a) a decrease in monsoon 
precipitation over India and Southeast 
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Table TS1.1 Changes and trends since the 1950s (Adopted from Table 3.1 of  Part I)

Variables South Asia and India East Asia and China

Black carbon
emissions

S. Asia: Increased from under 
170 Gg/yr in 1950 to about 
550 Gg/yr in 2000.

E. Asia: Increased from about 250 
Gg/yr in 1950 to about 1 300 Gg/yr 
in 2000.

SO2 emissions S. Asia: Increased from about 
1 Tg/yr in 1950 to about 7 
Tg/yr in 2000.

E. Asia: Increased from about 2 Tg/
yr in 1950 to over 20 Tg/yr in 2000.

Dimming at surface: 
Solar radiation at 
surface

India: Trend of  -4 W m-2 per 
decade from 1965-2000; 
Likely -8 W m-2 from 1980-
2004. Total decrease of  about 
15-20 W m-2 since the 1960s.

China:  Decrease of  -20 W m-2 from 
1960-1995; Reversal of  trend after 
1995, with a total increase of  about 
5 W m-2.

Surface temperature India: Wet season summer 
temperature trend is similar 
to global mean trend.
During the dry season 
(January-May), there is a 
negligible trend in Tmax 
after 1950. Since 1990, 
the warming trend in Tmin 
(0.56 per decade) is twice as 
large as the trend in Tmax.

China: Tmax showed no trend (or even 
slight negative trend) from 1955-
1990. From 1990-2000, the trend 
was about 0.5 per decade. But Tmin 
showed a positive trend throughout 
the period from 1950, although 
the trend was twice as large since 
1990. There is a strong regional 
pattern. The central and southern 
parts of  Eastern China were subject 
to a strong cooling trend of  about 
-0.1 to -0.3°C per decade; the rest 
of  China was subject to a warming 
trend.

Atmospheric 
temperature

India: Microwave satellite 
data reveal significantly larger 
atmospheric warming trend, 
compared with the surface. 
Data are available only from 
1979. For the 1979-2003 
period, the troposphere 
warmed more than the surface 
by about 0.5°C.

China: Data not available.

Monsoon rainfall See table TS1.2 See Table TS1.2
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Table TS1.2 Published studies on trends in Asian monsoons (Table 3.2 of  part I).

Region Surface winds
Surface temperature and  gradient in land 

and sea surface temperatures
Precipitation Reference and Comments

East Asian Monsoon
Trends from 1969-2000; 
Observational study and 
model study

Annual mean 
wind speed 
decreased by 
28%. Decrease 
in both winter 
and summer 
seasons.Windy 
days decreased 
by 58%.

A. Strong winter warming in Northern 
China attributed to weakening winter 
monsoon.
B. Summer cooling in Southern China 
and warming over surrounding ocean 
attributed to weakening of  summer 
monsoon.

Xu and others 2006a.
Wind speed correlated positively with 
declining solar radiation; Weakening is 
attributed to dimming from pollution.

East Asian Monsoon
Observed trends and 
attribution using models

Surface cooling in South and central East 
China. Data show strong negative trends 
in surface solar radiation, supporting that 
the surface cooling is due to decreasing 
solar radiation. 

Southward movement of  monsoon 
belt with “north drought and south 
flooding”.

Modeling studies suggest that air 
pollution-induced surface cooling leads 
to southward shift on monsoon belt.

Xu 2001.
Concluded that air pollution, that is, ABCs, is 
the major reason for anomalies in monsoon 
rainfall.

East Asian Monsoon 
Change from 
pre-industrial to present;
A modelling study with 
fixed SST on the role of  
black carbon

Cooled the surface over China. Summer precipitation increased 
in Southern China and decreased 
northwards.

Menon and others (2002).
Concluded that the northern drought and 
southern flooding in China are due mainly 
to BC aerosols intensifying circulation over 
Southern China with subsidence in Northern 
China and Southeast Asia.

East Asian Monsoon
Trends in the past 
25 years in surface 
temperature and 
precipitation

Cooling trend along the Yangtze River 
Valley and warming trend in Northern 
China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts 
and longer hot spells in Northern China 
in the past 25 years.

Zhao and others (2005a) reviewed available 
papers on this topic.

After considering natural variability, GHGs 
and sulphate and black carbon aerosols 
(ABCs), concluded that GHGs and brown 
clouds likely account for rainfall trends.

Indian Summer Monsoon 
Observational study 
and coupled Ocean-
Atmosphere modelling 
study of  combined GHGs 
and ABCs. Trend from 
1950-2000

Monsoon 
circulation 
weakened.

Warming due to greenhouse forcing but 
it was damped during the dry season. 
ABCs masked as much as 50% of  the 
greenhouse forcing over land; decreased 
gradient in the Indian Ocean with more 
warming south of  the equator and less 
north of  the equator. Substantial warming 
at elevated levels of  the atmosphere 
surrounding the Himalaya-Tibetan region.

Used station precipitation data to 
show that summer precipitation 
decreased over India by about 5%; 
model simulated this trend, but only
if  it included ABC effects.
India averaged rainfall decreased by 
4-8% since the 1950s.
Predicted a doubling of  drought 
frequency in the next few decades 
if  ABC emissions increase at current 
rates.

Ramanathan and others (2005), 
Chung and others (2002, 2006).
Showed that dimming decreased 
evaporation from the Indian Ocean;
decreased SST gradient;
atmospheric solar heating stabilized the 
column but also increased precipitation 
over land. The net effect of  ABCs is to 
weaken the monsoon circulation and 
decrease monsoon rainfall.
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Table TS1.2 Published studies on trends in Asian monsoons (Table 3.2 of  part I).

Region Surface winds
Surface temperature and  gradient in land 

and sea surface temperatures
Precipitation Reference and Comments

East Asian Monsoon
Trends from 1969-2000; 
Observational study and 
model study

Annual mean 
wind speed 
decreased by 
28%. Decrease 
in both winter 
and summer 
seasons.Windy 
days decreased 
by 58%.

A. Strong winter warming in Northern 
China attributed to weakening winter 
monsoon.
B. Summer cooling in Southern China 
and warming over surrounding ocean 
attributed to weakening of  summer 
monsoon.

Xu and others 2006a.
Wind speed correlated positively with 
declining solar radiation; Weakening is 
attributed to dimming from pollution.

East Asian Monsoon
Observed trends and 
attribution using models

Surface cooling in South and central East 
China. Data show strong negative trends 
in surface solar radiation, supporting that 
the surface cooling is due to decreasing 
solar radiation. 

Southward movement of  monsoon 
belt with “north drought and south 
flooding”.

Modeling studies suggest that air 
pollution-induced surface cooling leads 
to southward shift on monsoon belt.

Xu 2001.
Concluded that air pollution, that is, ABCs, is 
the major reason for anomalies in monsoon 
rainfall.

East Asian Monsoon 
Change from 
pre-industrial to present;
A modelling study with 
fixed SST on the role of  
black carbon

Cooled the surface over China. Summer precipitation increased 
in Southern China and decreased 
northwards.

Menon and others (2002).
Concluded that the northern drought and 
southern flooding in China are due mainly 
to BC aerosols intensifying circulation over 
Southern China with subsidence in Northern 
China and Southeast Asia.

East Asian Monsoon
Trends in the past 
25 years in surface 
temperature and 
precipitation

Cooling trend along the Yangtze River 
Valley and warming trend in Northern 
China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts 
and longer hot spells in Northern China 
in the past 25 years.

Zhao and others (2005a) reviewed available 
papers on this topic.

After considering natural variability, GHGs 
and sulphate and black carbon aerosols 
(ABCs), concluded that GHGs and brown 
clouds likely account for rainfall trends.

Indian Summer Monsoon 
Observational study 
and coupled Ocean-
Atmosphere modelling 
study of  combined GHGs 
and ABCs. Trend from 
1950-2000

Monsoon 
circulation 
weakened.

Warming due to greenhouse forcing but 
it was damped during the dry season. 
ABCs masked as much as 50% of  the 
greenhouse forcing over land; decreased 
gradient in the Indian Ocean with more 
warming south of  the equator and less 
north of  the equator. Substantial warming 
at elevated levels of  the atmosphere 
surrounding the Himalaya-Tibetan region.

Used station precipitation data to 
show that summer precipitation 
decreased over India by about 5%; 
model simulated this trend, but only
if  it included ABC effects.
India averaged rainfall decreased by 
4-8% since the 1950s.
Predicted a doubling of  drought 
frequency in the next few decades 
if  ABC emissions increase at current 
rates.

Ramanathan and others (2005), 
Chung and others (2002, 2006).
Showed that dimming decreased 
evaporation from the Indian Ocean;
decreased SST gradient;
atmospheric solar heating stabilized the 
column but also increased precipitation 
over land. The net effect of  ABCs is to 
weaken the monsoon circulation and 
decrease monsoon rainfall.
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Region Surface winds
Surface temperature and  gradient in land 

and sea surface temperatures
Precipitation Reference & Comments

Indian Summer Monsoon
Observational study of  
Central India rainfall 
trends from 1950-2000.

Significant increase in the frequency 
and magnitude of  extreme rain events 
(>100 m/day); significant decreasing 
trends in frequency of  moderate 
events (<100 mm/day).
Frequency of  very heavy events 
(>150 mm/day) nearly doubled.

Goswami and others (2006).
Predicted a substantial increase in hazards 
due to heavy rainfall events in India.

Indian Summer Monsoon 
Rainfall trends from 
1951-2003

Weakening of  
monsoon; and 
shrinking of  
the monsoon 
season.

Land-ocean temperature contrast is 
decreasing (<-0.3°C). 

Large (>25%) decrease in early and 
late season rainfall; and decrease in 
the number of  rainy days (>25%). 
Concluded that the monsoon season is 
shrinking. Spatial coverage of  rainfall 
is also shrinking.

Ramesh and Goswami (2007).

Indian Summer Monsoon
Role of  ABCs in monsoon 
circulation;
modelling Studies

Elevated heating by black carbon and 
dust near the Indo-Tibetan region 
provides forcing for enhanced monsoon 
circulation and increased rainfall. This 
is referred to as Elevated Heat Pump 
(EHP) effect. This mechanism can add 
to monsoon variability.

Lau and others (2006).
A review paper by Lau and others (2008) 
concluded that EHP can lead to increased 
rainfall during May-June; and the coupled 
Ocean-Atmosphere effects of  dimming, 
SST gradients and reduced evaporation 
will take over during the monsoon period of  
July-August and decrease rainfall.

Indian Summer Monsoon
Role of  black carbon; 
coupled Ocean-
Atmosphere modelling 
study

Weakens in 
summer.

Warming of  the atmosphere at elevated 
levels.

Increase in May to June rainfall 
supporting Lau and others’ EHP 
hypothesis; accompanied by decrease 
in July-September rainfall supporting 
the findings of  Ramanathan and others 
(2005) and Ramanathan and others 
(2007b).

Meehl and others (2008).

Indian Summer Monsoon 
Stability
Modelling study

Monsoon is 
unstable to large 
changes in solar 
radiation.

Lenton and others (2008). Used pedagogical 
models to suggest that the monsoon system 
is unstable to combined forcing due to 
GHGs, ABCs and land surface changes. 
Concluded that the Indian monsoon is one 
of  the tipping elements of  the climate 
system.
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Region Surface winds
Surface temperature and  gradient in land 

and sea surface temperatures
Precipitation Reference & Comments

Indian Summer Monsoon
Observational study of  
Central India rainfall 
trends from 1950-2000.

Significant increase in the frequency 
and magnitude of  extreme rain events 
(>100 m/day); significant decreasing 
trends in frequency of  moderate 
events (<100 mm/day).
Frequency of  very heavy events 
(>150 mm/day) nearly doubled.

Goswami and others (2006).
Predicted a substantial increase in hazards 
due to heavy rainfall events in India.

Indian Summer Monsoon 
Rainfall trends from 
1951-2003

Weakening of  
monsoon; and 
shrinking of  
the monsoon 
season.

Land-ocean temperature contrast is 
decreasing (<-0.3°C). 

Large (>25%) decrease in early and 
late season rainfall; and decrease in 
the number of  rainy days (>25%). 
Concluded that the monsoon season is 
shrinking. Spatial coverage of  rainfall 
is also shrinking.

Ramesh and Goswami (2007).

Indian Summer Monsoon
Role of  ABCs in monsoon 
circulation;
modelling Studies

Elevated heating by black carbon and 
dust near the Indo-Tibetan region 
provides forcing for enhanced monsoon 
circulation and increased rainfall. This 
is referred to as Elevated Heat Pump 
(EHP) effect. This mechanism can add 
to monsoon variability.

Lau and others (2006).
A review paper by Lau and others (2008) 
concluded that EHP can lead to increased 
rainfall during May-June; and the coupled 
Ocean-Atmosphere effects of  dimming, 
SST gradients and reduced evaporation 
will take over during the monsoon period of  
July-August and decrease rainfall.

Indian Summer Monsoon
Role of  black carbon; 
coupled Ocean-
Atmosphere modelling 
study

Weakens in 
summer.

Warming of  the atmosphere at elevated 
levels.

Increase in May to June rainfall 
supporting Lau and others’ EHP 
hypothesis; accompanied by decrease 
in July-September rainfall supporting 
the findings of  Ramanathan and others 
(2005) and Ramanathan and others 
(2007b).

Meehl and others (2008).

Indian Summer Monsoon 
Stability
Modelling study

Monsoon is 
unstable to large 
changes in solar 
radiation.

Lenton and others (2008). Used pedagogical 
models to suggest that the monsoon system 
is unstable to combined forcing due to 
GHGs, ABCs and land surface changes. 
Concluded that the Indian monsoon is one 
of  the tipping elements of  the climate 
system.
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Asia by about 5-7 per cent; and (b) a shift 
in rainfall in China with Northern China 
receiving less rainfall and Southern China 
receiving more rainfall.

22. The Palmer Drought Severity Index shows 
      an increase in drought-prone conditions, 

Figure TS1.8 Observed trends in summer rainfall: 1950-2002. (Source: Chung and 
Ramanathan 2006). (Figure 3.8 of Part I)

      that is, a decrease in cumulative soil 
      moisture in India and Northern China 
      since the 1900s.

23. Intense rain events (>100 mm
per day) have increased followed by a 
decrease in moderate events (<100 mm 
per day) in India as well as in China.

24. These observed trends in land
average precipitation cannot be explained 
solely by increases in GHGs. The IPCC-
AR4 GCMs with just the GHG increase are 
not able to simulate the decrease in zonal 
mean tropical land precipitation north of 
the equator, or the decrease in monsoon 
rainfall in India or the north-south shift in 
China’s rainfall.

25. While the increase in intense
rainfall can be accounted for by global 
warming due to GHGs and the solar 
heating of the atmosphere by black 
carbon in ABCs, dimming due to ABCs 

is required to account for the decrease 
in the Indian monsoon rainfall since the 
1950s. Understanding rainfall trends 
at a regional scale is a science still 
at its infancy, although impressive 
progress has been made in identifying 
major drivers of  regional changes in 

precipitation. Studies with GCMs suggest 
that four processes are involved in the 
ABC modification of  rainfall. The first 
three tend to decrease rainfall while 
the fourth tends to increase rainfall. 
i) Dimming leads to a decrease in the 
evaporation of  water vapour (that feeds 
rainfall) from the surrounding ocean and 
land surface; ii) Dimming decreases the 
land-sea contrast in the solar heating 
of  the region, an important monsoon 
forcing agent; iii) The preferential 
dimming of  the polluted Northern 
Indian Ocean, compared with the 
relatively cleaner Southern Indian Ocean, 
decreases the north-south gradient 
in sea surface temperatures, another 
important monsoon forcing term; and 
iv) The solar heating of  the atmosphere 
strengthens the monsoonal flow into the 
subcontinent, increasing rainfall.
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The Hindu Kush-Himalaya-Tibe tan Glaciers are the water 
fountains of Asia

26. Numerous modelling studies have
converged on the finding that regional 
ABC forcing is substantial enough to 
perturb the East Asian monsoon and alter 
the amount of precipitation as well as its 
regional patterns in China. 

RETREAT OF HINDU KUSH-
HIMALAYAN-TIBETAN GLACIERS 
AND SNOW PACK

27. The observed retreat of the Hindu
Kush-Himalayan-Tibetan (HKHT) glaciers 
is one of the most serious environmental 
problems facing Asia, since these glaciers 
and snow packs provide the head-waters  
for the major Asian river systems, 
including the Ganges, the Brahmaputra, 
the Mekong and the Yangtze. A glacier 
inventory by the Chinese Academy of  
Sciences has reported a 5 per cent 
shrinkage since the 1950s in the volume 
of  China’s 46 928 glaciers over the past 

24 years, equivalent to the loss of  over 
3 000 km2 of  ice. About 82.2 per cent 
of  the glacial area in Western China is 
shrinking. Many of  the major glaciers 
in India (such as Siachen, Gangotri and 
Chhota Shigri) are also retreating at 
rates ranging from 10-25 m per year. 
The glacier retreat began in the mid-
19th century. The retreat has accelerated 
since the 1970s.

28. Most of the studies, if not all, attribute
the retreat of the Himalayan glaciers 
to rising air temperatures. Warming is 
much more pronounced at elevated levels 
of  the Himalayan-Tibetan region. The 
warming trend at elevated regions (>3 
km) is as much as 0.25°C per decade 
since the 1950s.

29. ABC solar heating (by black carbon)
of the atmosphere is suggested to be as 
important as GHG warming in accounting 
for the anomalously large warming trend 
observed in the elevated regions. 

Figure TS1.9  Geography of Asia, the Hindu Kush-Himalayan-Tibetan glaciers and their river basins. 
(Figure 3.18 of Part I).

The Hindu Kush-Himalayan-Tibetan glaciers are the water fountains of Asia
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Fast Retreat of Western Himalayan Glaciers 

Figure TS1.10 
Change in the snow 
and glacier cover 
in the Western 
Himalayan region as 
shown in Landsat 
multispectral scanner 
(1972), thematic 
mapper (1989), and 
Enhanced Thematic 
Mapper Plus (2000) 
images. (Source: 
Prasad and Singh 
2007). (Figure 3.19 of 
Part I).

30. Decreased reflection of
solar radiation by snow and 
ice due to black carbon 
deposition is emerging as 
another major contributor 
to the melting of snow 
packs and glaciers. Recent 
ice core observations 
reveal large depositions 
of sulphates and black 
carbon, with a large 
increasing trend during 
the past few decades. 
Furthermore, new 
atmospheric observations 
by Project ABC in elevated 
regions of the Himalayas 
(1-5 km) within 100 km 
of the Mt Everest region, 
suggest large black carbon 
concentrations ranging 
from a few hundred to a 
few thousand ng m-3.

The Himalaya-Tibetan Re gion is surrounded by ABCs and dust

Figure TS1.11. Colour-coded profiles of 532 nm backscatter return signal from the 
CALIPSO lidar showing the vertical distribution of ABCs. The panels on the right show the 
orbit track across Asia and on the left the vertical extent of the aerosol is shown for the 
blue-shaded portion of each track. This colour scale was chosen so that aerosol usually 
shows up in green, yellow and red (for low, medium and high loadings, respectively) and 
boundary layer clouds usually show up as grey or white. Cirrus usually ranges from yellow 
to grey. Sample profiles are shown for four months of the dry season (November-May). 
The Takla Makan desert is in Northwestern China between 37°N and 41°N and 77°E to 
90°E. Hml., Himalayas. (Source: Ramanathan and others 2007b). (Figure 3.22 of Part I).
 

The Himalaya-Tibetan Region is surrounded by ABCs and dust

Fast Retreat of Western Himalayan Glaciers
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Table TS1.3 Glacier retreat in India and China. (Table 3.3 of  part I).

Tian Shan and Pamirs

“Glaciers in the mountains of  Central Asia provide more than 70 per cent of  the water in the Indus and 
Amu Darya rivers. Glacial area has dropped by 35-50 per cent since the 1930s and hundreds of  small 
glaciers have already vanished. The Indus is critical to Pakistan’s food and water security -more than 
three-quarters of  Pakistanis live in the Indus basin and its water irrigates 80 per cent of  the nation’s 
cropland.” (Earth Policy Institute 2008).

Region Area (km2) Period Retreat Reference and Comments
Tian Shan 15 417 1930-present 25-30% Yablokov (2004, 2006) Kutuzov (2005)

Ürümqi glacier 1950-2000 4.5 m/yr Li and others (2003, 2006)

Pamirs 12 260 1930-present 30-35% Podrezov and others (2001) Chub (2000)

Hindu Kush-Himalayan

The Himalayan glaciers are retreating at rates ranging from 10-60 m per year and many small glaciers 
(<0.2 sq km) have already disappeared – vertical shifts as great as 100 m have been recorded during 
the past 50 years and retreat rates of  30 m per year are common. (Bajracharya and others 2007). The 
ice extent in the Himalayas is estimated to be about 33 050 km2. Observations of  individual glaciers 
indicate annual retreat rates varying from basin to basin (Zemp and Haeberli 2007). The Gangotri 
Glacier, which provides up to 70 per cent of  water in the Ganges, is retreating more than 35 m per year, 
nearly twice as fast as 20 years ago. If  it disappears, the Ganges will become seasonal, ceasing to flow 
during the dry season. The Ganges Basin is home to 407 million people and contains 40 per cent of  
India’s irrigated cropland (Earth Policy Institute 2008).

Region Glacier Period Retreat Reference and Comments
Bhutan 1963-1993 Karma and others (2003). 8% loss in area 

(146.87-134.94 km2) of  66  glaciers

Dudhi-Koshi Imja 1962-2006 1970 m 41 m/year during 1962-2001 and 74 m/
year during 2001-2006 (Bajracharya and 
others 2007)

Himachal 
Pradesh

Chhota 
Shigri

1986-1995 6.7 m/yr IPCC (2007)

present 31 m/yr Hasnain (2007)

Bara Shigri 1890-1906 20 m/yr Mayekwski and Jeschke (1979)

1977-1995 36.1 m/yr IPCC (2007)

Triloknath 1969-1995 15.4 m/yr IPCC (2007)

Saichen Saichen 31.5 m/yr Vohra (1981)

Uttaranchal Gangotri 1935-1976 15 m/yr Vohra (1981)

1985-2001 23 m/yr IPCC (2007)

1780-2001 2000 m Kargel (2005)

Milam 1909-1984 13.2 m/yr IPCC (2007)

Pindari 1845-1966 23 m/yr Vohra (1981)

Dokriani 1992-2000 1.94 m 
thickness

Dobhal and others (2008)

Pindari 1845-1966 135.2 m/yr IPCC (2007)

Ponting 1906-1957 5.1 m/yr IPCC (2007)
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Region Glacier Period Retreat Reference and Comments

Jammu & 
Kashmir

Kolhani 1857-1909 15 m/yr Mayekwski and Jeschke (1979)

Kolhani 1912-1961 16 m/yr Mayekwski and Jeschke (1979)

Machoi 1906-1957 8.1 m/yr Tiwari (1972)

Sikkim Zemu 1977-1984 27.7 m/yr IPCC (2007)

Basin
Glacier 

Numbers

Glacier Area
1962, 

2001/04 
(% loss)

Glacier 
Vol. 1962, 

2001/04 (% loss)
Reference and Comments

Chenab 359 1 414 1110 

(21)

157.6, 105.03 

(33.3)

Kulkarni (2007)

Parbati 88 488 379 (22) 58.5, 43 (26.5) Kulkarni (2007)

Baspa 19 173 140 (19) 19.1, 14.7 (23) Kulkarni (2007)

Tibet
These glaciers that provide water to the Yangtze, Yellow, and Brahmaputra rivers are melting at an accelerating 

rate and two-thirds could be gone by 2060. This threatens China’s massive rice harvest, more than half  of  which 

is irrigated by the Yangtze River (Earth Policy Institute 2008).

Region
Glacier Area 

(km2)
Period % Loss Reference and Comments

Tibetan Plateau
(surrounding 
areas)

59 400 

(5 600)

1650-1900 20 Retreat rate has increased in the past 

century, especially in the past 10 years. 

About 90% of  glaciers are retreating. (Yao 

and others 2000, Liu and others 2006a).

Tibetan Plateau - 1986-2006 4.5 (CNCCC, 2007)

Tibetan Plateau 
(east slope of 
Xixiabangma 
Mountain)
- Glacier 
5O191B0029
- Glacier 
5O191C0009

20.3 (18.8)

6.9 (5.3)

1977-2003

1977-2003

7.3

22.9

Lengths of  two glaciers decreased by 

1.22 km and 1.85 km, respectively, 

while the corresponding glacial lake areas 

increased by 1.79 km2 and 1.97 km2 

(Mool and others 2004)

Tibetan Plateau
(Far East 
Rongbuk 
Glacier)

length 1966-1997 Length decreased by 230 m. Ice 

net-accumulation has decreased since 

1959 with a sharp decline in the 1960s 

(Shugui and others 2000)

Central Tibetan 
Plateau

permafrost 1970-2000 Lower limit has 

risen by 71 m 

and sustained 

thickness 

decreased by 20 m

Permafrost areas are much larger than those 

covered by glaciers and perennial snow, 

especially in China (2.15 x 106 km2) (Wu and 

others 2001, Jianchu and others 2007)

Western China 1950-2000 4.5%

82.2% of  glaciers 

are shrinking

Temperature increased by 0.2K per decade 

(Liu and others 2006a)
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BC concentration at 5.1 km in Nepal Himalayas 

Figure TS1.12 Black carbon concentration measured at the Nepal Climate Observatory – Pyramid (5079 m asl) 
by EV-K2-CNR (February 2006-October 2007). (Source: Bonasoni and others 2008). (Figure 3.26 of Part I).

Figure TS1.13 Map of glacier regions in India and Asia. (Source: Zemp and Haeberli 2007). 

BC concentration at 5.1 km in Nepal Himalayas
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summary of ipCC ar4-wgi reporT on asia

Precipitation, surface temperature, monsoons, extreme weather, storms 
and heat waves 

Observations

• Over the period 1900-2005, precipitation generally increased in Northern and Central Asia
   but decreased in parts of  Southern Asia.
• An increasing long-term trend in surface (top 1 m) soil moisture content during the 
   summer is observed at stations with the longest records in China.
• Annual mean surface temperature changes between the periods 1901-2005 and 
   1979-2005 indicate that the continental interiors of  Asia are among the areas where the 
   strongest warming occurred. Southwest China experienced a cooling trend since the 
   mid-20th century. Since 1979, the most significant warming in Asia was found over China 
   in the winter and in Eastern Asia in the spring and autumn.
• Rainfall decreased from 1900-2005 by 7.5 per cent in Southern Asia. In India, rainfall 
   features strong variability but this is not a significant long-term trend. No clear long-term
   trend in precipitation was found over East and Southeast Asia.
• A severe drought occurred over Southwest Asia in recent years. Precipitation between 1998
   and 2001 was on average less than 55 per cent of  the long-term average, making drought 
   conditions in 2000 the worst in 50 years.
• The annual precipitation range (wet minus dry season) has decreased significantly over 

the Northern Hemisphere monsoon regions, including Southeast Asia, as seen by 
comparing seasonal precipitation between the periods 1948-1975 and 1976-2003. In the 
East Asian monsoon region, spatial discrepancy (enhancement in the Yangtze River Valley 
and Korea but reduction over the lower reaches of  the Yellow River and Northeast China) 
was found in the observed rainfall changes. In the Indonesian-Australian monsoon region, 
rainfall increased in Northwest Australia and Java but decreased in Northeast Australia. 
The South Pacific Convergence Zone moved northeastward. 

•  No significant trend in Eastern China was detected in the summer from 1880-1998 
(June-July-August). However, precipitation for the period 1990-1998 was the highest 
recorded for any period of  a comparable length. 

•  There were no long-term trends in the percentage areas of  droughts during the period
1951-2003 averaged over China. However, increases in drought areas were found in much 
of  Northern China, aggravated by warming and decreasing precipitation.

•  Systematic reduction in the East Asian monsoon was found from 1951-2000. This 
trend was consistent with a southward shift of  the summer rain belt over Eastern China. 
Although a weakening of  the East Asian monsoon can be traced back to the 1920s, it is 
not reflected in the long-term record dating back to the 1850s, which suggests evident 
decadal variability before the 1940s.

•  Marked decadal variability is observed in the rainfall during the Indian monsoon 
season, which inversely strengthens the ENSO impacts, that is, the impact of  El Niño is 
more severe during below-normal periods, while the impact of  La Niña is more severe 
during above-normal periods. The relationship between the Indian monsoon rainfall and 
El Niño events has weakened since the 1970s. The East Asian monsoon system has 
experienced a dipole change in precipitation during the past 50 years, as increases are 
seen in some locations and decreases in others. 
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•  Daily temperatures show patterns of  change consistent with general warming in 
many regions, including Central, South, Southeast and East Asia. However, the observed 
changes in temperature distribution are more than a simple shift. In rural sites in 
Southeast Asia, both maximum and minimum temperatures involved a change in the 
mean, either or both tails, but no significant change in their standard deviations. In urban 
sites, the standard deviation of  temperature distribution is also affected, especially in the 
case of  minimum temperature. 

•  Over 74 per cent of  the global land area sampled observed a significant decrease 
in the annual occurrence of  cold nights. A significant increase in the annual occurrence 
of  warm nights occurred over 73 per cent of  the area. Similar changes in the occurrence 
of  cold and warm days were found as well, but were generally less remarkable. This is 
consistent with the minimum temperature (Tmin) increasing more than the maximum 
temperature (Tmax), leading to a reduction in the diurnal temperature range since 1951. 
More warm extremes imply an increased frequency of  heat waves. 

•  In the Indian Subcontinent, an increasing trend in precipitation extremes is found and
regions with increases and decreases are coherently distributed. In both China and India, 
the increase of  heavy or very heavy precipitation is larger than the annual and/or seasonal 
precipitation changes. Changes in heavy precipitation frequencies are always greater than 
changes in precipitation totals. In some regions, an increase in heavy and/or very heavy 
precipitation occurred while no change or even a decrease in precipitation totals was 
observed. 

•  Since the 1970s, the number of  category 4 and 5 hurricanes increased by about 75 
per cent. The largest increases were in the North Pacific, Indian and Southwest Pacific 
Oceans. In recent years, however, seasonal tropical storm activity in the Northern Indian 
Ocean has been near normal.

•  No obvious long-term trend was detected for tropical cyclones which landed in China. 
However, studies indicated that typhoons since the 1950s have become more intense, 
with almost a doubling of  the Power Dissipation Index (PDI), which indicates longer storm 
duration and greater storm intensity. The number of  category 4 and 5 storms for the 
period 1990-2004, compared with the period 1975-1989, increased by about 30 per cent.

•  Although the number of  dust storms declined from the mid-1950s to the 
mid-1990s in Northern China, the number of  dust storm days increased during 
1997- 2002. The decreasing trend appears linked to the reduced cyclone frequency and 
increasing winter (December-January-February) temperatures. The recent increase is 
associated with vegetation degradation and drought, plus increased surface wind speed. 

•  It is likely that there has been a poleward shift and an increase in the Northern 
Hemisphere winter storm track activity in the past 50 years. These changes are some of  
the variations that have occurred related to the North Atlantic oscillation. Observations 
from 1979 to the mid-1990s revealed a tendency towards a stronger December-February 
circumpolar westerly atmospheric circulation throughout the troposphere and lower 
stratosphere, together with poleward displacements of  jet streams and increased storm 
track activity. 

•  Observational evidence for changes in small scale severe weather phenomena (such
as tornadoes, hail and thunderstorms) is mostly local and too scattered to draw general 
conclusions; increases in many areas result from increased public awareness and 
improved efforts to collect reports of  these phenomena. 
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Projections
•  All of  Asia is very likely to warm during this century. Warming in East and South Asia

will likely exceed the global mean. Summer heat waves and hot spells in East Asia will 
likely be longer, more intense and more frequent, while there will be fewer cold days in 
East and South Asia.

• Summer precipitation is likely to increase in East and South Asia. It is very likely to observe
the increased frequency of  intense precipitation events in parts of  South Asia and in East 
Asia.

•  Extreme rainfalls and winds associated with tropical cyclones will likely increase 
especially in East, Southeast and South Asia. Monsoonal flows and the tropical large-scale 
circulation are likely to be weakened.

•  Quantitative estimates of  projected precipitation change are difficult to obtain. 
•  In South Asia, most emission scenarios suggest that future climate changes are still 

likely to be dominated by increasing greenhouse gas forcing rather than by changes in 
anthropogenic aerosols.

•  In South Asia, both the monsoon depressions and tropical cyclones from the Indian 
Ocean will modulate monsoon-related changes. The East Asian monsoon is strengthened 
by extra-tropical cyclones generated by a strong temperature gradient along the coast.

•  Spatial warming pattern over the Pacific Ocean may affect typhoons and other heavy 
rain events in East Asia. The dynamics of  the Meiyu-Changma-Baiu rains in the early 
summer remain poorly understood. It is expected to observe an increase in rainfall due to 
weakening circulation shifts.

•  Temperature projection for the 21st century, based on the SRES A1B emissions, is 
about 3.3oC for South and East Asia, greater than the global mean of  2.5oC between the 
periods 1980-1999 and 2080-2099. Due to greater increases in night temperatures than 
day temperatures, the occurrence of  cold extremes is very likely decreased.

•  The warming tendency in the winter is more pronounced over India.
•  Reduction of  the diurnal temperature range is found in China due to a larger increase

in the daily minimum temperature compared with the maximum temperature.
•  In South Asia, an increase in precipitation is projected for most of  the year except in

 the dry season. The mean change for all the model predictions is 11 per cent by the end 
of  the 21st century, with -5 per cent in the dry season and 11 per cent in the summer.

•  In East Asia, precipitation is projected to increase for all seasons. The annual mean
 change is +9 per cent by the end of  the 21st century with little seasonal variation. In 
the winter, changes in precipitation differ from one location to the next. It is noted that 
multiple model estimates are in good agreement qualitatively, but not quantitatively.

•  The Meiyu-Changma-Baiu rainfall will increase over the Yangtze River Valley, East 
China and Western Japan, while less rainfall is predicted northward mainly due to the 
prolonged Meiyu-Changma-Baiu rainfall.

•  In a warmer climate, extremely heavy precipitation is shown to happen over Kyushu
Island (Japan) in July because of  the confluence of  disturbances from the Chinese 
continent and the East China Sea. 

•  More extreme precipitation is suggested over China. An increase in the number of  
rainy days is also simulated for Northwest China, as well as a decrease in rainy days and 
an increase in heavy rain days for South China. 

•  Previous findings of  the weakening East Asian winter monsoon are further confirmed.



26aTmospheriC brown Clouds : 
regional assessment report with focus on asia

Sea level

Observations
The global mean sea level has been rising at an average rate of  1.8±0.5 mm per year from 
1961-2003. The rise in global mean sea level presents considerable decadal variability and 
the rate of  sea level rise was as fast as 3.1±0.7 mm per year from 1993-2003. The change 
of  sea level is highly non-uniform spatially. Observations show that during the past decade, 
the rates of  sea level rise in the Western Pacific and Eastern Indian Oceans are up to several 
times the global mean rise, while in the Eastern Pacific and Western Indian Oceans, the sea 
level is dropping. It is suggested that spatial patterns likely reflect decadal fluctuations rather 
than long-term trends, and ENSO-related ocean variability accounts for a strong influence in 
the geographical patterns of  thermosteric sea level.

Projections
The global sea level is projected to keep rising during the 21st century at a greater rate than 
during the period 1961-2003. Thermal expansion is projected to account for over half  of  the 
average rise. The contribution of  ice flow from land on the projection of  sea level rise in the 
future is still largely uncertain. 

Glaciers and others
Observations
It was estimated that the global mass loss of  glaciers and ice caps was 0.50±0.18 mm 
per year in sea level equivalent (SLE) between 1961 and 2004. During 1991-2004, glacier 
wastage was estimated at 0.77±0.22 mm per year SLE and was likely a response to post-
1970 warming. Glaciers in Asia’s high mountains are noted to shrink generally at varying 
rates. Advancement or thickening is also reported at the tongues of  several high glaciers in 
Central Karakoram, possibly due to enhanced precipitation. There are trends towards greater 
maximum snow depth but shorter snow seasons from the late 1970s in the Tibetan Plateau. 
In Western China, no trends in snow depth or snow cover were found since 1957. 

Over the Tibetan Plateau, the thickness of  seasonally frozen ground decreased by 0.05-0.22 
m and the duration of  seasonally frozen ground decreased by more than 20 days during 
1967-1997. This was driven mainly by the significant warming in cold seasons and the 
earlier onset of  thaw in the spring. Basal thawing of  0.01-0.02 m per year was observed 
since the 1960s in permafrost of  less than 100 m thickness, and permafrost temperature 
increased by about 0.2-0.5°C from the 1970s to the 1990s over the hinterland of  the Tibetan 
Plateau. Along the Qinghai-Xizang (Tibet) Highway on the Tibetan Plateau, the areal extent 
of  permafrost islands reduced by about 36 per cent over the past three decades, while 
the northern and southern limit of  permafrost retreated by about 0.5-1.0 km southwards 
and about 1.0-2.0 km northwards, respectively. The active layer (portion of  the soil above 
permafrost that thaws and freezes seasonally) thickness has increased by up to 1.0 m since 
the early 1980s.

Projections
In the Tibetan Plateau, warming is likely to be well above the global mean and precipitation 
in boreal winter is very likely to enhance. The basal thawing rate is expected to accelerate 
over the Tibetan Plateau as the permafrost surface continues to warm in the future. 
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1.1 THE NEED FOR A REGIONALLY 
      FOCUSED APPROACH

1.1.1 Indian Ocean Experiment

Air pollution containing aerosol particles 
emitted from anthropogenic sources, such 
as fossil fuel combustion, biofuel cooking 
and biomass burning (Seiler and Crutzen 
1980, Ramaswamy and others 2001) and 
associated long-range transport lead to 
widespread layers of  brownish haze, referred 
to as atmospheric brown clouds (ABCs). 
ABCs hovering over continental South Asia 
and the Indian Ocean were discovered and 
documented by the Indian Ocean Experiment 
(INDOEX) (Ramanathan and others 2001a, 
Lelieveld and others 2001). Pollution haze, 
which is a trans-boundary, trans-continental 
and trans-oceanic phenomenon, also occurs 
in other heavily-inhabited regions. ABCs 
intercept solar radiation by reflecting it 
back to space and by absorbing it within the 
atmosphere. These two processes reduce 
the amount of  solar energy that reaches the 
surface, also referred to as surface dimming. 
In turn, surface dimming and atmospheric 
solar heating can have significant direct 
and indirect impacts on regional climate, 
temperatures, and precipitation cycle and 
patterns. It should be noted that references 
made to pollution and brown clouds are 
not necessarily discussions of  surface 
concentrations of  particles and haze 
(which are the domain of  most air pollution 
studies). The word “pollution” in the context 
of  ABCs refers to anthropogenic aerosols 
from the surface to about 15 kilometres, the 
region which contributes to climate forcing 
by aerosols in ABCs. 

1.1.2 Goals of Project ABC

At a global scale, ABCs may have masked 
as much as 50 per cent of  global warming 
due to greenhouse gases (GHGs). Thus, 
disconnected and isolated policy responses 
to global warming and to health/ecosystem 
effects of  indoor and outdoor air pollution 
will have unintended consequences for 
the climate and possibly trigger non-
linear changes. An example of  an isolated 
policy response is the reduction of  sulphur 
emissions (to mitigate the health impacts 
of  air pollution) without a comparable 
reduction in carbon dioxide (CO2) and black 
carbon (BC) emissions, which can lead to 
a large increase in warming in the coming 
decades. At a regional scale, however, ABCs 
may intensify the effects of  global warming 
on glacier retreat by soot deposition on snow 
and ice and by soot-induced solar heating 
of  the atmosphere. Reduction of  solar 
radiation at the surface can lead to major 
droughts in Africa and Asia through 
asymmetric alterations of  sea surface 
temperatures (SSTs) and land surface 
temperatures. At a local scale, ABCs have 
been shown to suppress the formation of  
rain clouds. Finally, inhalation of  particles 
(indoors and outdoors) in ABCs has been 
linked with over a million deaths annually 
worldwide.

Clearly, what is needed is a common 
framework for addressing the combined 
impacts of  GHGs, air pollution and land-use 
changes. Such a framework is the major 
goal of  Project ABC.  In order to help policy 
makers and decision makers formulate 
an effective response (adaptation and 
mitigation), the science of  climate change 
should also address the impacts of  ABCs, 

ChapTer 1
aTmospheriC brown Clouds: baCkground



28aTmospheriC brown Clouds : 
regional assessment report with focus on asia

GHGs and other human activities, on water, 
agriculture and health. We can then more 
effectively develop practical mitigation plans 
for climate change. These constitute the 
fundamental goals of  Project ABC. 

1.1.3 Formation of Project ABC

Subsequent to the completion of  INDOEX 
in 2000, two important developments 
established ABCs as a major global problem. 
First was the retrieval of  aerosols over 
land and oceanic areas by the MODIS 
instrument on Terra satellite in 2001, which 
revealed brown clouds (originating from 
major populated regions throughout the 
world) over the Atlantic, the Pacific and the 
Indian Oceans (Kaufman and others 2002, 
Ramanathan and Ramana 2003). The second 
development was spurred by another field 
experiment, ACE-Asia (Huebert and others 
2003, Schauer and others 2003) in the 
Western Pacific Ocean downwind of  East 
Asia. The results were similar to INDOEX 
in that they revealed widespread pollution 
(mixed with dust) in the Western Pacific 
Ocean with a large regional radiative forcing 
(RF) (Conant and others 2003), very similar 
to the values revealed by INDOEX.

It was in recognition of  these major findings 
that UNEP established Project ABC, based 
on the regional paradigm proposed by 
Ramanathan and Crutzen (2003). Details of  
this regional paradigm and the structure of  
the new project are given in the ABC website 
(http://www-abc-asia.ucsd.edu). While the 
brown cloud problem is common to all areas 
of  the world, the first focus of  Project ABC 
is on Asia, home to about 60 per cent 
of  the world’s population of  6.5 billion 
people. As part of  ABC-Asia, a regional 
observatory system was developed for 
the Indo-Asia-Pacific Region (observatory 
locations are shown later in this report). The 
widespread nature of  ABCs and findings 
related to their adverse effects on climate, 
water budget, agriculture and human health 
have aroused concern among governments 

around the world, especially in Asia. The 
main aim of  Project ABC is to develop the 
science for impact assessment such that it 
can be accompanied by appropriate capacity 
building measures and by the development of  
appropriate mitigation and adaptation steps, 
thus contributing to sustainable development. 
UNEP commissioned Project ABC, which 
is composed of  a team of  scientists from 
Asia, Europe and the USA, working with the 
Science Secretariat at the Center for Clouds, 
Chemistry and Climate (C4), Scripps Institution 
of  Oceanography (SIO) of  the University of  
California at San Diego, and the secretariat for 
impacts and policy components at the UNEP 
Regional Office in Bangkok. The primary focus 
during the first phase was on Asia, where ABCs 
were first discovered and have become a major 
problem. The region has several special features 
that are relevant to ABCs. These include its high 
population density and increasing agricultural 
activities, industrialization and urbanization.  
It also has a seasonal cycle with a long dry 
season, ranging from four to eight months 
(depending on location), that is conducive to 
the formation of  ABCs. Governments in China, 
India, Japan, Korea (Republic), Maldives, 
Nepal and Thailand, as well as international 
development agencies are assisting the 
scientists to study the science, impacts and 
possible mitigation measures. Project ABC 
was formed in 2002 with core funding from 
UNEP, the National Oceanic and Atmospheric 
Administration (NOAA), USA and the Swedish 
International Development Cooperation Agency 
(Sida). This funding was supplemented by funds 
from Japan (Science Foundation), Korea (Korean 
Meteorological Administration), Maldives 
(Ministry of  Environment), and USA (National 
Science Foundation and National Aeronautics 
and Space Administration). Profs V. Ramanathan 
(Director of  C4, SIO) and P.J. Crutzen (Emeritus 
Director, Max Planck Institute of  Chemistry, 
Germany) served as 
Co-Chairs until 2005. The current Chair of  
Project ABC is Prof  V. Ramanathan while 
the Vice Chair is Prof  H. Rodhe of  Stockholm 
University, Sweden.
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1.1.4 Components of Project ABC

Project ABC comprises three major 
programmes: 

(i)  Observatory programme, 
(ii)  Impact assessment programme, and 
(iii) Awareness and mitigation programme.

The observatory programme aims to build 
the monitoring capacity, create reliable 
data on ABCs and their effects, and develop 
human resources. The impact assessment 
programme aims to assess the potential 
impacts of  ABCs on agriculture, water 
budgets, and human health, using data from 
the observatory and modelling programmes.  
Findings from the impact assessment 
programme will provide information for 
policy making through UNEP’s programme 
on awareness and mitigation.

1.2 MAJOR FINDINGS 
      FROM INDOEX

Major findings reported by INDOEX 
scientists, numbering over 200 from Europe, 
India and the USA, are summarized here. 
INDOEX (Ramanathan and others 1996) led 
to the discovery of  brown clouds over South 
Asia as a trans-continental and trans-oceanic 
problem. Brown clouds generally denote 
anthropogenic aerosols that not only scatter 
but also absorb solar radiation due to soot 
and other absorbing aerosols. The concept 
of  brown clouds itself  was established 
decades before the INDOEX study, but it was 
largely thought of  as an urban phenomenon 
(for example, the Denver brown cloud). This 
report has adopted the term “brown cloud” 
not necessarily to signify highly polluted 
regions of  the planet, but also to refer to 
absorbing anthropogenic aerosols that 
absorb solar radiation while also scattering 
it. In addition, the conventional definition 
of  “brown cloud” applies mainly to surface 
level pollution due to related particulates, 
whereas the term “brown cloud” in this study 

applies to aerosol and other pollutants, such 
as ozone (O3), over the entire troposphere. 
The INDOEX results are summarized in a 
report (UNEP-C4 2002). A brief  summary 
of  that report is given below.

1.2.1 Composition and sources

ABCs consist of  copious amounts of  tiny 
particles that contain sulphates, nitrates, 
soot and fly ash, among many other 
pollutants (Figure 1.1). Soot results from 
the incomplete combustion of  fuels and 
consists of  nanometre to a few micrometre 
(millionth of  a metre) size particles. BC 
(that is, light absorbing elemental and 
organic carbon particles) and many 
organic acids are the main constituents 
of  soot. ABCs owe their brownish colour 
to the absorption and scattering of  solar 
radiation by anthropogenic BC, fly ash, soil 
dust particles and nitrogen dioxide (NO2) 
gas. Typical background concentrations of  
aerosols are in the range 100-300 particles 
cm-3, whereas in polluted continental regions 
the concentrations are in the range 1 000-
10 000 cm-3 and in the Indian Ocean 
downwind of  the Indian Subcontinent, 
INDOEX typically observed 1 000-3 000 cm-3.

Figure 1.1 Column averaged composition of brown 

cloud (Ramanathan and others 2001a)
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The composition of  ABCs observed over 
the Indian Ocean, at least hundreds of  
kilometres downwind of  the sources, is quite 
comparable to sub-urban air pollution in 
North America and Europe. ABCs observed 
in the Northern Indian Ocean and the 
Arabian Sea contain more black carbon 
(10-14 per cent) than the black carbon 
present in ABCs in sub-urban parts of  
Europe and North America (~ 5-10 per cent). 
BC, which strongly absorbs solar radiation, 
plays a major role in direct forcing by 
partially shielding the surface from intense 
tropical solar radiation. 
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1.3  SOURCES OF ABCs

Biomass burning, biofuel cooking and fossil 
fuel use are the major sources of  ABCs in 
Asia (Bond and others 2004, Venkatraman 
and others 2005). Solid fuels constitute the 
major source of  energy in rural areas in Asia. 
Soot from indoor smoke ultimately escapes 
to the outdoors and combines with other 
outdoor air pollution (fossil fuel combustion) 
to form ABCs. Seasonally, mineral dust 
storms may also be major contributors to 
particulate matter (PM) concentrations in 
specific regions in Asia during episodes. The 
emission strengths of  the three major global 
sources of  ABCs are shown below (Figure 
1.2) along with regional contributions to 
emissions of  BC, organic carbon (OC) and 
sulphur dioxide (SO2). 
   

Figure 1.2 Emissions of black 
carbon (BC), organic carbon (OC) 
and sulphur dioxide (SO2)  Although 
highly uncertain, point to biomass 
combustion as a major contributor to 
total particle emissions in India and 
China. In 2000, China contributed 
36 per cent and India 34 per 
cent of total household biomass 
consumption in Asia (Streets and 
others 2003). Household biomass 
combustion accounts for 20 per 
cent and 35 per cent of total fuel 
use in China and India, respectively, 
with coal combustion for industrial 
use and power production and 
transportation contributing most 
of the remaining fuel use. In other 
Asian countries, where total energy 
production is much lower than in 
China or India, biomass contribution 
may be as high as 50-80 per cent 
(Streets and others 2003). Figure 
1.3 shows the spatial pattern of BC 
and OC particle emissions in Asia 
(Streets and others 2003). BC and 
OC are major constituents of ABCs 
(Figure 1.1)

Global BC emissions -1996 
(Bond and others 2004)

Regional BC emissions -1996

OC emissions -1996SO2 emissions (Smith et al. 2001)
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Figure 1.3 Spatial pattern (area source emission distribution at 30 min x 30 min resolution) of (left) BC and 
(right) OC particle emissions in Asia. Units: Mg yr-1 per grid cell (Source: Streets and others 2003).

1.4  ABC TRANSPORT MECHANISM

It is well known that many gaseous air 
pollutants, such as sulphur dioxide, nitrogen 
oxides, their oxidation products (like acids) 
and many organic compounds, in particular 
persistent organic pollutants (POPs), can be 
transported thousands of  kilometres away 
from their sources mainly via atmospheric 
circulation and other pathways. It has been 
recognized more recently that atmospheric 
aerosols, in particular particulate matter 
(PM) with a diameter less than 2.5 
micrometre (PM2.5), can also be transported 
hundreds of  kilometres downwind from their 
sources, and can contribute to urban and 

regional haze. The INDOEX made a paradigm 
shift with regards to current understanding 
of  aerosol transport, as it revealed that 
atmospheric aerosols can be transported 
thousands of  kilometres away from their 
sources before they are removed from the 
air and lead to the formation of  widespread 
ABCs. For example, a particle trajectory 
analysis at a 3-km height shows that ABCs 
can travel across an entire ocean basin or 
continent within five to seven days (Figure 
1.4). Long-range transport of  aerosols has 
received much attention due to the discovery 
of  ABCs. 
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Figure 1.4 Seven-day forward particle trajectories at 3-km altitude during April, originating from India, China, 
Mexico, the east and west coasts of the United States, London, Paris and Berlin, showing the potential 
trans-continental nature of ABCs (Source: Krishnamurti 1998).

The torrential rains of  the Asian summer 
monsoon are well known. Every summer 
(June-September), steady onshore winds 
transport moist air from the ocean over the 
hot continent (Figure 1.5a), resulting in the 
lifting and formation of  clouds. Especially 
important for both precipitation generation 
and pollutant transport are deep, moist 
convective clouds that can rapidly reach 
vertically into the tropical tropopause layer 
(12-15 km altitude), with updraft speeds 
of  up to 10 m/s. During this period the 
inter-tropical convergence zone (ITCZ) 
is located over the Indian Subcontinent, 
around 10-15°N. The other extreme of  the 
Asian monsoon circulation is the winter 
“dry” or “northeast” monsoon (December-
March) (Figure 1.5b), during which the ITCZ 

migrates south with the sun and is typically 
found between 5 and 15°S. The wintertime 
winds over much of  Southern Asia generally 
blow from the northeast to the southwest. 
There is little rain or deep convection over 
Southern Asia during this period. Air flowing 
offshore encounters a largely cloud-free 
Northern Indian Ocean down to the equator. 
Typical travel times are about seven to 10 
days to reach the ITCZ (Ethé and others 
2002, de Gouw and others 2001), where 
much of  the air is then transported upwards 
in deep convection. The typical flow patterns 
during this period are illustrated in Figure 
1.6, which shows the trajectories of  17 
constant-level balloons that were released 
from the Indian coastal city of  Goa (near 
Bombay).  

Figure 1.5: Transport pathways for near-surface flow over the Indian Ocean during the a) summer 
(June-September) and b) winter (December-March) monsoon periods (Source: Indian Ocean Atlas 
1976 http://www-INDOEX.ucsd.edu/publications/proposal/chap2.html) 



33 aTmospheriC brown Clouds : 
regional assessment report with focus on asia

Figure 1.6 Trajectories of the 17 constant-level balloons launched from Goa during INDOEX (January-March 
1999), at pressure levels about 900 and 800 hPa. (Source: Ethe’ and others 2002)  

These meteorological patterns govern the 
transport of  ABCs over Asia and in its 
outflow.  Pollutant build-up over Southern 
Asia, as well as pollutant outflow from 
Southern Asia over the Indian Ocean, is 
greatest during the dry winter monsoon. 
This period is conducive to the accumulation 
of  air pollutants due to the nearly cloud-
free situation, the strong solar radiation 
which drives the photochemical production 
of  ozone, secondary organic aerosols and 
other pollutants, and also to the absence of  
precipitation so that little of  the pollutants 
are washed out of  the atmosphere. 
Combined with this continental pollutant 
build-up, the strong offshore winds result 
in the transport of  the ABC plume over 
thousands of  kilometres down to the ITCZ. 
This was first really recognized during 
INDOEX, which resulted in a paradigm 
shift as it revealed that not only long-lived 
trace gas pollutants but also shorter-lived 
atmospheric aerosols can be transported 

thousands of  kilometres away from their 
sources, before they are removed from the 
air and lead to the formation of  widespread 
ABCs, which have now been identified 
across the planet. Long-range transport of  
aerosols has received much attention due 
to the discovery of  ABCs (HTAP 2007). 
Two additional features characterize this 
outflow.  First, it is observed to occur along 
four primary channels (Verver and others 
2001), which are depicted in Figure 1.5b, 
originating from: 1) the Arabian desert with 
flow over the Western Arabian Sea, 2) the 
Indo-Pakistan desert and the west coast of  
India, 3) central India and the Ganges Valley, 
flowing over the western Bay of  Bengal, and 
4) Southeast Asia. The channels are not 
active all the time, but rather intermittently, 
depending on weather systems present 
in the region. Second, the most polluted 
outflow over the Indian Ocean is often in 
an elevated layer between ~1 and 3 km in 
height; the main explanation for this elevated 
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outflow which has been proposed so far 
(Leon and others 2001, Mohanty and others 
2001, Lelieveld and others 2001, Raman and 
others 2002) is that the outflow is influenced 
by the strong land-sea breeze circulation that 
is present over much of  the west coast of  
India, lofting pollutants into a residual layer 
directly above the marine boundary layer 
(MBL) cap. 

During the summer monsoon, heavy rains 
reduce the local build-up and long-range 
transport of  aerosol particles through 
enhanced removal by wet deposition. 
However, insoluble pollutants, such as 
carbon monoxide (CO), and possibly 
selected aerosol components, like BC, 
can be efficiently transported to the 
upper troposphere by deep convective 
updrafts. Following injection into the upper 
troposphere, the tropical easterly jet can 
very effectively transport these pollutants 
westwards over Africa, then northwards 
over the Mediterranean, circulating around 
the Arabian anticyclone. Observational 
evidence of  this pathway, in good agreement 
with model calculations, was found in 
measurements made on flights based out 
of  Crete during the MINOS (Mediterranean 
Intensive Oxidants Study) campaign 
(Lelieveld and others 2002, Lawrence and 
others 2003).  

Over in Eastern Asia, there are analogous 
seasonal differences and transport 
pathways, especially with strong convective 
lofting to the upper troposphere during 
the summer monsoon. However, a major 
difference is that the strongest long-range 
export occurs during the spring, due to 
lofting of  mineral dust and polluted air 
masses by frontal warm conveyor belts into 
the middle troposphere, where they are 
efficiently transported across the Pacific and 
can often be observed at monitoring sites on 
the west coast of  North America (Jaffe and 
others 1999).

A climatology characterizing the typical air 
mass flows in Eastern Asia is illustrated in 
Figure 1.7. Eastern Asia can be separated 
climatologically into two typical regions, one 
in Southeastern and another in Northeastern 
Asia. In Southeastern Asia, covering the 
Indo-China peninsula, the basic character 
of  the Asian monsoon is somewhat similar 
to Southern Asia, as described above and 
depicted in Figure 1.5. The year is clearly 
divided into wet and dry seasons. The wet 
season generally starts in May and ends 
in October. In this season, southwesterly 
winds prevail and clean oceanic air masses 
from the Indian Ocean are brought to the 
continent. On the contrary, northwesterly 
or northeasterly winds prevail in the dry 
season and continental air masses dominate 
in Southeastern Asia. Long-range transport 
of  continental air masses from the west, 
originating in the Middle East and passing 
through India, or from the northeast, 
originating in Eastern Siberia and passing 
through China, affects air quality of  the 
continental Southeastern Asian region. The 
most prominent factor affecting air quality 
in this area is the intensive biomass burning 
during the dry season, which characterizes 
the seasonality of  concentrations of  
air pollutants. Pochanart and others 
(2003a) reported a textbook example that 
demonstrates very high concentrations of  
CO in the dry season (February-April) and 
very low concentrations in the wet season 
(June-September), based on observations at 
remote sites in Thailand. Although detailed 
observations of  aerosols have not been 
reported, neither in the source region or the 
outflow region of  Southeast Asia, a similar 
seasonal variation is expected. ABCs due to 
biomass burning mixed with anthropogenic 
pollution should be of  concern in this region 
in the dry season. It should be noted that 
during the transition period between the 
dry and wet seasons, active deep convective 
motion transports the air pollutants from 
the continental boundary layer up to the 
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free troposphere, keeping the surface 
concentrations rather low even in the 
continental air masses.

 

In Northeastern Asia, the continental 
air masses accompanied by a westerly 
flow over the Eurasian continent increase 
in importance with higher latitudes. As 
can be seen in Figure 1.7, continental 
air masses affecting Northeastern Asia 
originate in Eastern Siberia and are directed 
southeastward towards China, Korea and 
Japan. Background concentrations of  air 
pollutants with reasonably long lifetimes, 
such as O3, CO and aerosols, in Northeastern 
Asia can be defined by the concentrations 
of  those air pollutants in remote Eastern 
Siberia (Pochanart and others 2003b). 
Air pollutants are picked up as the clean 
continental air passes over anthropogenically 
active areas in the Pacific Rim region. 
Satellite data for NO2 and aerosols clearly 
show that central Eastern China is a distinct 
area of  regional pollution. The outflow of  
regional air pollution affects wide areas in 
the East China Sea and the Northwestern 

Pacific Ocean. The ACE-Asia/TRACE-P 
campaign in 2001 (Hubert 2003, Jacob 
2003) revealed the characteristics of  
aerosols as well as other gaseous pollutants 
in Northeastern Asia and the outflow region.

As seen in Figure 1.7, clean marine air in 
Northeastern Asia comes from the western 
and central Pacific. In the southern part of  
this region, Taiwan and the southern part of  
China are also affected by oceanic air from 
the South China Sea. The summer monsoon, 
prevailed by marine air masses, is limited 
to July-August north of  30°N, but extends 
to June-September at lower latitudes. 
The continental outflow is northwesterly 
during the winter monsoon, while westerly 
transport is strongest in the spring. In 
this season, frontal warm conveyor belts 
frequently loft dust and polluted air masses 
into the middle troposphere, where they are 
sometimes efficiently transported across 

Figure 1.7 Typical air mass flows in East Asia (Source: 
Adapted from P. Pochanart and others 2004).
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the Pacific, and can reach the west coast 
of  North America (Jaffe and others 1999). 
In the autumn continental polluted air is 
also brought to the outflow region, but the 
outflow is weaker than in the winter and 
spring. The combination of  this climatology, 
coupled with the seasonality of  source 
emissions, such as agricultural biomass 
waste burning, results in concentrations of  
O3 and aerosols being the highest in June in 
central Eastern China.  

Long-range transport of  the continental air 
flow out of  Northeastern Asia in the spring 
time could reach the west coast of  North 
America with an average transit time of  a 4 
to 7 days, and results in the intercontinental 
transport of  Asian pollutants from west to 
east across the Pacific Ocean. The CIFEX 
(Cloud Indirect Forcing Experiment; see 
the URL: http://www-ramanathan.ucsd.
edu/field_exp.html) campaign in April 2004 
measured aerosol and cloud properties in 
the Eastern Pacific Ocean to assess the 
impact of  long-range transport of  Asian 
aerosols on aerosol-cloud interactions. 
The airborne experiment revealed that 
the aged, long-range transport aerosols 
from Asian anthropogenic emissions 
effectively scatter light and serve as cloud 
condensation nuclei in marine clouds off  
the Californian coast (Roberts and others 
2006). Using a regional chemical transport 
model combined with the aircraft (CIFEX) 
and surface datasets available, Hadley and 
others (2007) estimated that the total BC 
transport, of  which 75 per cent originates 
from Asia, amounts to about 77 per cent of  
the North American BC emissions for April 
2004. It means that in spring the long-range 
transported BC from Asia is equal to about 
58 per cent of  the BC emissions in North 
America. And approximately 78 per cent of  
the BC and 82 per cent of  the fine aerosol 
mass transport occur above 2 km. These 
findings are consistent with other studies on 

the intercontinental transport of  aerosols 
(Heald and others 2006, Chin and others 
2007, Liu and Mauzerall 2007, Van Curen 
2003, van Donkelaar and others 2008). 

A few studies focused on the chemical 
transformations that Asian pollution 
undergoes as it is transported across the 
Pacific and pertains to aerosol loadings 
over the Eastern Pacific Ocean and North 
American continent (Brock and others 
2004, Peltier and others 2008). The INTEX-
B (the Intercontinental Chemical Transport 
Experiment Phase B) campaign during April 
and May 2006, examined the time scales 
of  aerosol transformations for sulfate and 
organic aerosols in the atmosphere (Dunlea 
and others 2008). It indicated that although 
secondary organic aerosol (SOA) formation 
from pollution occurs on the timescale of  
one day, the oxidation of  organic aerosol 
continues at longer timescales. Both sulfate 
and organic aerosols in the aged Asian 
pollution layers experienced fast formation 
near the Asian continent, followed by 
washout during lofting and subsequent 
transformation in long-range transport.

1.5 ABCs ARE STRONG FORCING 
      AGENTS OF REGIONAL 
      CLIMATE CHANGE

INDOEX data were integrated with satellite 
measurements and models to estimate the 
radiative forcing over the Indian Ocean and 
South Asia. The main findings of  INDOEX 
were as follows: 

i. ABCs were widespread over the Arabian
Sea and Bay of  Bengal (Rajeev and others 
2000, Ramanathan and others 2001a). 
Gaseous pollutants, such as O3 and CO, 
were also widespread (Mandal and others 
1999, Gupta and others 1999, de Gouw 
and others 2001, Lelieveld and others 
2001, Rhoads and others 2001); 
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ii. Man-made aerosols in the brown clouds
led to a major redistribution of  solar 
radiation by enhancing the solar heating 
of  the atmosphere and causing a large 
reduction of  solar radiation at the surface 
(Satheesh and Ramanathan 2000). The 
large reduction at the surface was 
concentrated mainly in the visible parts of  
the solar spectrum (Jayaraman and others 
1998, Meywerk and Ramanathan 1999). 
At the top-of-the atmosphere (TOA), the 
net radiative forcing due to the direct 
and indirect effects of  aerosols over the 
tropical Indian Ocean was estimated to 
be -5 (±2) W m-2. A major new finding of  
INDOEX, however, was that the forcing at 
the surface was about four times larger 
-20 (±3) W m-2 than the TOA forcing, while 
the atmospheric forcing was about three 
times larger at +15 (±3) W m-2. The large 
positive atmospheric forcing was due to 
black carbon solar absorption, whereas the 
large negative forcing at the surface was 
due to the shielding of  the surface by solar 
absorption by BC and by reflection of  solar 
radiation back to space by all aerosols in 
the ABCs.

Dimming: The INDOEX results thus 
provided direct observational support 
to show that aerosols can lead to large 
dimming at the surface, even on a 
regionally averaged basis. For example, the 
-20 W m-2 estimated for the tropical Indian 
Ocean is equivalent to a dimming of  7-10 
per cent. 

iii. Surface dimming and atmospheric solar
heating were widespread, thus influencing 
the radiation budget and forcing of  
the entire Arabian Sea and the Indian 
Subcontinent (Ramanathan and others 
2001a). For example, over the entire 
Indian Ocean north of  the equator, the 
seasonal averaged surface dimming was 
as much 
as -13 W m-2, while atmospheric solar 
heating was enhanced by 25-50 per cent.

iv. Chemical characterization of  the 
aerosols (Reiner and others 2001, 
Guazzotti and others 2001) led to the 
conclusion (Ramanathan and others 
2001a, Lelieveld and others 2001) that 
roughly 75 per cent of  the aerosols were 
of  anthropogenic origin.

v.  Man-made aerosols led to a three-
fold increase in the number of  cloud 
drops in the Arabian Sea, compared 
with the pristine Southern Indian Ocean 
(Heymsfield and McFarquhar 2001).

vi. At the TOA, the direct forcing was 
negligible but the seasonal mean negative 
indirect forcing was as much as -5 W m-2 
(Ramanathan and others 2001a). 
 

vii. Because of  their widespread nature, 
the brown clouds exerted a large north-
south heating gradient in the aerosol 
radiative forcing with a large cooling of  
the Arabian Sea (Ramanathan and others 
2001a) and minimal cooling south of  the 
equator. Additional INDOEX observations 
on the vertical and spatial variations in 
aerosol properties over the Indian Ocean 
are found in Moorthy and others  (2001), 
Müller and others (2001), Neusüß, (2002) 
and Quinn and others (2002). Together 
these findings linked air pollution, aerosols 
and brown clouds as strong forcing agents 
for regional climate and water budget 
(Ramanathan and others 2001b). 

Climate model simulations revealed that the 
surface dimming was sufficient to cause a 
surface cooling of  about 0.5ºC, and thus 
may have masked as much as 50 per cent 
of  the greenhouse warming. Results also 
suggested that atmospheric solar heating by 
black carbon was large enough to perturb 
the monsoon systems substantially. Overall 
INDOEX findings established ABCs as a 
major agent for regional climate change.
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ChapTer 2
radiaTive forCing due To aTmospheriC 
brown Clouds  
2.1 REGIONAL AND GLOBAL
      DISTRIBUTION OF ATMOSPHERIC
      BROWN CLOUDS AND RADIATIVE
      FORCING 

This chapter reviews findings in the past five 
years since publication of  a report by UNEP and 
the Center for Clouds, Chemistry and Climate 
(UNEP-C4 2002). While the findings described 
here rely on the results of  the ABC Science 
Team, this chapter has also adopted results 
from numerous studies conducted by scientists 
from Asia, including a national assessment 
document from China and papers published in 
a special issue of  the Journal of  Geophysical 
Research, devoted to atmospheric brown clouds 
(ABCs) in Asia. In particular, these papers 
concentrated on three field campaigns that 
involved the ABC Science Team: APMEX (http://
www-abc-asia.ucsd.edu/APMEX/) conducted in 
the ABC super site in Maldives, EAREX (http://
abc-gosan.snu.ac.kr/) conducted in the ABC 
super site in Jeju Island in Korea, and EAST_
AIRE (http://www.atmos.umd.edu/~yuan/web_
proj/station.htm) conducted in Eastern China 
by a China-US bilateral collaboration.  

The overall picture that emerges from numerous 
studies published since 2002 is schematically 
shown in Figure 2.1. Human activities continue 
to release large quantities of  tiny particles 
and aerosols into the atmosphere. In addition 
to direct scattering and absorption of  solar 
radiation, aerosols also produce brighter 
clouds that are less efficient at releasing 
precipitation. The brighter clouds, scattering 
and absorption by aerosols in turn lead to large 
reductions in the amount of  solar radiation 
reaching the earth’s surface, a corresponding 
increase in atmospheric solar heating, changes 

in atmospheric thermal structure, surface 
cooling, disruption of  regional circulation 
systems, such as monsoons, suppression of  
rainfall and less efficient removal of  pollutants. 
Man-made aerosols have dimmed the surface 
of  the planet, while making it brighter at the 
top-of-the-atmosphere (TOA). 

Together, aerosol direct radiative effect and 
these microphysical effects can lead to a 
weaker hydrological cycle and drying of  
the planet, linking aerosols directly to the 
reduced availability of  fresh water, a major 
environmental issue in the 21st century. For 
example, the Sahelian drought during the 
last century is attributed by model studies 
to aerosols. In addition, new coupled Ocean-
Atmosphere model studies suggest that 
aerosols may be the major source for some 
of  the observed drying of  the land during the 
past 50 years.  Regionally, aerosol-induced 
radiative changes (forcing) are in an order 
of  magnitude that is larger than that of  the 
greenhouse gases (GHGs), but because of  the 
global nature of  greenhouse forcing, its effects 
on the global climate are still more important. 
However, there is one important distinction 
to be made. While warming due to GHGs will 
make the planet wetter, that is, more rainfall, the 
large reduction in surface solar radiation due to 
absorbing aerosols will make the planet drier.  

Until the 1950s, the extra-tropical regions 
played a dominant role in emissions of  
aerosols, but since the 1970s the tropical 
regions have become major contributors to 
aerosol emissions, particularly black carbon 
(BC). The chemistry and, hence, the radiative 
effects of  aerosols emitted in the extra-tropics 
are very different (even possibly in the sign) 
from that of  aerosols emitted in the tropics.
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Figure 2.1 Human activities are releasing large quantities of tiny particles (aerosols) into the atmosphere. 
Aerosols produce brighter clouds that are less efficient at releasing precipitation. The brighter clouds, scattering 
and absorption by aerosols in turn lead to large reductions in the amount of solar radiation reaching the earth’s 
surface, a corresponding increase in atmospheric solar heating, changes in atmospheric thermal structure, 
surface cooling, disruption of regional circulation systems, such as monsoons, suppression of rainfall and less 
efficient removal of pollutants. Black carbon plays a major role in atmospheric solar heating and dimming of the 
surface. Man-made aerosols have dimmed the surface of the planet, while making it brighter at the top-of-the-
atmosphere.
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2.2 REGIONAL ABC HOTSPOTS
      AROUND THE GLOBE

By integrating and assimilating (Figure 
2.2) ABC surface observations (Figure 2.3) 
with new satellite observations (Figure 2.4) 
and chemistry transport models, the ABC 
Science Team (Chung and others 2005) has 
produced global maps of  the anthropogenic 
aerosol optical depths (AODs) of  ABCs 
(Figure 2.5). AOD is a vertically integrated 
measure of  the scattering and absorption of  
solar radiation by aerosols from the surface 
to the TOA. It is also a vertically integrated 
measure of  the product of  the number of  
particles and their cross-sectional area. 
While all sizes of  particles, from nanometres 

to millimetres, are included, the sub-
micrometre (<1 µm) particles dominate the 
AOD because these particles are far more 
numerous than larger size ones within the 
ABCs.  

Starting from North America (Figure 2.5), 
a plume of  brown clouds extends from the 
east coast across the Atlantic Ocean towards 
Europe; likewise, the European plume 
spreads towards Central Asia; from East Asia 
another plume spreads across the Pacific 
Ocean; from South Asia and Southern Africa 
the brown clouds are widespread across the 
Indian Ocean; biomass burning aerosols 
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from Brazil also spread into the western 
South Atlantic Ocean.  The brown clouds 
also have strong seasonal dependence. In 
the tropics the seasonal dependence is 
driven by pollution accumulating during 
the dry season (December-February in 
Northern Hemisphere tropics and June-
August in Southern Hemisphere tropics) 
and is primarily affected by meteorological 
influences. Additionally, pollution peaks in 
the extra-tropics during the summer due to 
the seasonal dependence of  emissions and 
the dependence of  aerosol chemical and 
optical properties on temperature, water 
vapour and solar UV radiation. Starting first 
with the North Atlantic Ocean, transport of  
the pollutants happens throughout the year, 
with relatively large AODs occurring during 

the spring, summer and fall seasons. The 
winter minima are due to the fact that AODs 
over the source regions in North America 
are low during this season. The north-south 
extent of  the plume is widespread in the 
Indian Ocean, with the northern Indian 
Ocean influenced by pollution from South 
Asia, Saudi Arabia, Middle East and North 
Africa, while the southern Indian Ocean is 
subject to pollution from biomass burning 
in Southern Africa. The brown clouds extend 
almost up to 60oS in the Indian Ocean during 
the austral dry season (see July-August 
panel). The Pacific Ocean ABCs are extensive 
in the east-west direction, particularly 
during the spring and fall seasons, when 
anthropogenic AODs reach 0.1 in the eastern 
Pacific Ocean (east of  the date line). 

Figure 2.2 A schematic of the procedure adopted for estimating direct, indirect and semi-direct aerosol forcing. It 
is an improved and modified version of the scheme shown by Ramanathan and others (2001a). MACR refers to 
the Monte Carlo Aerosol-Cloud Radiation Model. ABC O is ABC observatories. INDOEX, EAREX, APMEX and 
MAC are field campaigns conducted by Project ABC in the Arabian Sea and East Asia. STEM-2K and GOCART 
are regional and global aerosol chemical transport models, respectively. ISCCP, CERES, MODIS and MISR are 
satellite data for cloud and aerosol properties. (Source: Ramanathan and others 2007a).
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Figure 2.3 ABC surface observatories. (Source: Nakajima and others 2007).
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Figure 2.4 Monthly 
mean aerosol optical 
thickness (AOT) 550 
nm distribution of three 
optically equivalent aerosol 
species of carbonaceous 
(CRB), sulphate (SLF) 
and mineral dust (DST) 
types, as derived from the 
four-channel algorithm 
applying to MODIS data in 
March, April and May 2005.  
(Source: Nakajima and 
others 2007).
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The main cause for the brownish colour 
is the presence of  absorbing aerosols, 
particularly BC and organic carbon (OC) 
(see Andreae and Geleneser 2006 for a 
review of  absorption by carbonaceous 
aerosols). ABC hotspots, defined as regions 
with anthropogenic AOD>0.3 and absorbing 
AOD (not shown)>0.03, are mostly the 
yellow- and red-shaded regions in Figure 
2.5. These two criteria have to be satisfied 
for at least one season for a region to be 
considered as a hotspot. Typically, the 
concentrations of  aerosols and soot within 
the troposphere have to be larger than the 
hemispherically-averaged values by a factor 
of  3-4, for the anthropogenic AODs to exceed 

0.3 (0.03 for absorbing AODs). Five regional 
ABC hotspots around the world have been 
identified (Ramanathan and others 2007a), 
as follows: 

i.  East Asia 
ii. Indo-Gangetic Plain in South Asia 
iii. Southeast Asia 
iv. Southern Africa and 
v.  The Amazon Basin in South America.

Figure 2.5 The integrated satellite data shows anthropogenic aerosol optical depth (AOD) in the period 2001-
2003 for four seasons. AOD is an index for the fraction of sunlight intercepted by particles and total aerosol 
concentration in the vertical column. The ABCs over South Asia peaked during the months of November-March. 
For July-August ABCs and dust reached peak values over Africa and Middle East. During the boreal spring, 
the ABCs and dust extended from East Asia across the North Pacific and further into Atlantic. The Amazonian 
Plume peaked during September to October. (Source: Ramanathan and others 2007a).
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The substantial loading of  ABCs over eastern 
USA and Europe should also be noted. 
However, in these extra-tropical regions, the 
atmospheric concentrations of  ABCs are 
large mainly in the summer season. During 
the rest of  the year, extra-tropical storms 
and precipitation systems efficiently cleanse 
the atmosphere. 

In addition, the following 13 mega-city 
hotspots in Asia have been identified (Figure 
2.6): Bangkok, Beijing, Cairo, Dhaka, 
Karachi, Kolkata, Lagos, Mumbai, New Delhi, 
Seoul, Shanghai, Shenzhen and Tehran. 

Over these hotspots, the annual AODs exceed 
0.3 and the absorption optical depth is 
about 10 per cent of  the AOD, indicative 
of  the presence of  strongly absorbing 
soot accounting for about 10 per cent of  
the amount of  aerosols. The annual mean 
surface dimming and atmospheric solar 

Figure 2.6 (a) Mega-city population, (b) AOD (Natural + Anthropogenic), and (c) Reduction of solar radiation at 
surface and increase in atmospheric solar heating by aerosols. (Source: Ramanathan and others 2007a).

heating over the mega-cities are in the range 
20-50 W m-2 (that is, 10-25 per cent). See 
estimates in Figure 2.6c for Karachi, Beijing, 
Shanghai and New Delhi.

2.3 REGIONAL DISTRIBUTION OF
      AEROSOL CHEMISTRY IN ABCS

By integrating surface measurements from 
ABC and other observatories (see Figure 2.3 
for location of  various surface observations), 
the ABC Science Team has developed two 
regional aerosol chemistry transport models: 
the STEM model (Adhikary and others 2007) 
and the SPLINTARS model (Nakajima and 
others 2007), which provided new insights 
into the chemistry of  ABCs over Asia. The 
model simulations were verified in detail with 
surface measurements (Figure 2.7). Surface 
level concentrations of  BC, OC and sulphate 
(SO4) from STEM (Figure 2.8) clearly 
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revealed the Indo-Gangetic Plain hotspot 
during April. The simulated AODs and single 
scattering albedos (SSA) by SPLINTARS 
show (Figure 2.9) values exceeding 0.2 for 
AODs and SSAs, less than 0.9 over most 
of  South, East and Southeast Asia, thus 
explaining the large surface dimming and 

Figure 2.7 Model-predicted versus observed (a) surface level sulphate, 
(b) black carbon (BC), and (c) organic carbon (OC) at Hanimaadhoo 
Climate Observatory. (Source: Adhikary and others 2007). 

atmospheric solar heating observed over 
these regions during the dry season (to be 
discussed next). The annual and spatial 
average of  the chemical speciation of  
aerosols for India and China are shown in 
Figure 2.10.
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Figure 2.8 Simulated surface concentration of sulphates, EC and OC by STEM. (Source: Adhikary and others 2007).

Figure 2.9 Monthly mean AOT500 and SSA500 distribution in the APMEX and EAREX regions simulated by the 
SPRINTARS model for March 2005. (Source: Nakajima and others 2007). 

Figure 2.10 (a) Annual 
and area average 
chemical speciation 
of (a) surface mass 
concentration for 
anthropogenic PM2.5 
aerosols in China and 
India, and (b) column 
integrated aerosol 
optical depth (AOD) for 
anthropogenic aerosols, 
i.e. ABCs (Source: 
Adhikary and others 
2008; except that the 
average AOD values in 
(b) for China and India 
are from Chung and 
others 2005)
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2.4 REGIONAL AND GLOBAL
      RADIATIVE FORCING: DIRECT
      RADIATIVE FORCING 

Alteration of  the atmospheric radiative 
heating by scattering and absorption of  
solar radiation is referred to as direct 
radiative forcing (RF). For global mean 
forcing, the ABC Science Team followed 
the IPCC practice of  showing the forcing 
at the TOA. In addition, however, the team 
also showed the forcing at the surface and 
at the TOA. The sum of  the surface and the 
atmospheric forcing is the TOA forcing. The 
primary reasons for showing the surface 
and atmospheric forcing terms are, as 
follows: 1) the surface forcing and the 
atmospheric forcing have opposing signs for 
ABCs and also are individually much larger 
in magnitude than the TOA forcing, and 
2) the response of  the hydrological cycle 
is determined by the perturbation to the 
surface forcing and, as will be seen shortly, 
the ABC surface forcing dominates over the 
greenhouse forcing, even for global mean 
conditions. 

For regional climate change, however, the 
TOA forcing is not the sole determinant 
of  surface temperature changes. This is 
so particularly for ABCs, since the surface 
and atmospheric forcing can be a factor 
of  3-10 times larger than the TOA forcing. 
Furthermore, it is possible that for land 
surface with high albedos (dry regions or 
snow and ice), the TOA forcing can even be 
zero or positive, while the surface forcing 
can be negative and have a large magnitude 
compared to the TOA forcing. As a result, 
while describing direct forcing, the focus is 
mainly on aerosol forcing for the surface and 
the atmosphere. 

The estimates for the global mean forcing 
for GHGs and ABCs are shown in Figure 
2.11. The estimates are taken from a 
recent review paper by Ramanathan and 
Carmichael (2008). The following are the 

main deductions from Figure 2.11.

1) The TOA forcing of  BC and non-BC 
aerosols in ABCs is -1.4 W m-2, within 15 
per cent of  the IPCC central value of  -1.2 
W m-2  (the uncertainties in these estimates 
are given in the caption);

2) The BC forcing of  0.9 is much larger 
than (factor of  2-3) the IPCC-AR4 
estimates, but is consistent with the large 
forcing estimated by Jacobson (2002), 
Hansen and others (2005) and Chung and 
Seinfeld (2005). BC plays a major role in 
atmospheric solar heating and dimming 
of  the surface. BC in soot is the dominant 
absorber of  visible solar radiation in the 
atmosphere. Anthropogenic sources of  
black carbon, although distributed globally, 
are concentrated in the tropics where BC 
is subject to high solar irradiance. During 
long-range transport, BC is mixed with 
other aerosols and become widespread 
trans-continental ABC plumes that are 3-5 
km thick. These three factors combine to 
make BC the second strongest contributor 
to global warming, next to carbon dioxide 
(CO2). The Ramanathan and Carmichael 
(2008) estimate is based on a combination 
of  satellite, hundred or more ground stations 
(including ABC observatories), and aircraft 
data. As described in that paper, the lower 
estimate by models used in the IPCC studies 
is due to the following reasons: 1) many 
global climate models (GCMs) ignore the 
internally mixed state of  aerosols in ABCs 
(see later discussion) which enhances 
absorption; 2) in many GCMs, ABCs are 
confined to the first kilometre above the 
ground, whereas because of  long-range 
transport, peak ABC levels are found above 
1 km. This enhances absorption because 
the ABCs absorb solar radiation reflected 
by low clouds located between 0.5 and 1.5 
km; 3) In addition, many GCMs either ignore 
or treat organics as non-absorbing, whereas 
many recent studies reveal the strongly 
absorbing nature of  organics; lastly, 4) many 
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GCMs ignore BC emissions from biomass 
burning, which is a major source of  black 
carbon (see Ramanathan and Carmichael 
2008 for all references).

3) The estimate suggests that ABCs have led 
to global scale dimming of  about -4.4 W m-2.

4) It is important to note that the surface 
dimming and absorption of  direct solar 
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Figure 2.11 Comparison of the global mean radiative forcing due to greenhouse gases (GHGs) with that of 
ABCs. a,b, Forcing for all GHGs (CO2, CH4, N2O, halogens and ozone) (a) and for CO2 (b). The number at the 
top of the atmosphere box is the top of the atmosphere (TOA) forcing; the number within the atmosphere box is 
the atmospheric forcing; and the number within the brown box is the forcing at the surface. The TOA forcing is 
the sum of the forcing of the atmosphere and the surface. The forcing values represent the change in radiative 
forcing due to the increase in gases for the year 2005, which is the same as the forcing from the pre-industrial 
period to the present. The TOA numbers are taken from IPCC (2007) and the atmospheric and surface forcings 
are derived from an atmospheric radiative transfer model. The numbers at the surface and the atmosphere 
are slightly adjusted to agree with the TOA IPCC forcing. The uncertainty in the forcing values is ±20%. (c) BC 
forcing is obtained by running the Chung and others (2005) analysis with and without BC. The forcing values 
are valid for the 2001-2003 period and have an uncertainty of ±50%. (d) Non-BC forcing. This includes the 
direct and indirect forcing. The direct forcing is obtained by subtracting the total anthropogenic forcing in Chung 
and others (2005) from the BC forcing shown in (b). The indirect forcing (of about 1 W m–2 at the TOA and at 
the surface) is an average of values derived from recent studies. (Source: Ramanathan and Carmichael 2008).

energy do not contribute much to TOA 
forcing since they only redistribute direct 
solar energy between the surface and 
the atmosphere. Globally, however, this 
redistribution can weaken the radiative-
convective coupling of  the atmosphere and 
decrease global mean evaporation and 
rainfall.
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Implications for global mean temperature: 
The TOA black carbon forcing implies that 
BC has a warming effect of  about 0.5-1°C, 
assuming a climate sensitivity of  2-4°C 
for a doubling of  CO2.  On the other hand, 
ABCs (BC plus non-BC) have a cooling effect 
of  about -0.75 to -2.5°C. Since BC forcing 
results in a vertical redistribution of  the 
solar forcing, a simple scaling of  the forcing 
with the CO2 doubling climate sensitivity 
parameter may not be appropriate. For 
example, GCMs suggest that the reduction 
of  sea ice and snow albedo by black carbon 
is three times as effective as CO2 forcing 
for global average surface warming. By just 
comparing the TOA forcing, it is seen that 
the aerosol forcing has masked as much as 
50 per cent (in the range 20-80 per cent) of  
the GHG forcing at the TOA.

Implications for global mean hydrological 
cycle: Surface and atmospheric warming 
due to GHGs may lead to an increase in 
atmospheric humidity (due to an increase 
in saturation vapour pressure) and rainfall 
(due to an increase in radiative heating at 
the surface). With respect to ABCs (BC plus 
non-BC), the overall negative forcing at the 
TOA, as well as the surface dimming, should 
lead to a spin down of  the hydrological cycle 
and decreases in evaporation and rainfall. 
It is difficult to predict the net effect of  GHGs 
and ABCs on global rainfall, given the large 
positive forcing at the TOA and the larger 
negative forcing at the surface. Since long-
term rainfall measurements are available 
only for land regions, it is not possible to 
resort to observed rainfall trends to infer the 
net anthropogenic effect on global rainfall.

2.4.1 Reduction of solar radiation 
         at the surface (dimming) 

Is planet Earth dimmer now than it was 
during the early part of  the 20th century? 
Solar radiometres around the world indicate 
less surface solar radiation in the extra-
tropics in the mid-20th century by as much 

as 5-10 per cent (Stanhill and Cohen 2001, 
Wild and others 2002), while in the tropics 
such dimming trends have been reported 
to extend into the 21st century. But many of  
these radiometers are close to urban areas 
and it is unclear if  the published trends are 
truly representative of  regional averages. 
The Indian Ocean Experiment (INDOEX) 
(Ramanathan and others 2001a) used a 
variety of  chemical, physical and optical 
measurements to convincingly demonstrate 
(Satheesh and Ramanathan 2000) that ABCs 
with AODs of  about 0.2 and absorption of  
AODs of  about 0.02 can lead to dimming 
by as much as 7-10 per cent (that is, a 
decrease in the annual mean absorbed solar 
radiation by about 15 W m-2). In order to get 
a handle on the global average dimming, 
such field observations were integrated with 
satellite data and aerosol transport models 
to retrieve an observationally constrained 
estimate (Figure 2.12). Figure 2.12 shows 
the regional estimates for the atmospheric 
solar heating (Figure 2.12b) and surface 
dimming (Figure 2.12c) for the period 
2000-2003, along with BC emissions (Bond 
and others 2004). It is encouraging that, 
although the ABC forcing was derived by 
independent satellite and surface data, the 
pattern of  the forcing corresponds well with 
the regional emission sources of  BC.

As seen from Figure 2.12 (panel c), over 
most of  South and East Asia the reduction 
of  annual mean solar radiation at the 
surface exceeds 10 W m-2 (>5 per cent 
of  the absorbed solar radiation), which 
is similar to the dimming reported from 
surface observations despite differences in 
spatial and temporal resolutions. However, 
the global annual average dimming values 
for 2002 are only -4.4 and -3.5 W m-2 for 
the clear-sky and whole-sky conditions, 
respectively. The clear-sky value is similar 
to other satellite-based estimates of  direct 
radiative effect by anthropogenic aerosols, 
about -4.2 to -4.4 W m-2 (Yu and others 
2006). Thus, great care should be exercised 
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in extrapolating surface measurements over 
land areas to global averages. The global 
dimming of  -3.5 W m-2 has been compared 
with the GHG forcing of  3 W m-2 for the 
period 1850-2005 (IPCC 2007). Without a 

Figure 2.12 (a) BC emissions by Bond and others (2004), (b) Atmospheric solar heating by BC which 
includes absorption by organics, and (c) Surface dimming by ABCs. Note surface dimming includes effects 
of BC as well as other aerosols in ABCs (Source: Chung and others 2005, Ramanathan and Carmichael 
2008).

proper context, such comparisons could be 
misleading since dimming at the surface is 
not complete forcing. It does not account for 
the atmospheric solar heating by ABCs, as 
will be discussed next. 

 

 

 

 BC Emissions (Bond and 
others 2004)

Atmospheric Forcing (W m-2) : 
Solar Heating

Surface Forcing (W m-2) : 
Dimming
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2.4.2 Solar heating of the
          atmosphere by ABCs

There is an important distinction between 
forcing by scattering aerosols, such as 
sulphate, and that which is due to absorbing 
aerosols, such as soot (see Ramanathan 
and others 2001a for detailed elaboration 
of  the points noted below). For sulphate, 
surface dimming is nearly the same as the 
net radiative forcing due to aerosol, since 
there is no compensatory heating of  the 
atmosphere. Hence, direct comparison 
of  surface dimming with GHG forcing is 
appropriate. For soot, however, the dimming 
at the surface is mostly by the increase in 
atmospheric solar absorption. Hence, the 
dimming does not necessarily reflect a 
cooling effect. It should also be noted that 
the dimming at the surface due to soot solar 
absorption can be factor of  3 larger than 
the dimming due to the reflection of  solar 
radiation (a cooling effect). In addition to 
absorbing the reflected solar radiation, ABCs 
absorb direct solar radiation. Together these 
two processes contribute to a significant 
enhancement of  lower atmosphere solar 
heating by as much as 50 per cent in the 
hotspots (see Figure 2.12, panel b). Over 
most regions of  South and East Asia, the 
annual mean atmospheric solar heating 
exceeds 10 W m-2 and over the hotspots it 
exceeds 15 W m-2. 

Numerous studies have speculated on 
the large magnitude of  atmospheric solar 
heating. Direct measurements of  this 
solar heating has evaded us until now, 
for it requires multiple aircraft flying over 
the same domain at different altitudes to 
measure flux divergences (that is, heating 
rates) for an extensive period of  time. 
These challenges were recently overcome 
by deploying three light-weight autonomous 
UAVs (unmanned aircraft aerial vehicles) with 
well-calibrated and miniaturized instruments 
to simultaneously measure aerosols, black 

carbon and spectral as well as broadband 
radiation fluxes (Ramanathan and others 
2007b, Ramana and others 2007). The 
study demonstrated that ABCs with a visible 
absorption optical depth as low as 0.02 
are sufficient to enhance solar heating of  
the lower atmosphere by as much as 50 
per cent. Absorption in the UV, visible and 
infra-red (IR) wavelengths contributed to the 
observed heating rates. Large values of  BC-
induced atmospheric heating rates (model 
calculated) have also been reported by 
Tripathi and others (2007) over the Kanpur 
location in the Indo-Gangetic Plain and by 
Satheesh and others (2005) over Bangalore 
(Southern India). Based on the finding of  
Chung and others (2005), the maximum 
annual mean shortwave (SW) heating rates 
(below 3 km) is about 0.65 and 0.78K per 
day over China and India, respectively, for 
the background condition (natural aerosols 
only). When ABCs are included, the heating 
rate is nearly doubled, reaching 1.24 
and 1.3K per day over China and India, 
respectively.

2.4.3 Further evidence for large
         surface dimming and 
         atmospheric solar heating

Large values of  surface dimming and 
atmospheric solar heating, consistent 
with the estimates shown in Figure 2.12, 
have been reported by numerous Asian 
investigators. Dumka and others (2006), 
using surface radiometers and sun 
photometers, reported surface forcing of  
-30 W m-2 over Bangalore and the Arabian 
Sea during the dry season. For northern 
Bay of  Bengal, Satheesh and others (2006) 
found surface forcing of  about -30 W m-2 
or less. Averaged over all of  Bay of  Bengal, 
surface forcing ranged from -16 to -24 W 
m-2 during the dry season (Vinoj and others 
2004) and the atmospheric solar heating 
was about 0.5K per day. For Pune, close 
to the west coast of  India (18.43°N), the 
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surface forcing was about -33 W m-2 (dry 
season and atmospheric solar heating was 
about 32 W m-2 (Pandithurai and others 
2004). Jethva and others (2005) and Habib 
and others (2006) found the largest AODs 
(>0.4) over most regions of  the Indo-
Gangetic Plain with an implied surface 
forcing of  -30 W m-2 or less (since the forcing 
is negative, “less” implies larger negative 
values). For Ahmedabad in Western India, 
Ganguly and Jayaraman (2006) reported 
surface forcing values of  -63 W m-2 for the 
post monsoon, -54 W m-2 for the dry season, 
-41 W m-2 for the pre-monsoon and -41 W 
m-2 for the monsoon season. The reported 
atmospheric solar heating of  50 W m-2 was 
the largest of  all published values to-date. 
Recent Indian observations are synthesized 
into regional average radiative forcing at the 
surface, the atmosphere and TOA forcing 
by Jayaraman (private communication) for 

Peninsular India, the Arabian Sea and the 
Bay of  Bengal for the dry season (Figure 
2.13). Details of  the procedure for obtaining 
the forcing are explained in Jayaraman and 
others (2006). The large negative values 
at the surface and the large positive values 
for the atmosphere are consistent with 
the values shown in Figure 2.12, providing 
important supporting evidence for the 
large surface forcing and atmospheric solar 
heating and large BC concentrations (values 
in excess of  300 µg/m3 and as large as 
3000 µg/m3) observed over the Arabian sea 
(Ramanathan and others 2001a, Corrigan 
and others 2006 and 2008, Stone and 
others 2007), coastal (Babu and Moorthy 
2002) and inland stations throughout India 
(Ganguly and others 2005, Moorthy and 
others 2007, Ramachandran and Rajesh 
2007, Dey and others 2006, Tripathi and 
others 2007). 

Figure 2.13 Direct radiative forcing over India in the dry season (December-February, 1996-2004). 
(Source: Jayaraman and others 2006).
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Figure 2.14 Total (SW+LW) aerosol radiative forcings (W m-2) at the surface and tropopause in the APMEX 
and EAREX regions as simulated by the SPRINTARS model. Monthly mean values for whole-sky condition in 
March 2005 are presented. (Source: Nakajima and others 2007).

The EAST-AIRE experiment and the EAREX 
experiment have added unique data over 
East Asia. Lee and others (2007) have 
used ground stations and satellite data to 
obtain SSA values (at 500 nm) in the range 
0.75-0.99 over China, with a nationwide 
mean SSA in 2005 of  0.89±0.04, which is 
indicative of  moderately to highly absorbing 
aerosols, and is supportive of  the large 
dimming and equally large atmospheric 
solar heating shown in Figure 2.14. For 
example, Xia and others (2007a) obtained 
from radiometric observations surface 
dimming of  about -36 W m-2 over northern 
China. For the March 2005 period of  EAREX, 
the SPLINTARS model simulated the surface 
and TOA aerosol forcing. While the actual 
magnitudes of  the forcing (see Figure 2.14) 
cannot be compared with the annual mean 

values shown in Figure 2.12, the overall 
pattern of  large negative forcing over India 
and China is shown in both estimates. 
However, for March 2005 the SPLINTARS 
model shows large dimming values over 
Southeast Asia. Another estimate for East 
Asian AODs, fine mode fraction and aerosol 
direct RF derived from observations is shown 
in Figures 2.15 and 2.16 from Kim and 
others (2007). Again the dimming values, 
averaged from selected sites over East Asia, 
are in the range -10 to -30 W m-2. For a 
specific location in Gosan Island in South 
Korea (where EAREX was conducted), the 
dimming is in the range -30 to -60 W m-2. 
Overall, the large reduction of  solar radiation 
reaching the surface (Li and others 2007, Xia 
and others 2007b) observed over East Asia 
is consistent with estimates shown in Figure 
2.12.
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Figure 2.15 Five-year averaged (April 2000-June 2005) level-3 MODIS/Terra AOD at 550 nm (upper left panel), 
and fine mode fraction (FMF), defined as the ratio of optical depth (at 550 nm) of fine mode particles to total 
particles that are based on the assumption of bi-modal (fine and coarse) lognormal size distribution of aerosols 
in the atmosphere (upper right panel). The time-series of total AOD (lower left panel) is the highest due to 
frequent Asian dust storms in the spring, while the FMF, indicating the contribution of anthropogenic aerosols, 
is higher during the summer. The lower right panel shows five-year averaged seasonal mean aerosol direct 
radiative forcing (by all aerosols), estimated using AERONET data from selected sites in this region (Source: 
Kim and others 2005; Yoon and others 2005).
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Figure 2.16 This is a five-year (2001-2006) average of direct radiative forcing at Gosan, Jeju: 1. by AD (Asian 
dust) cases during March-June, 2. by non-AD period during March-April, 3. by elevated AD layers during 
March-April, 4. by non-AD clear-sky cases during March-April, and 5. by non-AD period during May-June.  
4 and 5 represent the anthropogenic aerosol’s direct radiative forcing at Gosan, Jeju (Source: Kim and others 
2008. 
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Figure 2.18 a) Normalized aerosol vertical profiles for the atmospheric heating rate calculations. Profile 1 
(purple line) is the commonly used aerosol profile with high concentration around the surface and nearly 
exponentially decreased with altitude. Profile 2 (green line) is based on airborne measurements from the MAC 
campaign, indicating the elevated BC above the boundary layer. Annual mean SW heating rate by natural 
aerosols (dashed lines) and total (natural+ABCs) aerosols (solid lines) over China (c) and India (c and d) under 
all-sky conditions. The yellow shadow demonstrates the excess heating induced by ABCs (Source: Chung and 
others 2005). 

2.4.4 Soot deposition over glaciers 
         and snow packs

When soot is deposited over snow and ice, 
it darkens the snow and significantly 
enhances solar absorption by snow and 
ice (see summary of  these studies in 
Ramanathan and Carmichael 2008, IPCC-
AR4 2007). Recent studies suggest this as 
an important contributor to the retreat of  the 
Arctic sea ice. Simulations showed that BC 
deposition from sources in North America 
and Europe over the Arctic sea ice may have 
resulted in an Arctic surface warming trend 

of  as much as 0.5-1K. In addition, this study 
(Flanner and others 2007) estimated that 
BC-induced reduction of  snow albedo is a 
major forcing term (about 20 W m-2) in the 
Tibetan side of  the Himalayas.

2.4.5 Summary of radiative forcing
          and heating rates for Asia

The annual mean estimated direct RF for 
South, East and Southeast Asia are shown 
in Figure 2.17. The annual mean radiative 
heating rates are shown in Figure 2.18. 

Figure 2.17 Regional and annual mean direct SW radiative forcing by ABCs over South Asia (0°N-40°N, 
60°E-90°E), Southeast Asia (10°S-20°N, 90°E-130°E), East Asia (20°N-54°N, 75°E-145°E), China, and India. 
The forcings are for the all-sky condition with the unit of W m-2. The values inside the parenthesis are the 
percentages of ABC forcing relative to the background conditions (natural aerosols) (Source: Chung and others 
2005).
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2.5 GLOBAL AND REGIONAL
      RADIATIVE FORCING DUE TO
      AEROSOL-CLOUD 
      INTERACTIONS: INDIRECT AND
      SEMI-DIRECT EFFECTS

Non-BC aerosols also nucleate cloud drops 
and thus increase the albedo of  clouds. 
This effect is referred to as indirect effect or 
“cloud-albedo effect”. 

The IPCC-AR4 (2007) estimated that the 
global mean radiative forcing at the TOA 
due to anthropogenic aerosols is -0.7 W 
m-2 for the cloud albedo effect, with a 5-
95 per cent range of  -0.3 to -1.8 W m-2. In 
addition to global model studies, there are 
also estimates based on or constrained by 
satellite observations for aerosol indirect RF. 
Using the Advanced Very High Resolution 
Radiometer (AVHRR) data over the oceans, 
Nakajima and others (2001) derived a cloud 
albedo RF of  -0.7 to -1.7 W m-2 with a global 
average of  -1.3 W m-2. Lohmann and Lesins 
(2002) used the POLDER data to scale the 
model simulations (ECHAM4) of  aerosol 
effects, and they obtained a global cloud 
albedo RF of  -0.85 W m-2, about 40 per cent 
lower from their previous model estimates. 
Sekiguchi and others (2003) analyzed 
AVHRR data over the oceans and POLDER 
data over land and ocean, and their estimate 
of  the global aerosol influence on clouds, 
including cloud albedo and lifetime effects, 
is between -0.6 and -1.2 W m-2. Takemura 
and others (2005) provided a global model 
estimate of  -0.94 W m-2 for both effects on 
clouds due to anthropogenic aerosols. 

2.5.1 Indirect effect studies over 
         South Asia and the Indian Ocean

Aerosol particles can nucleate into cloud 
droplets and thus lead to an increase in 
the number of  cloud droplets. In turn, this 
enhances reflection of  solar radiation by 
clouds (that is, increases cloud albedo) 
and contributes to surface dimming and 

cooling. Aerosols, in particular sulphates 
(larger than 0.1µm), provide the necessary 
nuclei for all cloud drops and ice crystals. 
Organic aerosols also serve as cloud 
condensation nuclei (CCN) in par with the 
role of  sulphate particles. Trace amounts 
of  soluble gases and organic substances in 
air pollution can amplify the CCN activity 
of  small aerosols and the respective effects 
on clouds. The logical inference is that 
anthropogenic aerosols, which act as CCN 
and ice nuclei (IN), have led to an increase 
in the number of  cloud drops and ice 
crystals. There is now a substantial body of  
in-situ aircraft observations (Figure 2.19b) 
of  continental and marine clouds, which 
show that anthropogenic aerosols enhance 
CCN and cloud drop number density and 
reduce their size. Several satellite studies 
have also reinforced the findings of  in-situ 
aircraft data, but on much larger scales. 
One important effect of  the increase in the 
number of  cloud drops is the increase of  
cloud albedo, leading to climate cooling. 
Reduction in drop size results in a longer 
lifetime of  clouds. This so-called second 
indirect effect enhances cooling due to the 
first indirect effect described above.

This effect of  ABCs producing more cloud 
droplets has been documented extensively 
by field observations conducted by Project 
ABC and other investigators over the Arabian 
Sea, the northern Indian Ocean, and other 
marine environments (Figure 2.19b).  
Depending on the availability of  moisture, 
the size of  cloud droplets can be reduced 
due to ABCs, while precipitation formation 
can be suppressed or delayed. Thus, the 
lifetime of  clouds and consequently the 
cloud cover can increase; however, this 
mechanism is not fully understood (Jiang 
and others 2006, Kaufman and Koren 2006). 
Cloud droplets typically need to grow to 
about 40 micron in diameter each before 
they can become rain drops (>100 micron) 
(Rogers and Yau 1989). The development 
from cloud drop into a transition-size drop 
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for rain drop formation will be inhibited 
or delayed if  the nucleating aerosols in 
ABCs produce copious amounts of  smaller 
droplets (Rosenfeld 2000). Suppression of  
transition-size droplets have been shown by 
satellite data from various regions around 
the world, including Asia (Figure 2.19c). 

Furthermore, in convective cloud systems, 
the suppression of  precipitation in lower 
levels allows vigorous updrafts to form 
and to transport water vapour into higher 
elevations, which can lead to the formation 
of  intense thunderstorms and hail (Andreae 
and others 2004).

(a) (b)

(c) 

Figure 2.19 (a) Clouds in the presence of anthropogenic haze over the equatorial Indian Ocean. Picture was taken 
on 24 February 1999 at 0.5°N, 73.3°E during the Indian Ocean Experiment campaign. The brownish haze originates 
from South Asia. The haze reaches close to the top of cumulus clouds located around 5 km in this picture. (b) 
Aircraft data illustrating the increase in cloud drops with aerosol number concentration. References for the data are 
as follows: North Sea (Martin and others 1994), Nova Scotia and North Atlantic (Guiltepe and others 1996), ACE-2 
(Pawlowska and Brenguier 2000), Astex (Taylor and McHaffie 1994). The thick red line is obtained from a composite 
theoretical parameterization that represents the INDOEX aircraft data for the Arabian Sea (Ramanathan and others 
2001a). The gray-shaded region is the INDOEX aircraft data for the Arabian Sea (McFarquhar and Heymsfield 2001). 
(c) Satellite-retrieved median effective radius of particles near the top of deep convective clouds at various stages 
of their vertical development, as a function of the cloud top temperature, which serves as a surrogate for cloud top 
height. The effective radius is the ratio of the integral of the third moment (r3) of the radius, weighted with the number 
concentration at that radius, to its second moment (r2). This is shown for clouds forming in polluted (solid lines) 
and pristine air (broken lines). The red lines denoted by INDOEX-polluted are for data along a track that runs from 
Southwest India into the Indian Ocean. The blue lines are for tracks over urban Southeastern Australia (Rosenfeld 
1999). The violet lines are for Thailand’s pre-monsoon clouds with suppressed coalescence. The green lines are for 
biomass smoke over the Amazon and the black lines are for desert dust over Israel (Rosenfeld and others 2001). The 
vertical green line denotes the 14 µm precipitation threshold radius. The references that justify this threshold value are 
given in Rosenfeld (1999) and Roesenfeld (2000).
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The effect of  the AOD on the water and ice 
cloud effective radius was also examined 
by Tripathi and others (2007) for the 
Indo-Gangetic Plain (IGP). The IGP is 
probably the most polluted region on the 
Indian Subcontinent, where not only high 
anthropogenic pollutions but also mineral 
dust aerosols build up in the pre-monsoon 
and monsoon seasons. The aerosol indirect 
effect on both water and ice clouds is 
observed to be strongest in the winter. The 
effective radius is reduced by 9.67 µm and 
12.15 µm  per 1 unit increase of  AOD for 
water and ice clouds, respectively, under 
least meteorological influences. For the IGP 
region, 43 per cent, 37 per cent, 68 per 
cent, and 54 per cent of  the area observed 
decreased cloud droplet size with increasing 
AOD in winter, pre-monsoon, monsoon, and 
post-monsoon seasons, respectively. The 
corresponding values for ice clouds were 
42, 35, 53 and 53 per cent. The size of  
ice crystals also shows increment with the 
increase in AOD over some regions, similar 
to the findings by Chylek and others (2006). 

2.5.2 Indirect effect studies over 
          East Asia: Observations and 
          modelling studies

Using data collected by MODIS and Clouds 
and the Earth’s Radiant Energy System 
(CERES) instruments on the Aqua and 
Terra satellites, Huang and others (2006a) 
examined the effects of  dust storms on 
cloud properties and radiative forcing over 
Northwestern China from April 2001 to June 
2004. On average, the ice cloud effective 
particle diameter, optical depth and ice 
water path of  cirrus clouds under dust-
polluted conditions were decreased by 11, 
32.8, and 42 per cent, respectively, relative 
to ice clouds in dust-free atmospheric 
environments (Figure 2.20). Due to changes 
in cloud microphysics, the instantaneous 
net cloud RF was increased from -161.6 
W m-2 for dust-free skies to -118.6 W m-2 
for dusty skies. Huang and others (2006b) 

examined the semi-direct effects of  dust 
aerosols by analyzing the two-year (June 
2002-June 2004) CERES and MODIS data 
on Aqua, and the 18-year (1984-2001) 
International Satellite Cloud Climatology 
Project (ISCCP) data. Their results show that 
the water path of  dust-contaminated clouds 
is considerably smaller than that of  dust-
free clouds. The mean ice water path (IWP) 
and liquid water path (LWP) of  dusty clouds 
are less than their dust-free counterparts 
by 23.7 and 49.8 per cent, respectively. The 
long-term statistical relationship derived 
from the ISCCP confirms that there is 
significant negative correlation between 
the dust storm index and the ISCCP cloud 
water path (CWP). These results suggest that 
dust aerosols in warm clouds increase the 
evaporation of  cloud droplets and further 
reduce the CWP, the so-called semi-direct 
effect.

Figure 2.20 Comparison of the mean and standard 
error of cloud properties over the CLD (dust-free) 
and COD (dusty) regions as a function of effective 
temperature (Te) for (a) ice crystal diameter  (De), (b) 
optical depth (t), and (c) water path (WP). The vertical 
bars represent the standard errors for the CLD and 
COD regions. The two circled points indicate that the 
mean differences between the CLD and COD regions 
are not significant. (Huang and others 2006b).
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During the Aeolian Dust Experiment on 
Climate Impact (ADEC) experiments (Mikami 
and others 2006), Sakai and others (2004) 
measured vertical distributions of  particle 
extinction, backscattering, depolarization 
and water vapour mixing ratio over Tsukuba 
(36.1°N, 140.1°E), Japan. They found ice 
clouds associated with the Asian dust layer 
at an altitude of  approximately 6-9 km. 
The relative humidity in the cloud layer was 
close to the ice saturation values and the 
temperature at the top of  the cloud layer 
was approximately -35°C, suggesting that 
the Asian dust acted as ice nuclei at higher 
temperatures. This ice-saturated region 
was formed near the top of  the dust layer. 
These processes generally occurred in East 
Asia in a “background Kosa” environment 
(Murayama 2001). Even at great transport 
distances from the Asian dust source region, 
Sassen (2005) found a connection between 
transported Asian aerosols and icy dust 
clouds observed during the spring of  2004 
over the interior of  Alaska. These findings 
suggested that the indirect effects of  desert 
dust on cloud formation (Isono and others 
1959) and composition may be considerable.

In addition, the observed cloudiness, 
precipitation and aerosol data appeared to 
be correlated at a regional scale. Qian and 
Giorgi (2000) found a consistent pattern of  
increasing aerosol loading and extinction 
coefficient with the surface cooling over 
China spatially and temporally, especially 
over the Sichuan Basin. This suggested that 
China might have experienced a cooling 
induced by aerosols directly and indirectly, 
which was superimposed over a larger scale 
of  greenhouse warming (Giorgi and others 
2003). Cheng and others (2005) analyzed 
surface observations over Southern China 
in the early summer from 1961 to 2000 
and found that the AOD and LCC (lower-
level cloud cover) both increased as shown 
in Figure 2.21, while the precipitation 
and visibility decreased. Gong and others 

(2007) investigated important features of  
the weekly cycles of  aerosol concentration 
and the co-variations in meteorological 
conditions in major urban regions over East 
China in the summertime during the period 
2001–2005/2006. PM10 (aerosol particulate 
matters with a diameter < 10 µm) 
concentrations at 29 monitoring stations 
showed significant weekly cycles, with the 
largest values around mid-week and the 
smallest values on weekends. Corresponding 
to this cycle in anthropogenic aerosols, the 
frequency of  precipitation, particularly light 
rain events, was found to be suppressed 
around mid-week through indirect aerosol 
effects. These regional climate changes are 
consistent with the second indirect effect 
due to aerosols (suppressed precipitation 
efficiency and prolonged cloud lifetime 
caused by the increased number of  smaller 
cloud droplets from aerosols), but could 
also be attributed to dynamically induced 
changes from convective to more stratiform 
clouds by the increasing SST and GHGs. 

Takemura and others (2005) found large 
negative indirect effects by aerosols 
especially over East Asia, northwest Pacific 
Ocean and Southeast Asia (Figure 2.22). 
As a study of  Asian Atmospheric Particle 
Environmental Change Studies (APEX), 
cooperating with the International Global 
Atmospheric Chemistry (IGAC)/ACE-Asia 
Project, Nakajima and others (2003) 
estimated the TOA indirect radiative forcing 
due to natural and man-made aerosols 
at -1.2 ± 0.7 W m-2 at Gosan (33.28°N, 
127.17°E) and -3.2 ± 0.1 W m-2 at Amami-
Oshima (28.15°N, 129.30°E), using data 
from surface radiation measurements, 
satellite remote sensing and model 
simulation. They also found that of  the total 
indirect forcing, 33 per cent is caused by 
changes in the effective radius, 65 per cent 
by changes in the liquid water path, and 2 
per cent by cloud fraction. 
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Using a regional coupled climate-chemistry 
aerosol model, Giorgi and others (2003) 
estimated the TOA direct and first indirect 
radiative forcings by anthropogenic sulphate 
and fossil fuel soot aerosols in China. 
The simulated direct aerosol RF ranged 
from -2.29 W m-2 (winter) to -2.65 W m-2 
(summer) over East China, and from -3.91 
W m-2 (winter) to -4.85 W m-2 (summer) over 
the Sichuan Basin. Aerosol indirect RF, by 
changing cloud reflectivity with a decrease 
in effective radius along with the direct RF, 
varied from -3.93 W m-2 (winter) to -11.77 W 
m-2 (summer) over East China, and -7.02 W 
m-2 (winter) to -10.52 W m-2 (summer) over 
the Sichuan Basin (located in Southwest 
China). The corresponding reduction in cloud 
effective radius was about 2 µm. Therefore, 

Figure 2.21 (a) Change in visibility 
(%) as a surrogate for AOD, and 
(b) low-level cloud cover (%) in 
Southern China in early summer, 
shown as (1990s - 60s)/1960s x 
100%. (Source: Cheng and others 
2005).

the direct aerosol effects appear to prevail 
during the cold season, while the indirect 
effects dominate in the warm season (when 
cloudiness was at its maximum over East 
Asia). Wu and others (2004) examined the 
radiative impact of  BC on regional climate 
over China, using the Regional Integration 
Environmental Model System (RIEMS). As 
a result of  BC-induced change in cloud 
forcing, which is defined as the differences 
in radiation between the clear-sky and 
the cloudy-sky, the TOA positive radiative 
forcing and negative surface radiative forcing 
were found to be enhanced and reduced, 
respectively. The total rainfall in the middle 
and lower reaches of  the Yangtze River area 
has increased, but has decreased in North 
China during the summertime.
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Figure 2.22 Simulated aerosol indirect forcing from pre-industrial period to the present. 
(Source: Takemura and others 2005).

A summary of  available estimates for direct 
and indirect radiative forcing values is shown 
in Table 2.1.

2.6 OUTSTANDING ISSUES 

As noted in the IPCC-AR4 2007, current 
understanding of  the aerosol direct and 
indirect radiative effects is inadequate, 
and there remain large uncertainties in 
the estimates for aerosol forcing and the 
corresponding global and regional surface 
climate response. However, regionally 
focused field experiments and model 
studies have clarified the source of  these 
uncertainties in the forcing and have reduced 
them. 

2.6.1 Historical emissions and future
          trends 

One of  the largest sources of  uncertainty in 
attributing the role of  ABCs in past or future 
climate changes arises from uncertainties 
in the historical trends of  ABC emissions, 
particularly that due to black carbon. 
Current understanding of  BC emissions is 
based on a study by Bond and others (2004) 

(Figure 2.23). These data are subject to large 
uncertainties (factor of  2 or more) because 
of  extrapolations of  regionally specific data 
to global scales. Regionally focused efforts, 
such as Project ABC, are needed to reduce 
these uncertainties. Towards this goal, 
Project ABC undertook efforts to assess 
available estimates and improve on them, 
if  possible. The details of  this analysis are 
reported in TERI (2004).  

Reported here is a summary of  revised 
BC emissions for India. Estimates for BC 
emissions from fossil and biofuels were 
revised at the state level. The consumption 
of  fuel in different energy-use sectors 
categorized by state was compiled for a 
period of  ten years (1990-1991 to 1999-
2000). The fuels considered were coal, 
lignite, petroleum products (high speed 
diesel (HSD), fuel oil (FO), light diesel oil 
(LDO), low sulphur heavy stock (LSHS) or 
hot heavy stock (HSS), superior kerosene oil 
(SKO), motor spirit (MS), liquefied petroleum 
gas (LPG), and biomass (fuelwood, crop 
residue and dung cake). Open biomass 
burning from agricultural crop residues was 
also considered. 
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Table 2.1 Annual mean aerosol radiative forcing (ARF)

Reference
Annual mean aerosol radiative 

forcing [W m-2]
Region

Chung and 
others (2005)

East Asia 
(20°N-54°N, 
75°E-145°E)

South Asia
(0°N-40°N, 
60°E-90°E)

Global

All-sky ABCs 
direct forcing 
(anth. only)

TOA -1.61 -1.9 -0.35

Atm +9.1 +8.7 +3.16

SFC -10.71 -10.59 -3.51

Asia Global

All-sky BC
direct forcing 
(total minus 
without BC)

TOA +1.56 +0.91

Atm +4.93 +2.84

SFC -3.36 -1.92

Nakajima and 
others (private 
communication 
2008)

East Asia 
(15°N-52°N, 
90°E-152°E)

South Asia
(0°N-40°N, 

55°E-100°E)
Global

All-sky ARF Tropopause -0.83 -0.48 -0.14

Clear-sky ARF Tropopause -2.44 -1.02 -0.51

Indirect forcing Tropopause -1.07 -1.16 -1.32

Huang and 
others (2007)

East Asia (land only)

BC forcing 
(direct + semi)

TOA +1.53

SFC -1.59

ABCs direct 
forcing

SFC -3.43

Direct + 1st 

indirect forcing
TOA -4.57

SFC -6.56

2nd indirect 
forcing

TOA -3.23a (-0.40b)

Giorgi and 
others (2003)

East China
Sichuan 
Basin

Direct forcing 
(sulphate + 
FFsoot*) 

TOA -2.52 -4.32

Direct + 1st 

indirect
TOA -7.09 -8.98

a Beheng scheme
b Tripoli and Cotton scheme 

*Fossil fuel soot
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communication 
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(0°N-40°N, 

55°E-100°E)
Global

All-sky ARF Tropopause -0.83 -0.48 -0.14

Clear-sky ARF Tropopause -2.44 -1.02 -0.51

Indirect forcing Tropopause -1.07 -1.16 -1.32
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East Asia (land only)

BC forcing 
(direct + semi)

TOA +1.53

SFC -1.59

ABCs direct 
forcing

SFC -3.43

Direct + 1st 

indirect forcing
TOA -4.57

SFC -6.56

2nd indirect 
forcing

TOA -3.23a (-0.40b)

Giorgi and 
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East China
Sichuan 
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(sulphate + 
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TOA -2.52 -4.32

Direct + 1st 

indirect
TOA -7.09 -8.98

a Beheng scheme
b Tripoli and Cotton scheme 

*Fossil fuel soot

The consumption of  fuels at the state level 
was obtained from various sources, such as 
the Coal Directory of  India from the Indian 
Ministry of  Coal (CCO 1999-2000), sales 
and marketing reports from Coal India 
Limited (CIL 1999-2000), Indian Petroleum 
and Natural Gas statistics (MoPNG 1975-
2000/2001), National Sample Survey 
Organization (NSSO) surveys (NSSO 1997, 
NSSO 2000), Planning Commission (1974 
and 1979), MoA (2001 and 2004), FAI 
(2001), (TERI 1999), and other reports. 
The energy consumption data along with 
appropriate emission factors (based on 

Figure 2.23 Black carbon emissions for the period 1850-2000. This estimate includes only fossil fuel and 
biofuel combustion sources. (Source: Bond and others 2007).

literature surveys) were used to estimate 
the emission inventory for SO2 and BC in 
India.  In the case of  black carbon, the large 
variation in the emission factor revealed a 
high degree of  uncertainty associated with 
BC emission estimation. In addition, open 
burning of  crop waste was also a source 
of  BC emission. Consequently, an attempt 
was made to estimate the level of  SO2 and 
BC emissions from the open burning of  
crop residues. For SO2, as far as possible, 
India-specific emission factors were used. 
Details about the energy consumption 
data, methodology and emission factors 
considered are provided in the TERI (2004).
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Figure 2.24a shows BC emissions at the 
state level over India in 1990-2000. The 
major BC emitters were Uttar Pradesh, 
Andhra Pradesh, Madhya Pradesh, 
Maharashtra, Tamil Nadu and West Bengal. 
Likewise, the top SO2 emitters were Tamil 
Nadu, Uttar Pradesh, Gujarat, Maharashtra, 
Madhya Pradesh and Andhra Pradesh. 
Total BC emissions from India were 390 Gg 
in 1990-1991 and 531 Gg in 1999-2000. 
In 1990-1991, BC emission estimates 
attributed to fossil fuel combustion, biomass 
combustion and open burning were 230 Gg, 
115 Gg and 45 Gg, respectively, while the 
corresponding values in 1999-2000 were 
352 Gg, 120 Gg and 59 Gg, respectively. 
Over the years, fossil fuel consumption 
has increased manifold. Hence, fossil fuel 
contributed about 66 per cent of  total 
BC emission estimates in 1999-2000. 
The emission estimates were comparable 
to emissions reported by Reddy and 
Venkataraman (1999), that is, total BC 
emissions in India in 1990 was 445 Gg, of  
which 247 Gg was from fossil fuel and 198 
Gg from biomass combustion. However, 
present estimates are lower than the 688 
Gg reported by Mitra and Sharma (2002) 
from fossil fuel combustion in 1990. This 
variation was primarily due to differences 
in the choice of  emission factors. BC 
emissions from biomass are not included in 
the estimates made by Mitra and Sharma 
(2002).

Black carbon emissions from biomass 
combustion in 1995 were estimated at 
118 Gg, compared with 172 Gg estimated 

by Venkataraman and others (2005). The 
variation was due to differences in both the 
emission factors used as well as the fuel 
use estimates. Venkataraman and others 
(2005) estimated new BC emission factors 
from biomass combustion in domestic 
cooking. These emission factors were derived 
from laboratory-based measurements of  
emissions from the combustion of  biofuels 
that are widely used in South Asia. In order 
to resolve the uncertainty associated with 
BC emissions from biomass combustion 
due to emission factors, revised estimates 
were made using the new emission factors 
as well. Figure 2.24b shows BC emissions 
from the present study as well as the revised 
estimates using emission factors reported 
by Venkataraman and others (2005). The 
revised estimates of  BC emissions from 
biomass combustion during the period 
1990-2000 are 25-30 per cent higher than 
the estimates in the present study. However, 
as far as the biofuel consumption data are 
concerned, available statistics show large 
variations. Since the focus of  the current 
study is on time-series data with a break-
down at the state level, the fuel wood 
estimates are based on fuel consumption 
survey data reported by the National Sample 
Survey Organization (NSSO). NSSO has been 
carrying out all-India household surveys 
with a large sample usually once every five 
years, including details of  energy used by 
Indian households. However, estimates by 
Venkataraman and others (2005) for 1995 
were based on food consumption statistics 
and energy requirement in food preparation.
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Figure 2.24a State-wise black carbon emissions (in tonnes) in India during 1999-2000. (Source: TERI 2004).
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Figure 2.24b Black carbon emissions (in Gg/yr) from India during the periods 1990-1991 to 2000-2001 
(Source: Sahu and others 2008).

Sahu and others (2008) presented more 
recent estimates of  BC emission using GIS.  
The estimates (Figure 2.25) were 835.5 Gg 
per year and 1 343 Gg per year, respectively, 
for 1991 and 2001. These values are about 
a factor of  2-2.5 larger than the TERI values 
shown in Figure 2.24b or the Bond and 
others (2004) values. The primary reason for 

this has to do with larger emission factors for 
fossil fuels used by Sahu and others (2008). 
Values were taken from Cooke and others 
(1999). Nevertheless, a more important 
point is the rate of  increase in BC emissions, 
which are 60 per cent for Sahu and others 
(2008) and about 38 per cent for the TERI 
data.  
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There have also been attempts to estimate 
and improve upon emission data from China. 
Calculating BC emissions over China in 
2000, Cao and others (2007) estimated 1 
499.4 Gg per year, which was higher than 
previous studies mainly because emissions 
from coal burning from rural industries and 
residences were previously underestimated. 
More BC aerosols were emitted in Eastern 
China than Western China. Finding a strong 
seasonal dependence for BC emissions, with 
peaks in winter and lows in summer, they 
argued that the seasonality of  BC emissions 
is mainly due to residential heating during 
the winter and open burning of  crop residues 
at the same period. Using the BC/CO ratio 
from in-situ measurements during the 
EAST-AIRE experiment, Li and others (2007) 
showed that BC emissions from China were 
about 1 300 Gg per year and could be as 
high as 2 600 Gg per year.

A historical perspective of  BC emissions 
is presented in Figure 2.26a. Shown are 
energy-related BC emissions (fossil plus 
biofuels) from 1850 to 2000 for South 
and East Asia (Bond and others 2007). 
Note that the estimates for the current 
period are consistent with those discussed 
above for ABC-specific emission activities. 
BC emissions grew dramatically during 
1950-1995 in South and East Asia but 

Figure 2.25 Another estimate of BC emissions in India using a GIS method (Source: Sahu and others 2008).

slowed down from 1995 to 2000. They are 
estimated to have turned negative in China 
due to efforts to reduce BC emissions from 
the residential sector. The growth trend in 
BC emissions tracks closely the trends in 
atmospheric forcing and surface temperature 
discussed earlier in this chapter. 

Changes in BC emissions alone do not 
tell the entire story as climate response 
also depends on the relative importance 
of  the absorbing aerosol, with respect to 
aerosols that scatter radiation and thus 
cool the atmosphere, as in the case of  
organic carbon and sulphate (SUL) aerosols. 
Historical emission trends of  SO2, the 
dominant precursor of  sulphate aerosol, 
for South and East Asia are shown in 
Figure 2.26b (Stern 2005). In general, the 
trends in sulphur emissions are similar to 
those for BC. Asia-wide sulphur emissions 
currently exceed BC emissions by a factor 
of  10-15, but the relative ratios have varied 
significantly over time as shown in Figure 
2.26c. It is interesting to note that trends in 
SO2/BC emission ratios differ in East and 
South Asia. In East Asia, the ratio decreased 
during 1970-2000, while in South Asia the 
ratio increased during the same period. 
A decrease in the SO2/BC ratio implies a 
shift towards enhanced heating due to BC. 
According to these changing ratios, in East 
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(a)

(b)

(c)

Asia the net aerosol forcing during ~1970 
up to the present should have been more 
strongly tipped towards warming and more 
so than in South Asia, where the SO2/BC 
ratio continues to increase. The extent to 

which changing trends in SUL/BC ratios have 
affected trends in temperature and forcing 
in South and East Asia (as shown in Figure 
2.27) remains a topic for further research. 

Possible future emissions of  BC and SO2 are 
also shown in Figure 2.26. The projections 
for BC and SO2 are representative of  the 
A1B scenario for the period 2020-2030 
(Streets and others 2004, Ohara and others 
2007). BC emissions under this scenario are 
projected to decrease in East Asia and to 
increase in South Asia, while SO2 emissions 
are projected to increase in both. Thus, 
SUL/BC ratios are likely to increase in the 
future, more quickly in East Asia, amplifying 
the effectiveness of  BC reductions on 
atmospheric forcing. Reducing BC emissions 
as an important and effective climate policy 
is a topic that needs closer focus in the next 
phase of  Project ABC. 

Figure 2.26 BC and SO2 emissions from fossil and 
biofuel energy (no open burning) in South and East 
Asia: (a) BC emissions (Gg/yr) for the period 1850-
2000 from Bond and others (2007). Also shown are 
projections for 2030 (Streets and others 2004), (b) 
SO2 emissions for the same period in Gg SO2/yr 
(Stern 2005) and projections for 2020 (Ohara 
and others 2007), (c) Ratio of emission (SO2/BC) 
for the same period and projections. These are 
non-stacked plots, that is, the absolute amount of 
emissions (and emissions ratios) for South Asia 
and East Asia can be read directly from the Y-axis.

(a)

(b)

(c)
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(b)(a)

2.6.2 Mixing states of aerosols

Frequently, literature on aerosol forcing 
describes it solely in terms of  sulphate 
aerosols (Xu 2001) as the major source 
of  dimming.  This is too simplistic a view, 
if  not misleading, of  the actual effects of  
ABCs. Surface dimming is influenced by BC 
(which is likely the largest contributor), dust, 
organics, sulphates, nitrates, fly ash and so 
on. Atmospheric solar heating is primarily 
from BC and dust, the effects of  which are 
amplified by mixing them with sulphates, 
organics and nitrates. Negative forcing 
at the TOA is primarily from sulphates, 
nitrates, organics, and dust (scattering 
aerosols). In the case of  the TOA forcing, 
ignoring BC, which exerts a positive forcing, 
can result in overestimation of  the negative 
TOA forcing by as much as 40 per cent. As 
a result, the state of  mixing plays a crucial 
role in aerosol forcing, particularly the direct 
forcing of  BC. There are two types of  mixing 
states.

The first type is the externally mixed state, 
in which aerosols co-exist as separate 
species with their individual identities. In 
other words, there are sulphate aerosols 
(such as ammonium sulphate and sodium 
sulphate), nitrate aerosols (such as 
ammonium nitrate), organics (of  which 
there are hundreds of  species) and black 
carbon. 

Figure 2.27 (a) Time-series of average surface-air temperature over Asia (Source: IPCC 2007). (b) Time series 
of average surface-air temperature over India and global average surface-air temperature. (Source: Krishnan 
and Ramanathan 2002).

The second type is the internally mixed 
state, where a single particle could be a mix 
of  black carbon, organics and sulphates. In 
the internally mixed state, it is sometimes 
difficult to characterize the individual effects 
of  a particular aerosol. For example, if  the 
sulphate forms on a pre-existing particle, it 
increases the surface area of  this particle, 
without changing the effect of  the added 
sulphate. On the other hand, if  black carbon 
is internally mixed with other aerosols, such 
as sulphate, atmospheric solar heating will 
be enhanced significantly (by a factor of  
2-3). Both in the South Asian and East Asian 
ABCs, it has been clearly demonstrated that 
black carbon is internally mixed with other 
aerosols, such as sulphate, organics and 
dust (Guazotti and others 2001, Johnson 
and others 2005, Mathews and others 
2007). The scanning electron microscopy 
(SEM) images (Figure 2.28) collected over 
East Asia clearly demonstrate the mixing 
and attachment of  soot with dust particles 
(Quinn and others 2004, Clarke and others 
2004). Many GCMs used in the IPCC-AR4-
WGI Report treat aerosols as externally 
mixed and thus underestimate black carbon 
forcing.

2.6.3 Aerosol-cloud-precipitation
         interactions

The immediate response of  the atmosphere 
to ABCs is to increase or decrease cloud 
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Figure 2.28a Electron image of an aggregate particle consisting of (a) silicate dust and (b) soot. The primary 
spherule size in soot (b) is 100–150 nm. Separate black (c) carbon spheres and (d) other soot types with 
smaller primary spherules are also present in the field of view. (Source: Quinn and others 2004).

Figure 2.28b Temporal profile for the scaled particle number concentrations of particles with diameter less than 
2.5µm for eight chemical classes measured during APMEX in 2004. The number of fly ash and fresh sea salt 
particles has been adjusted for an apparent detection bias. (Source: Spencer and others 2008, Fig 7b).

cover. Non-BC aerosols, by nucleating more 
cloud drops, decrease the effective radius 
of  the cloud drop. This can suppress the 
formation of  larger drizzle drops, extend 
the lifetime of  clouds, and thus increase 
cloud cover. On the other hand, BC solar 
heating can decrease the relative humidity 
of  the cloudy layer, leading to evaporation 
of  cloud drops and thus decrease low cloud 
fraction and albedo. This semi-direct effect 
can enhance the positive climate forcing by 
black carbon. A relative comparison of  the 
increase in cloud cover by non-BC aerosols 
and the decrease due to black carbon was 

undertaken (Kaufman and Koren 2006) 
empirically with a surface network. This 
study suggested that the non-BC effects 
dominate overall, except for heavily-polluted 
regions with absorption optical depths 
exceeding 0.05 (such as the Amazon during 
the burning season, Africa during the 
savannah burning season, and urban regions 
in South and East Asia). An alternative 
scenario is that black carbon solar heating 
induces convection and consequently leads 
to cloud formation (Levin and others 2003). 
The regional magnitude of  the semi-direct 
effect is highly uncertain. 
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Aerosols containing large concentrations 
of  small CCN nucleate many small cloud 
droplets, which coalesce very inefficiently 
into rain drops, one consequence of  which 
is suppression of  rain over polluted regions 
(Rosenfeld 2000, Rosenfeld and others 
2001). This was recently confirmed by 
satellite observations of  the Tropical Rainfall 
Measuring Mission (TRMM), showing tracks 
of  reduced cloud particles emanating from 
forest fires and from pollution sources, such 
as coal power plants, refineries, smelters and 
urban areas. The clouds in and out of  the 
pollution tracks had similar dimensions and, 
according to the TRMM passive Microwave 
Imager (TMI), they contained similar 
amounts of  water. The only difference was in 
the reduction of  the cloud particle effective 
radius (re) within the pollution tracks to < 14 
µm, the precipitation threshold radius. The 
TRMM Precipitation Radar (PR) observed 
precipitation outside the pollution tracks, 
but not in them. Furthermore, satellite 
observations showed consistently that 
the suppression of  coalescence by smoke 
and air pollution induced lower freezing 
temperature of  the cloud super cooled water 
and suppression of  the ice precipitation 
processes as well. Desert dust was also 
observed to suppress precipitation from 
warm clouds, but in addition it had a 
strong ice nucleating activity. These data 
are summarized in Ramanathan and others 
(2001b) and are reproduced in Figure 2.19c.

2.6.4 Soot-dust-ice cloud interactions

Spring season dust storms from Asia and 
Africa transport large quantities of  dust 
across the Pacific Ocean and the Atlantic 
Ocean. The dust is transported either as 
individual layers or is mixed with industrial 
soot. Such dust-soot mixtures increase 
atmospheric solar heating and surface 
dimming significantly and can also serve 
as nuclei for ice clouds and feedback on 
precipitation. For the first time, such dust-
soot mixtures were tracked in an aircraft 

all the way across the Pacific Ocean from 
near the surface to about 14 km (Stith and 
Ramanathan 2007). 

2.7 TROPOSPHERIC POLLUTION
      AND ITS RADIATIVE AND 
      CLIMATE IMPACT 

Ozone in the polluted atmosphere is an 
important gaseous component of  ABC, co-
existing with aerosols since their sources are 
mostly in common. Instead of  contributing 
to AOD, tropospheric ozone is an effective 
greenhouse gas, and ground level ozone 
is a very toxic gas to human health and 
agriculture productivity. Concentrations of  
tropospheric and ground level ozone have 
increased substantially in various parts of  
the world, including Asia, during the last 
century, and have reached a level of  serious 
concern for their radiative, climate, health 
and agricultural impacts.

2.7.1 Regional and global distribution 
          of ozone

Since the atmospheric lifetime of  
tropospheric ozone is relatively short, 
ranging from several days to a few weeks 
depending on the season and location in 
the troposphere, its horizontal and vertical 
distribution is very inhomogeneous, similar 
to that of  aerosols. Figure 2.29 depicts the 
global distribution of  the tropospheric ozone 
residual (TOR) column in different seasons, 
as deduced from satellite data by Fishman 
and others (2003). As shown in Figure 
2.29, plumes of  tropospheric ozone are 
evident in Asia, Southern Europe, Eastern 
North America, Southern Africa and Brazil, 
reflecting most active fossil fuel combustion 
and biomass burning. Among the regional 
hotspots of  ozone, Asia is of  particular 
concern since the total Asian emission of  
the key ozone precursor, nitrogen oxides 
(NOx), has been increasing monotonically 
in the past decades and is expected to 
increase for another couple of  decades 
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(van Aardenne and others 1999, Ohara 
and others 2007). Asian NOx emission has 
already exceeded the corresponding rates in 
Europe and North America (Akimoto 2003). 
Figure 2.30 focuses on the climatological 

June-July-August TOR over India and East 
Asia (Fishman and others 2003). High ozone 
belts in Northern India and central Eastern 
China can be discerned.

Figure 2.29 June-July-August Tropospheric Ozone Residual (TOR) distribution using the 
SBUV/TOMS technique during 1979-1991. (Source: Fishman and others 2003).

In the INDOEX campaign significant 
production of  ozone, exceeding 70 nmol/
mol in the Southern Asian outflow, has 
been found off  the coast of  India (Lal and 
Lawrence 2001). Measurements made in 
the west coast city of  Ahmedabad and 
approximately 100 km downwind in the 
outflow showed average daytime peak values 
of  52 nmol/mol in the city versus 80 nmol/
mol downwind during one week in January 
(Chand and Lal 2004). In the northeastern 
Asian outflow region, ozone levels exceeding 
60 nmol/mol have been reported at remote 
island sites around Japan (Pochanart and 
others 2002). In the central eastern part of  

China, high ozone episodes with over 110 
nmol/mol were found at mountain sites 
(1 500-2 000 m asl), showing widespread 
regional air pollution in this area (Wang and 
others 2006a), agreeing with the satellite 
measurement shown in Figure 2.30.  In the 
Western Himalayas, at the Nepal Climate 
Observatory – Pyramid,  sited in the high 
Khumbu valley (5 079 m asl), ozone 
concentrations in polluted air masses, 
principally during non-monsoon episodes, 
exceeded 80 nmol/mol, about 30-40 per 
cent more than the background seasonal 
values (Figure 2.31, Bonasoni and others 
2008).
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Figure 2.30 Climatological June-July-August Tropospheric Ozone Residual (TOR) 
distribution over South, Southeast and East Asia. (Fishman and others 2003).

Figure 2.31 Surface ozone concentration at Nepal Climate Observatory–Pyramid, during March-September 
2006. (Bonasoni and others 2008).
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2.7.2 Radiative and climate impact of
          tropospheric ozone

Since ozone absorbs effectively in both the 
UV/VIS and IR wavelength region of  the solar 
spectrum, it is an effective GHG. An increase 
of  tropospheric and lower stratospheric 
ozone exerts positive radiative forcing 
(Lacis and others 1990). The tropospheric 
ozone has increased substantially since 
pre-industrial times to the present, due to 
the increase of  anthropogenic emissions 
of  precursor gases, NOx, CO, NMVOC (non-
methane volatile organic compounds) 
and CH4 (methane). The radiative forcing 
of  ozone has been evaluated by using 
chemistry-climate models or chemistry 
transport models coupled with a radiation 
code. A recent assessment was conducted 
within ACCENT (Atmospheric Composition 
Change, the European Network of  
Excellence) during the preparation stage of  
IPCC-AR4, in which seven chemistry-climate 
and three chemistry transport models joined 
the inter-comparison. Figure 2.32 depicts 
the comparison of  the annual mean global 
spatial distribution of  radiative forcing (W 
m-2) by the ten models between 1850 and 
2000, due to tropospheric ozone change 
by taking into account chemical changes 
only. The resulting global mean radiative 
forcing is in the range 0.25-0.45 W m-2, 
which is strongly dependent on the location 
and altitude of  the modelled ozone change 
during the period. IPCC (2007) gives the 

“best” estimate of  0.35 W m-2, which is the 
median of  the radiative forcing calculated 
by the above ten models and some other 
models. 

In spite of  the large uncertainties in 
radiative forcing shown in Figure 2.32, the 
figures convey some common features of  
the radiative forcing of  ozone. Due to the 
inhomogeneity of  the ozone increase and 
the variability of  clear-sky conditions, the 
radiative forcing of  ozone has a large spatial 
variability. Although the global average 
radiative forcing of  ozone is only next to 
CH4 among the GHGs (IPCC 2007), the 
annual mean regional forcing is as high 
as 0.8 W m-2, as seen in Figure 2.32. It is 
also expected that the forcing is very much 
dependent on the season with a summer 
maximum, due to the active photochemistry 
in polluted regions driven by strong solar 
radiation. For example, Brasseur and others 
(1998) showed a radiative forcing of  0.62 
W m-2 in the Northern Hemisphere average 
during the summer. Further research is 
needed to investigate the feedbacks between 
increasing Asian emissions, the resulting 
increase in column density and radiative 
forcing by ozone over Asia, its effects on 
climate parameters, such as temperature 
and precipitation and, in turn, the effects 
of  climate change on precursor emissions 
(for example, from biomass burning) and on 
ozone production.
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Figure 2.32 Adjusted radiative forcing (W m-2) between 1850 and 2000 due to 
tropospheric ozone change, taking into account chemical change only. (Gauss and 
others 2006).
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The main focus of  this chapter is on 
summarizing observed climate changes 
over India and China and exploring the 
role of  greenhouse gases (GHGs) and 
atmospheric brown clouds (ABCs) in these 
observed changes. However, there have 
also been substantial changes in land-
use patterns which are not covered in this 
summary. After a rapid increase in cropland 
and pasture areas from 1850 to 1950, 
cropland expansion in several regions 
of  Asia, including China, has gradually 
stabilized and even decreased during the 
latter half  of  the 20th century. However, 
deforestation continues to occur more 
rapidly in South and Southeast Asia than 
in East Asia (Ramankutty and Foley 1999). 
Radiative forcing (RF) due to anthropogenic 
land-use changes is estimated to be about 
-2 W m-2 locally over China and India at 
present, relative to the year 1750 (Betts and 
others 2007). The bio-geophysical effect 
of  land cover change may be a second-
order influence on global mean surface 
temperatures and radiative forcing (global 
mean is about -0.18 W m-2), but could be 
a substantial influence on regional climate 
changes. For example, land use may 
introduce additional radiative forcing due to 
emissions from deforestation and ploughed 
organic soils. Furthermore, human-induced 
large scale modifications in land cover 
may have caused significant changes in 
the East Asian monsoon (Fu 2003). These 
hypothesized changes include weakening 
of  the summer monsoon, enhancement of  
the winter monsoon over the region, and 
a commensurate increase in anomalous 
northerly flow. 

ChapTer 3
deTeCTion and aTTribuTion of Changes 
in China and india

3.1 DIMMING TRENDS 
3.1.1 Detection
The dimming issue over Asia was not 
discussed in-depth in the IPCC-AR4-WG1 
report. Several studies that examined the 
trends in surface solar radiation recorded by 
broadband radiometers over India and China 
have confirmed that annual and area average 
solar radiation over these two countries 
decreased significantly during the period 
1950-2000. The changes and trends since 
the 1950s in the dimming at the surface 
along with that of  black carbon emission, 
sulphur dioxide (SO2) emission, surface 
temperature, atmospheric temperature and 
monsoon rainfall in India and China are 
presented in Table 3.1.  

3.1.2 Trends in India
For the 1965-2000 period, Ramanathan 
and others (2005) showed (Figure 3.1a)  a 
dimming trend of  4.2 W m-2 per decade 
(about 2 per cent  per decade) and a  later 
study by Kumari and others (2007) showed 
(Figure 3.1c) a trend of  -8 W m-2 per decade 
over India  for the  1980-2004 period. 
Cumulatively, these decadal trends suggest 
a reduction of  about 20-30 W m-2 since the 
1950s up to now, in support of  the large 
dimming values shown in Figure 2.12.

3.1.3 Trends in China
During the past half  century, the amount of  
direct and global solar radiation reaching 
the surface over much of  China was found 
decreasing, at a magnitude of  over 8 and 
4 per cent per decade, respectively (Xu 
1990 in Chinese, Liang and Xia 2005, Luo 
and others 2000 in Chinese, Xu 2001). 
Xu (1990 in Chinese) analyzed radiation 
measurements at nine meteorological 
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stations in China and found about 20.6 
and 11.4 per cent reduction of  clear-sky 
direct and global solar radiation from 1959 
to 1987, respectively, during the winter 
season. The continuous decreasing trend 
during the volcano-silent period from 1976 
to 1979 suggested that increasing air 
pollution from industrial activities could be 
the main reason for the decline of  direct 
solar radiation during the heating season. 
Long-term observation records from 1960 to 
1993 again confirmed the decreasing trend 
in clear-sky direct and global solar radiation 
(Xu 2001). Liang and Xia (2005) confirmed 
the decreasing trends in global and direct 
radiation over much of  China. By analyzing 
the long-term and continuous measurements 
of  global and diffuse radiation from the 
national thermopile Pyranometer network, 

which consisted of  42 stations across China, 
they found that over 88 per cent of  the 
stations showed a negative trend in solar 
radiation. The national mean decreasing 
trend per decade was -3.3 per cent and 
-8.6 per cent for global and direct radiation, 
respectively. The largest decrease occurred in 
South and East China (east of  about 100°E 
and south of  about 40°N). The time-series 
(1960-2000) of  global and direct radiation 
showed a dramatic drop since 1978, when 
a rapid increase in aerosol optical thickness 
(AOT) at 750 nm was observed (Luo and 
others 2001). Diffuse radiation showed a 
much less pronounced trend and a more 
complicated spatial pattern, with about 24 
sites showing a decreasing trend and the 
rest showing an increasing trend of  no more 
than 9.5 per cent.  
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Table 3.1 Changes and trends since the 1950s.

 Variables South Asia and India East Asia and China
Black carbon 
emissions

S Asia: Increased from under 170 
Gg/yr in 1950 to about 550 Gg/yr 
in 2000.

E Asia: Increased from about 250 
Gg/yr in 1950 to about 1 300 
Gg/yr in 2000.
Emissions are uncertain by more 
than a factor of  two.

 SO2 emissions S Asia: Increased from about 1 
Tg/yr in 1950 to about 7 Tg/yr in 
2000.

E Asia: Increased from about 2 
Tg/yr in 1950 to over 20 Tg/yr in 
2000.

Dimming at 
surface: Solar 
radiation at 
surface

India: Trend of  -4 W m-2 per decade 
from 1965-2000; Likely 
-8 W m-2 from 1980-2004. Total 
decrease of  about 15-20 W m-2 
since the 1960s.

China:  Decrease of  -20 W m-2 
from 1960-1995; Reversal of  
trend after 1995, with a total 
increase of  about 5 W m-2.

Surface 
temperature

India: Wet season summer 
temperature trend is similar to 
global mean trend. During the dry 
season (January-May), there is a 
negligible trend in Tmax after 1950. 
Since 1990, the warming trend in 
Tmin (0.56 per decade) is twice as 
large as the trend in Tmax.

China: Tmax showed no trend (or 
even slight negative trend) from 
1955-1990. From 1990-2000, the 
trend was about 0.5 per decade. 
But Tmin showed a positive trend 
throughout the period from 1950, 
although the trend was twice as 
large since 1990. The central and 
southern parts of  Eastern China 
were subject to a strong cooling 
trend of  about -0.1 to -0.3°C per 
decade; the rest of  China was 
subject to a warming trend.

Atmospheric 
temperature

India: Microwave satellite 
data reveal significantly larger 
atmospheric warming trend, 
compared with the surface. Data 
are available only from 1979. 
For the 1979-2003 period, the 
troposphere warmed more than the 
surface by about 0.5°C.

China: Data not available.

Monsoon rainfall See table 3.2 See Table 3.2
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Figure 3.1 Time series of surface heat budget terms. (a) Simulated (blue) and observed (green) annual mean 
solar fluxes for India at the surface. The fluxes are for average cloud conditions. The simulations are averaged 
over 5°N to 25°N and from 70°E to 90°E. The observed values are from 10 surface stations distributed in 
Eastern, Western, Northern and Southern India. The trend in Global Energy Budget Archive is -0.42 W m-2 per 
year (-0.15; 95% confidence level), and the trend in the ABC 1998 run is -0.37 W m-2 per year (-0.12) (2SD 
of the trends from the five runs of the ensemble). (b) The simulated annual mean surface heat budget for the 
Indian Ocean from 10°S to 30°N and from 60°E to 100°E. (Source: Ramanathan and others 2005). (c) All-India 
averaged annual mean surface reaching solar radiation. (Source: Kumari and others 2007). 

-2

(b)

Figure 3.2 Trends in (a) annual mean solar irradiance (W m-2 per decade) and (b) time-series of annual 
departures of pan evaporation and solar irradiance for 1955-2000, averaged over all stations in China 
(Source: Qian and others 2006).

3.1.4 Attribution
For India, the ABC Science Team’s study 
(Ramanathan and others 2005) using a 
coupled ocean-atmosphere model concluded  
that most of  the observed trend can be 
attributed to the trend in ABCs. In this study, 
ABC forcing as derived from the Indian 
Ocean Experiment (INDOEX) observations 
was scaled back in time with historic trends 
in emissions of  sulphur dioxide (SO2) and 
fossil fuel black carbon (BC) (Figure 3.3), 

and the resulting monthly mean forcing at 
the surface and in the atmosphere (Figure 
3.3) was incorporated in a coupled Ocean-
Atmosphere model. The simulated trend in 
the surface net solar radiation (down minus 
up) captured the observed dimming trend 
(Figure 3.1a) within 10 per cent. In the 
model, cloudiness changes played only a 
minor role in the simulated trend and trends 
in ABC dominated the dimming trend. The 
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Figure 3.3 Time series of emissions and forcing terms. 
Published estimates of the emission of SO2 (Smith and 
others 2001) and BC (Novakov and others 2003) are 
normalized with their 1950 values. The changes, due to 
the ABCs, in the net (down minus up) solar fluxes at the 
surface (surface forcing), at top-of-the-atmosphere 
(top-of-the-atmosphere forcing), and in the net solar 
heating of the atmosphere, are taken from climate 
model (PCM) simulations for the ABC 1998 case. The 
forcing is for annual mean conditions and is the average 
for all of South Asia and the Northern Indian Ocean 
(0° to 30°N and 60°E to 100°E). The inter-annual 
variations in the forcing are due to variations in 
cloudiness. (Source: Ramanathan and others 2005).

lack of  significant cloudiness trend is also 
consistent with the trend analysis of  Norris 
(2001), using cloudiness data. 

For China, analysis by Qian and others 
(2006) showed that the large dimming trend 
(Figure 3.2) was accompanied by a decrease 
in total and low level cloudiness, an increase 
in cloud-free days and a decrease in overcast 
days. These correlative changes, should have 
contributed to an increase in solar radiation 
at the surface, not a decrease. Thus, only 
ABCs remained as the dominant source 
for the observed dimming trend. This also 
helped to explain why in spite of  much larger 
ABC levels (when compared with India), the 
dimming trend of  -3.1 W m-2 over China was 
much less than the -4 to -8 W m-2 over India. 
Thus, the dimming trend observed over 
China should be due to ABCs, as deduced 
by Qian and others (2006). This finding is 
similar to that obtained by Luo and others 
(2001 in Chinese). Combining the averaged 
variation of  daily direct solar radiation, 
sunshine duration, cloud cover, visibility 
and surface vapour pressure in four cities 
(Fuzhou, Guangzhou, Haikou, and Nanning) 
in the coastal region of  South China, Luo 
and others (2001 in Chinese) suggested 
that in the past 30 years, the decrease in 
direct solar radiation and sunshine duration 
was caused not by the enhancement of  
cloud cover and vapour content, but by the 
decrease of  surface visibility and increase 
of  total atmospheric aerosol amounts. There 
are more direct observations for the increase 
in ABC aerosol optical depths (AODs) (Luo 
and others 2001). They found decreasing 
visibility in four cities in the south coast 
of  China in the past 30 years and a rapid 
increase in AOT at 750 nm from the late 
1970s. With the development of  industry 
and transportation over China during the 
past few decades, two of  the most noticeable 
changes in the environment have been the 
reduction of  visibility and increasing air 
pollution. Li and others (2007) claim about 
35 per cent reduction in visibility from the 

1960s to the 1980s. Visibility in the eastern 
part of  China has deteriorated heavily as 
a result of  the rapid increase in aerosol 
loading. By retrieving the 750 nm AOD 
from global direct solar radiation at five 
meteorological observatories (Wulumuqi, 
Geermu, Harbin, Beijing and Zhengzhou) in 
North China, Qiu and Yang (2000) analyzed 
the characteristic and temporal trend of  
visibility and AOD during the period 1980-
1994. They found that during this period, 
the AOD showed an increasing trend at all 
five sites, and the trend was stronger in the 
winter. In Beijing and Wulumuqi, the AOD 
increased by a factor of  about 2 during the 
past 15 years in the hot season. In Geermu, 
the largest AOD was found in the spring 
due to dust storms. Although the Pinatubo 
volcanic eruption in 1991 had a significant 
influence on AOD changes, the increase of  
fog-like haze was the dominant factor for the 
increasing AOD trend. 
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Figure 3.4 Time-series of Tmax (°C) over India. (a) Dry season (January–May) (b) Thick yellow curve is for 
June–September and the thin red curve is for October–December. The All-India temperatures are based on 
an average of 121 (fixed) uniformly distributed stations covering all of India (Kumar and others 1994) and 
are available for the period 1901–1990. (Source: Krishnan and Ramanathan 2002). All-India annual mean 
maximum and minimum temperature anomalies (deviations from 1961–1980 mean) for (c) the decade 1981–
1990 and (d) the decade 1991–2000. The values on the trend line represent slopes. (Source: Kumari and 
others 2007).

3.2 SURFACE TEMPERATURE
      TRENDS
3.2.1 Detection 
As described in the IPCC-AR4-WG1 report, 
Asia has been subjected to an annual mean 
warming trend of  about 0.7-1K from the pre-
industrial period to the present (Figure 2.27). 

3.2.2 Trends in India
The trend is not uniform over all seasons 
(Figure 3.4). During the dry season 
(January- May), the warming trend from the 

early 1900s was arrested after the 1950s, 
whereas during the summer the warming 
trend continued unabated into the 21st 

century (Figure 3.4a). Focusing on recent 
trends (Figure 3.4c and d), the trends in 
minimum temperature (Tmin) doubled from the 
1980s to the 1990s, whereas the maximum 
temperature (Tmax) trends stayed nearly the 
same. 
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3.2.3 Trends in China
According to China’s Assessment Report on 
Climate Change I (Ding and others 2007), 
the annual mean surface air temperature 
in Mainland China increased by 1.1°C in 
the past 50 years and about 0.79°C from 
1905 to 2001, with a warming trend of  0.22 
and 0.08°C per decade, respectively (Wang 
and Dong 2002, Ren and others 2005). 
The observed surface temperature trend 
in China was slightly larger than the global 
and Northern Hemisphere temperature 
increase for the same time period given 
by the IPCC Third Assessment Report (Qin 
and others 2005, Houghton and others 
2001). The largest temperature increase 
occurred in the wintertime and springtime, 
similar to countries with the same seasons. 
Similar to trends found in India, the Tmin 

(b)(a)

Figure 3.5 (a) Trends of the daytime (Tmax) and night time (Tmin) temperatures, diurnal temperature range 
(DTR), and (b) geographical pattern of the daily mean temperature changes in China in the past 50 years (Xu 
and others 2006a).

increased significantly more than the rise in 
Tmax (Figure 3.5a). Regionally, North China, 
Northeast China, Northwest China, and 
the Tibetan Plateau experienced the most 
significant warming on an annual mean 
basis, as a cooling trend in Southwest and 
central East China was reported (Zhao 
and others 2005b, Figure 3.5b). Based 
on the analysis of  monthly mean surface 
air temperature data collected from 97 
meteorological stations with elevation above 
2 000 m on the Tibetan Plateau, Liu and 
Chen (2000) showed that during the period 
1955-1996, the temperature at the Tibetan 
Plateau experienced an increase of  about 
0.16 and 0.32°C per decade for the annual 
mean and winter mean, respectively.
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3.2.4 Attribution
While the increase in GHGs is the major 
driver for the observed warming trend (IPCC-
AR4-WG1), GHGs by themselves, according 
to global climate models (GCMs), would 
have led to a much larger warming trend 
than observed. For example, the tropical sea 
surface temperature (SST) simulated by 12 
GCMs used in the IPCC-AR4-WG1 report, 
with just the SST forcing, estimates warming 
trends (in all tropical latitudes) that are a 
factor of  2 to 4 larger than the observed 
trends (Figure 3.6a). It is only when they 
include ABCs (such as aerosols) that the 
warming trend is about the same magnitude 
as the observed trends (Figure 3.6b). Clearly, 
as per these GCMs, surface dimming due 
to ABCs has played a major role in masking 
tropical warming during the past century. 
The observed trends for India and China 
shown in Figures 3.4-3.5  must have also 
been similarly influenced by ABC forcing. 
It should be first noted that emissions of  
BC and SO2 were subject to their largest 
increases in India and China after the 
1950s (Figure 3.3 for India and for China). 
Secondly, aerosol forcing is largest during 
the dry season, and weakens considerably 
during the summer season (due to washout). 
Lastly, ABC solar forcing occurs only in the 
daytime. The weakening of  the dry season 
surface temperature trend over India was 
attributed (Krishnan and Ramanathan 2002) 
to increasing trends of  ABC forcing after 
the 1950s. Kumari and others (2007) cited 
ABC forcing as the likely cause for why the 
acceleration of  the Tmin warming trend in 
the 1990s was not seen in the Tmax. This is 
because ABC forcing has a larger masking 
effect on daytime temperatures (Tmax) than 
night time (Tmin) temperatures.

Ding and others (2007) concluded that the 
observed surface temperature change in 
China during the past 50 years was mainly 
caused by increased GHG concentrations, 
sulphate aerosols and black carbon from 
human-induced emissions. Based on the 
direct radiation measurements made at the 
surface, Luo and others (2001) obtained 
a general increase in AOT of  up to 24 per 
cent in central East China from the 1960s 
to the 1980s. This increase in AOT is 
speculated to be the likely major cause for 
the observed cooling at the surface in that 
region (Figure 3.5b). The warming of  the 
annual mean temperature is contributed 
mainly by the rise of  the mean minimum 
temperature, Tmin (Figure 3.5a). This 
behaviour is similar to that witnessed in 
India and the most likely explanation is 
that, while the increase in GHGs is warming 
both day and night time temperatures, 
the ABC surface dimming is masking the 
warming of  daytime temperatures, that is, 
Tmax. The annually averaged extreme low 
temperature has increased significantly, 
while the annual extreme high temperature 
has only experienced an insignificant rise. 
However, it has been found that urbanization 
(land-use change) may have a significant 
effect on recorded temperature trends for 
single stations as well as for region-averaged 
temperature series in some regions. For 
instance, 38 per cent of  the total warming 
rate recorded by stations in North China, 
which have the most remarkable warming in 
the country (Figure 3.5b), is likely induced 
by urbanization around these national basic 
and reference stations (Ren and others 
2005). Huang and others (2006c) used a 
regional climate model to investigate the 
aerosol second indirect effect through the 
alteration of  cloudiness and cloud liquid 
water over East Asia. The estimated annual 
mean second indirect radiative forcing at the 
top-of-the-atmosphere (TOA) was -3.23 W m-2 
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Figure 3.6 Trends of zonal annual means of 10 selected IPCC-AR4 coupled models, compared to the 
observed trend and the CCM3 experiment. (a, b) The trends for the past 51 years in the increasing CO2 IPCC 
experiments are shown; in these experiments the CO2 level increased by 1% per year for 70 years until the 
concentration was doubled. (c, d) The trends from 1950 to 2000 in the 20th century IPCC experiments. Figure 
3.6d also includes the CCM3 experiment, where the global anthropogenic aerosol forcing was prescribed, 
while SSTs were held to their climatological values. Superimposed in all the panels are the observed trends 
from 1951 to 2002. Note from Figures 3.6c and 3.6d that the results from BCCR BCM2.0 and HadGEM1 are 
displayed with extra-thick lines, since only these two models include OC and BC aerosols out of five selected 
IPCC-AR4 models. (Source: Chung and Ramanathan 2007).

SELECTED IPCC AR4 COUPLED MODEL SIMULATIONS

NF Land OC/BC IE Aerosol Source

BCCRBCM2.0 N N N N Sulphate from Boucher and Pham (2002)

CCCMA CCGCM3.1 N N N N Sulphate from Boucher and Pham (2002)

CSIRO MK3.0 N Y Y N Sulphate from Penner  and others (1994)

GFDL CM2.1 Y N N Y From MOZART simulation (Horowitz and others 

2003)

IPSL CM4 N Y Y Y Sulphate from Boucher and Pham (2002)

MIROC3.2 (high res.) Y N N Y SPINTARS simulation (Takemura and others 2005)

MPI ECHAM5 N N N N Sulphate from Boucher and Pham (2002)

MRI CGCM2.3.2a Y N Y N Sulphate from Mitchell and Johns (1997)

NCAR CCSM3 Y N Y N From MATCH simulation (Rasch and others 1997)

HadGEM1 N N Y Y Roberts and Jones (2004), Woodage and others 

(2003)
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averaged over the interior model land region 
(between 10˚N-55˚N and 80˚E-160˚E), with 
respect to -4.57 W m-2 for direct and first 
indirect aerosol effects. Instead of  cooling 
the surface, the second indirect effect by 
anthropogenic aerosols was shown to cause 
slight warming by +0.08˚C at the surface. 
Huang and others (2006c) also illustrate 
that in the winter, the increased cloudiness 
and cloud liquid water generate substantial 
downward positive long-wave surface forcing. 
As a result, night time temperature increases 
by +0.7°C, offsetting the cooling due to the 
reduction in shortwave radiation. The diurnal 
temperature range decreases by -0.7°C 
averaged over the industrialized parts of  
China. The main inference from this study 
is that complex feedback processes can be 
triggered by the complex patterns of  aerosol 
forcing, which can dominate the regional 
climate response.

3.3 TRENDS IN ASIAN MONSOON 
      PRECIPITATION

3.3.1 Detection
The main inference of  the IPCC-AR4 
WG1 report is that “observation shows 
that changes are occurring in the 
amount, intensity, frequency and type 
of  precipitation”. The report identifies 
pronounced long-term trends from 1900 to 
2002 in many regions of  the world, including 
wetter conditions in Northern and Central 
Asia and drier conditions in Southern Asia 
(Figure 3.7). India, parts of  Southeast Asia 
and Northern China have become drier since 
the 1900s. The decrease in soil moisture 
is caused in part by increased evaporation 
from a warmer soil, and/or in some regions 
(for example, India) due by the decrease in 
rainfall. In addition, more precipitation now 
falls as rain rather than snow. Importantly, 
the report also notes widespread increases 
in heavy precipitation, even in regions 
where the total precipitation amount has 
decreased. 

As noted earlier, the ABC signals on observed 
climate changes in Asia are more detectable 
after the 1950s because of  the large 
increase in aerosol emissions from 1950 up 
to now. The observed summer precipitation 
trends for the period 1950-2000 are shown 
in Figure 3.8. The notable features are a 
decrease in monsoon precipitation over 
India and Southeast Asia (red-shaded 
regions have a 90 per cent confidence) and 
a shift in China’s rainfall, with Northern 
China receiving less rainfall and Southern 
China receiving more. Table 3.2 provides a 
summary of  the published studies on trends 
in the Asian monsoon.
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Figure 3.7 The Palmer Drought severity index (PDSI) is a measure of the cumulative deficit 
in surface land moisture. Red and orange areas are regions which have become drier. The 
lower panel shows how the sign and strength of this pattern have changed since 1900. 
(Source: IPCC 2007).
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The Sahelian Drought

The Weakening Indian Monsoon

N-S Shift in Asian rainfall

Figure 3.8 Observed trends in summer rainfall during 1950-2002. (Source: Chung and Ramanathan, 2006).



87 aTmospheriC brown Clouds : 
regional assessment report with focus on asia

Table 3.2 Published studies on trends in the Asian monsoon.

Region Surface winds
Surface temperature and  gradient in land and 

sea surface temperatures
Precipitation Reference & Comments

East Asian Monsoon
Trends from 1969-
2000; observational 
study and model 
study

Annual mean wind 
speed decreased by 
28%. Decrease in both 
winter and summer 
seasons. Windy days 
decreased by 58%.

A. Strong winter warming in Northern China 
attributed to weakening winter monsoon.
B. Summer cooling in Southern China and 
warming over surrounding ocean attributed to 
weakening of  summer monsoon.

Xu and others  2006a.
Wind speed correlated positively with declining 
solar radiation; Weakening is attributed to 
dimming from pollution.

East Asian Monsoon
Observed trends and 
attribution using 
models

Surface cooling in South and central East China. 
Data show strong negative trends in surface 
solar radiation, supporting that the surface 
cooling is due to decreasing solar radiation. 

Southward movement of  monsoon belt with 
“north drought and south flooding”.

Modeling studies suggest that air 
pollution-induced surface cooling leads to 
southward shift on monsoon belt.

Xu 2001.
Concluded that air pollution, that is, ABCs, is 
the major reason for anomalies in monsoon 
rainfall.

East Asian Monsoon 
Change from pre- 
industrial to present;
a modelling study 
with fixed SST on the 
role of  black carbon

Cooled the surface over China. Summer precipitation increased in Southern 
China and decreased northwards.

Menon and others (2002).
Concluded that the northern drought and 
southern flooding in China are due mainly to BC 
aerosols intensifying circulation over Southern 
China with subsidence in Northern China and 
Southeast Asia.

East Asian Monsoon 
Trends in the past 
25 years in surface 
temperature and 
precipitation

Cooling trend along the Yangtze River Valley and 
warming trend in Northern China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts and 
longer hot spells in Northern China in the past 
25 years.

Zhao and others (2005a) reviewed available 
papers on this topic.

After considering natural variability, GHGs and 
sulphate and black carbon aerosols (ABCs), 
concluded that GHGs and brown clouds likely 
account for rainfall trends.

Indian Summer 
Monsoon 
Observational 
study and coupled 
Ocean-Atmosphere 
modelling study of  
combined GHGs and 
ABCs. Trend from 
1950-2000

Monsoon circulation 
weakened.

Warming due to greenhouse forcing but it was 
damped during the dry season. ABCs masked 
as much as 50% of  the greenhouse forcing over 
land; decreased gradient in the Indian Ocean 
with more warming south of  the equator and 
less north of  the equator. Substantial warming 
at elevated levels of  the atmosphere surrounding 
the Himalaya-Tibetan region.

Used station precipitation data to show that 
summer precipitation over India decreased by 
about 5%; model simulated this trend, 
but only if  it included ABC effects.
India averaged rainfall decreased by 4-8% 
since the 1950s. Predicted a doubling of  
drought frequency in the next few decades 
if  ABC emissions increase at current rates.

Ramanathan and others (2005), Chung and 
others (2002, 2006). Showed that dimming 
decreased evaporation from the Indian Ocean;
decreased SST gradient; atmospheric solar 
heating stabilized the column but also 
increased precipitation over land. The net effect 
of  ABCs is to weaken the monsoon circulation 
and decrease monsoon rainfall.
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Table 3.2 Published studies on trends in the Asian monsoon.

Region Surface winds
Surface temperature and  gradient in land and 

sea surface temperatures
Precipitation Reference & Comments

East Asian Monsoon
Trends from 1969-
2000; observational 
study and model 
study

Annual mean wind 
speed decreased by 
28%. Decrease in both 
winter and summer 
seasons. Windy days 
decreased by 58%.

A. Strong winter warming in Northern China 
attributed to weakening winter monsoon.
B. Summer cooling in Southern China and 
warming over surrounding ocean attributed to 
weakening of  summer monsoon.

Xu and others  2006a.
Wind speed correlated positively with declining 
solar radiation; Weakening is attributed to 
dimming from pollution.

East Asian Monsoon
Observed trends and 
attribution using 
models

Surface cooling in South and central East China. 
Data show strong negative trends in surface 
solar radiation, supporting that the surface 
cooling is due to decreasing solar radiation. 

Southward movement of  monsoon belt with 
“north drought and south flooding”.

Modeling studies suggest that air 
pollution-induced surface cooling leads to 
southward shift on monsoon belt.

Xu 2001.
Concluded that air pollution, that is, ABCs, is 
the major reason for anomalies in monsoon 
rainfall.

East Asian Monsoon 
Change from pre- 
industrial to present;
a modelling study 
with fixed SST on the 
role of  black carbon

Cooled the surface over China. Summer precipitation increased in Southern 
China and decreased northwards.

Menon and others (2002).
Concluded that the northern drought and 
southern flooding in China are due mainly to BC 
aerosols intensifying circulation over Southern 
China with subsidence in Northern China and 
Southeast Asia.

East Asian Monsoon 
Trends in the past 
25 years in surface 
temperature and 
precipitation

Cooling trend along the Yangtze River Valley and 
warming trend in Northern China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts and 
longer hot spells in Northern China in the past 
25 years.

Zhao and others (2005a) reviewed available 
papers on this topic.

After considering natural variability, GHGs and 
sulphate and black carbon aerosols (ABCs), 
concluded that GHGs and brown clouds likely 
account for rainfall trends.

Indian Summer 
Monsoon 
Observational 
study and coupled 
Ocean-Atmosphere 
modelling study of  
combined GHGs and 
ABCs. Trend from 
1950-2000

Monsoon circulation 
weakened.

Warming due to greenhouse forcing but it was 
damped during the dry season. ABCs masked 
as much as 50% of  the greenhouse forcing over 
land; decreased gradient in the Indian Ocean 
with more warming south of  the equator and 
less north of  the equator. Substantial warming 
at elevated levels of  the atmosphere surrounding 
the Himalaya-Tibetan region.

Used station precipitation data to show that 
summer precipitation over India decreased by 
about 5%; model simulated this trend, 
but only if  it included ABC effects.
India averaged rainfall decreased by 4-8% 
since the 1950s. Predicted a doubling of  
drought frequency in the next few decades 
if  ABC emissions increase at current rates.

Ramanathan and others (2005), Chung and 
others (2002, 2006). Showed that dimming 
decreased evaporation from the Indian Ocean;
decreased SST gradient; atmospheric solar 
heating stabilized the column but also 
increased precipitation over land. The net effect 
of  ABCs is to weaken the monsoon circulation 
and decrease monsoon rainfall.
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Table 3.2 Published studies on trends in the Asian monsoon.

Region Surface winds
Surface temperature and  

gradient in land and sea surface 
temperatures

Precipitation Reference and Comments

Indian Summer Monsoon
Observational study of  
Central India rainfall 
trends from 1950-2000.

Significant increase in the frequency and 
magnitude of  extreme rain events (>100 
m/day); significant decreasing trends in 
frequency of  moderate events (<100 mm/
day). Frequency of  very heavy events (>150 
mm/day) nearly doubled.

Goswami and others (2006);
Predicted a substantial increase in hazards due to 
heavy rainfall events in India.

Indian Summer Monsoon 
Rainfall trends from 
1951-2003

Weakening of  monsoon; and 
shrinking of  the monsoon 
season.

Land-ocean temperature contrast 
is decreasing (<-0.3°C). 

Large (>25%) decrease in early and late 
season rainfall; and decrease in the number 
of  rainy days (>25%). Concluded that the 
monsoon season is shrinking. Spatial coverage 
of  rainfall is also shrinking.

Ramesh and Goswami (2007)

Indian Summer Monsoon
Role of  ABCs in monsoon 
circulation;
modelling studies

Cooled the surface over China. Elevated heating by black carbon and dust 
near the Indo-Tibetan region provides 
forcing for enhanced monsoon circulation 
and increased rainfall. This is referred to 
as Elevated Heat Pump (EHP) effect. This 
mechanism can add to monsoon variability.

Lau and others (2006);
The review paper by Lau and others (2008) 
concluded that EHP can lead to increased 
rainfall during May-June; and the coupled Ocean-
Atmosphere effects of  dimming, SST gradients 
and reduced evaporation will take over during the 
monsoon period of  July-August and decrease rainfall.

Indian Summer Monsoon
Role of  black carbon; 
coupled Ocean-
Atmosphere modelling 
study.

Cooling trend along the Yangtze 
River Valley and warming trend 
in Northern China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts and 
longer hot spells in Northern China in the past 
25 years.

Zhao and others (2005a) reviewed available papers 
on this topic.

After considering natural variability, GHGs and 
sulphate and black carbon aerosols (ABCs), 
concluded that GHGs and brown clouds likely 
account for rainfall trends.

Indian Summer Monsoon 
Observational study 
and coupled Ocean-
Atmosphere modelling 
study of  combined GHGs 
and ABCs. Trend from 
1950-2000

Weakens in summer. Warming of  the atmosphere at 
elevated levels.

Increase in May to June rainfall supporting Lau 
and others’ EHP hypothesis; accompanied by 
decrease in July-September rainfall supporting 
the findings of  Ramanathan and others (2005) 
and Ramanathan and others (2007b).

Meehl and others (2008).

Indian Summer Monsoon 
Stability
Modelling study.

Monsoon is unstable to large 
changes in solar radiation.

Lenton and others (2008). Used pedagogical models 
to suggest that the monsoon system is unstable 
to combined forcing due to GHGs, ABCs and land 
surface changes. Concluded that the Indian monsoon 
is one of  the tipping elements of  the climate system.
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Table 3.2 Published studies on trends in the Asian monsoon.

Region Surface winds
Surface temperature and  

gradient in land and sea surface 
temperatures

Precipitation Reference and Comments

Indian Summer Monsoon
Observational study of  
Central India rainfall 
trends from 1950-2000.

Significant increase in the frequency and 
magnitude of  extreme rain events (>100 
m/day); significant decreasing trends in 
frequency of  moderate events (<100 mm/
day). Frequency of  very heavy events (>150 
mm/day) nearly doubled.

Goswami and others (2006);
Predicted a substantial increase in hazards due to 
heavy rainfall events in India.

Indian Summer Monsoon 
Rainfall trends from 
1951-2003

Weakening of  monsoon; and 
shrinking of  the monsoon 
season.

Land-ocean temperature contrast 
is decreasing (<-0.3°C). 

Large (>25%) decrease in early and late 
season rainfall; and decrease in the number 
of  rainy days (>25%). Concluded that the 
monsoon season is shrinking. Spatial coverage 
of  rainfall is also shrinking.

Ramesh and Goswami (2007)

Indian Summer Monsoon
Role of  ABCs in monsoon 
circulation;
modelling studies

Cooled the surface over China. Elevated heating by black carbon and dust 
near the Indo-Tibetan region provides 
forcing for enhanced monsoon circulation 
and increased rainfall. This is referred to 
as Elevated Heat Pump (EHP) effect. This 
mechanism can add to monsoon variability.

Lau and others (2006);
The review paper by Lau and others (2008) 
concluded that EHP can lead to increased 
rainfall during May-June; and the coupled Ocean-
Atmosphere effects of  dimming, SST gradients 
and reduced evaporation will take over during the 
monsoon period of  July-August and decrease rainfall.

Indian Summer Monsoon
Role of  black carbon; 
coupled Ocean-
Atmosphere modelling 
study.

Cooling trend along the Yangtze 
River Valley and warming trend 
in Northern China.

More frequent floods along with cooler 
conditions over the Yangtze River Valley; 
accompanied by continuing droughts and 
longer hot spells in Northern China in the past 
25 years.

Zhao and others (2005a) reviewed available papers 
on this topic.

After considering natural variability, GHGs and 
sulphate and black carbon aerosols (ABCs), 
concluded that GHGs and brown clouds likely 
account for rainfall trends.

Indian Summer Monsoon 
Observational study 
and coupled Ocean-
Atmosphere modelling 
study of  combined GHGs 
and ABCs. Trend from 
1950-2000

Weakens in summer. Warming of  the atmosphere at 
elevated levels.

Increase in May to June rainfall supporting Lau 
and others’ EHP hypothesis; accompanied by 
decrease in July-September rainfall supporting 
the findings of  Ramanathan and others (2005) 
and Ramanathan and others (2007b).

Meehl and others (2008).

Indian Summer Monsoon 
Stability
Modelling study.

Monsoon is unstable to large 
changes in solar radiation.

Lenton and others (2008). Used pedagogical models 
to suggest that the monsoon system is unstable 
to combined forcing due to GHGs, ABCs and land 
surface changes. Concluded that the Indian monsoon 
is one of  the tipping elements of  the climate system.
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c

Figure 3.9 Temporal variation (1951-2000) in the number (N) of (A) heavy (R ≥100 mm/day, bold line) and 
moderate (5 ≤ R < 100 mm/day, thin line) daily rain events and (B) very heavy events (R ≥ 150 mm/day) 
during the summer monsoon season over Central India. (c) The mean rainfall of the four highest rain events 
every season (R1..4). (Source: Goswami and others 2006).

3.3.2 Trends in India
For some parts of  India, a recent analysis 
by Goswami and others (2006) revealed 
that the intense rain (>100 mm/day) events 
have become more frequent since the 1950s 
and very heavy events (>150 mm/day) have 
nearly doubled since the 1950s. However, 
the frequency of  these intense events was 
accompanied by a decrease in moderate 
rain events (<100 mm/day) (Figure 3.9). 
Furthermore, the rainfall during the highest 
rain events increased from about 200 mm 
per day during the 1950s to about 300 
mm per day by the end of  the century. 
Ramanathan and others (2005) used 

gridded station data for rainfall over India 
and showed an overall decrease of  monsoon 
rainfall (Figure 3.10) by about 5-7 per cent 
since the 1950s. This finding was recently 
confirmed by Ramesh and Goswami (2007) 
who suggested that the monsoon rainfall 
(May-October) has decreased by 4.5 per 
cent, with more than 40 per cent decrease in 
pre-monsoon (May 15-31) and post-monsoon 
(September 15-October 10) rainfall. 
Furthermore, the area receiving rainfall has 
also shown a decrease. Basically, as per 
Ramesh and Goswami (2007), “the monsoon 
is shrinking”.
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Figure 3.10 Rainfall trends. (A) Time-series of observed and simulated summer (June-September) rainfall for 
India from observations and PCM simulations. The results are the per cent deviation of the rainfall from the 
1930-1960 average. Observed rainfall data were obtained from Parthasarathy and others 1995. The data are 
smoothed by an 11-year running mean averaging procedure. (B) Trend for 1930-2000 in monthly mean rainfall 
for India. The uncertainty of the model trend, as estimated from five realizations, is -0.4 mm/day from May to 
July and -0.2 mm/day in the other months. For the observed trend, the 95 per cent confidence level is -0.9 mm/
day (wet season) down to -0.2 mm/day (January-March). (Source: Ramanathan and others 2005). (C) Summer 
(JJA) rainfall anomaly (percentage) over Indo-Gangetic Plain (22˚N-32˚N, 78˚E-86˚E) from 1950 to 2002 based 
on CRU TS2.1 precipitation data.

3.3.3 Trends in China

The 2007 China’s Assessment Report 
on Climate Change I (Ding and others 
2007) shows that there has only been a 
marginal long-term increase in the annual 
average precipitation during the past 50 
years (Figure 3.11a). However, there are 
distinctive regional and seasonal patterns of  
precipitation trends (Zhai and others 2005). 

Annual total precipitation has significantly 
decreased in Northeast China, North China 
and central West China (Sichuan Basin), 
but has increased in South China, central 
East China and West China, as shown in 
Figure 3.13b. This is the so-called “south 
wetting and north drying”. While the spatial 
distribution of  the winter and summer 

C
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(A)

(B)

Figure 3.11 (a) Annual precipitation anomalies (normalized per cent change) from 1956 to 2002 (Ding and 
others 2007). (b) Geographical pattern of the precipitation change (in mm/decade) in the past 50 years. 
(Source: Xu and others 2006a).

precipitation trends is similar to the annual 
total precipitation, the precipitation in the 
springtime has been largely suppressed in 
Central China along the Yangtze River and 
in South China, except the coast. Unlike an 
increase in precipitation observed in most 
parts of  the Northern Hemisphere mid-
latitudes (Houghton and others 2001), the 
autumn precipitation in China has generally 
decreased. This reduction in the famous 
“autumn rain” has a large impact on densely 
populated regions in Central and Southwest 
China. Moreover, trends in the number of  

extreme events and total precipitation from 
non-extreme events are generally in phase, 
implying the increase in both precipitation 
frequency and intensity. Both the winter and 
summer monsoons in East Asia have been 
found to weaken since the 1970s, probably 
related to global and regional climate 
changes (Xu and others 2006a). The annual 
mean wind speed over China has decreased 
steadily by 28 per cent, and the prevalence 
of  windy days (daily mean wind speed > 5 
ms-1) has decreased by 58 per cent.

(a)

(b)
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3.3.4 Attribution
Understanding and simulating rainfall 
trends at a regional scale, constitute a 
science that is still at its infancy, although 
impressive progress has been made in 
identifying major drivers of  regional changes 
in precipitation. For example, GCM sensitivity 
studies have shown that global warming due 
to increased GHGs should increase global 
average rainfall, contributed by increases 
in extra-tropical and tropical precipitation 
and a decrease in sub-tropical rainfall 
(IPCC-AR4-WG1). Furthermore, because of  
increased atmospheric moisture content, 
rainfall intensity should increase with an 
increase in the warming trend (IPCC-AR4-
WG1). It is also acknowledged by IPCC and 
others that a reduction in solar radiation at 
the surface due to aerosols should lead to 
a decrease in rainfall. Significant progress 
has been made in understanding the role of  
ABCs in the Asian monsoon circulation and 
the Indian summer monsoon in particular. 
These studies have been reviewed recently 
by Lau and others (2008). The overall picture 
(Figures 3.12 and 3.13) that emerges from 
Lau and others (2008) is that ABCs are 
perturbing the Indian summer monsoon in 
a significant manner, both at the short-term 
(intra-seasonal) and longer-term (decadal) 
time scales.

Role of sea surface temperature (SST) 
gradients
However, the observed trends in land average 
precipitation cannot be explained solely 
by increases in GHGs (Figures 3.6c and 
3.6d). None of  the IPCC-AR4 GCMs with 
just the GHG increase to consider was able 
to simulate the decrease in the zonal mean 
tropical land precipitation north of  the 
equator (Figure 3.6b). With the inclusion of  
ABCs (that is, aerosols), at least one of  the 
12 IPCC-AR4 GCMs was able to simulate 
the decrease in zonal mean tropical rainfall. 
Several studies (Folland and others 1986, 
Rotstayn and Lohmann 2002, Giannini and 
others 2003, Lu and Delworth 2005, Chung 

and Ramanathan 2006, Hoerling and others 
2006) have established the major influence 
of  trends in tropical SSTs on tropical land 
precipitation. More specifically, the studies 
(Rotstayn and Lohmann 2002, Ramanathan 
and others 2005, Chung and Ramanathan 
2006, Biasutti and Giannini 2006) have 
demonstrated the central importance of  
latitudinal gradients in SST in regulating 
land precipitation. These studies have 
shown that the latitudinal gradient in the 
Atlantic SST trend (with more warming in 
the southern tropical oceans than in the 
northern tropical oceans) was the major 
reason for the decrease in the Shelia rainfall 
(Rotstayn and Lohmann 2002, Biasutti and 
Giannini 2006); and the latitudinal gradient 
in the Indian Ocean SST led to a decrease in 
monsoon rainfall in India (Ramanathan and 
others 2005, Chung and Ramanathan 2006). 
These regionally restricted inferences were 
subsequently generalized to zonal average 
tropical land average rainfall by a study 
(Chung and Ramanathan 2007), which used 
GCM sensitivity studies to show that GCMs, 
with prescribed (from observations) zonal 
average tropical SST gradients, are able to 
account for the decrease in land average 
tropical precipitation (north of  the equator) 
and zonal average land average precipitation 
trends. Lastly, it was shown that the observed 
zonal average tropical SST trends during the 
past 50 years revealed substantial latitudinal 
trends, with more warming in the southern 
tropical oceans than in the northern tropical 
oceans (Figure 3.6a). Since GHGs do not 
perturb latitudinal gradients in tropical 
SSTs (Figure 3.6a), the explanation for the 
change in SST gradients has to lie elsewhere. 
For example, Biasutti and Giannini (2006) 
compared simulations by IPCC-AR4 GCMs 
and showed that many of  the GCMs with 
just GHG forcing to consider were unable to 
simulate the Sahelian rainfall. On the other 
hand, almost all GCMs that included both the 
GHGs and aerosols simulated the decrease in 
the Sahelian rainfall.
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Figure 3.12 Schematic interaction pathways for aerosol local forcing (direct, semi direct and indirect effects), 
response, and feedback by atmospheric water cycle, (upper return path) through clouds, precipitation, and 
large scale circulation, and (lower return path) through aerosol transport, chemistry, deposition, and aerosol-
aerosol interaction. (Source: Lau and others 2008).

Role of ABCs in the Indian Monsoon 
ABCs have been shown to influence monsoon 
rainfall over India through two distinctively 
different mechanisms. Mechanism I: 
First, the BC-induced solar heating of  the 
atmosphere (Figure 2.12) induces rising 
motions in the atmosphere over South Asia, 
and the resulting low level flow from the 
ocean surrounding the subcontinent brings 
in additional moisture. This mechanism 
tends to increase rainfall (Chung and others 
2002, Menon and others 2002, Chung and 
Ramanathan 2006, Lau and others 2006, 
Meehl and others 2008). A slight variant of  
this is the Elevated Heat Pump Hypothesis of  
Lau and others (2008) (Figure 3.13), which 
posits that this mechanism will lead to more 
rainfall during May-June over Northern India. 
Mechanism II: Mechanism I is countered 
by the effects of  surface dimming in three 

additive ways (Ramanathan and others 
2005, Lau and others 2008, Meehl and 
others 2008), as follows:  a) the immediate 
response to dimming is to decrease surface 
evaporation from both land and sea surface, 
which decreases moisture supply to the 
atmosphere (Figure 3.1); b) the north-
south asymmetry in aerosol forcing over the 
Indian ocean (Figure 2.12c)  masks the GHG 
warming over the Northern Indian Ocean 
(NIO) more than the Southern Indian Ocean 
(SIO), such that the SST trend has a large 
latitudinal gradient with more warming trend 
over the SIO than over the NIO (Figure 3.14); 
and c) ABCs can also decrease land-sea 
contrast in the solar heating of  the surface, 
which is an important forcing agent for the 
monsoon.
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Figure 3.13 Schematic showing the monsoon water cycle (top) with no aerosol forcing and (bottom) 
with aerosol-induced elevated heat pump effect. Low-level monsoon westerlies are denoted by 
W. The dashed line indicates magnitude of the low-level equivalent potential temperature θe. Deep 
convection is indicated over regions of maximum θe. (Source: Lau and others 2008).

Figure 3.14 SST trend over the Indian Ocean from 1950 to 2002; superposed is the trend in 
aerosol forcing at the surface (blue line with the scale on the right, unit: W m-2). (Source: Chung 
and Ramanathan 2007).

GCM studies with prescribed SSTs (Menon 
and others 2002, Chung and others 2002, 
Lau and others 2006) basically include 
only Mechanism I and Mechanism IIa (that 
too only over land), since these models do 
not allow the SST to respond to aerosol 
forcing. These GCMs show that the inclusion 
of  ABCs leads to an increase in monsoon 
rainfall over India. On the other hand, GCMs 
with a coupled Ocean-Atmosphere system 
that fully account the dynamical response 
of  the ocean circulation, as well as the 

atmospheric circulation to the imposed ABC 
forcing, suggest (Figure 3.10) that ABCs 
have led to a decrease in monsoon rainfall 
over India (Ramanathan and others 2005, 
Meehl and others 2008, Lau and Kim 2007). 
The main mechanism for the decrease is 
the latitudinal trend in aerosol forcing at the 
surface. However, the decreasing trend in 
monsoon rainfall applies mainly to longer 
term trends (decadal or longer). On the other 
hand, Mechanism I may be the major aerosol 
forcing for intra-seasonal variability in rainfall 
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since the circulation response to ABC solar 
heating of  the atmosphere acts on faster 
time scales (weeks to months), whereas the 
e-folding time scales for SST response to 
dimming are longer (months to years) . 

Role of ABCs in East Asian rainfall
Many recent studies have investigated the 
cause of  the precipitation tendency in China. 
Natural factors, such as abrupt climate 
change, snow cover, characteristics index of  
atmosphere circulation and the ocean, as 
well as interactions among them (ENSO, AO, 
AAO, NAO, warm pool, the South China sea, 
and the tropical Indian Ocean) cannot be 
ruled out as possible physical mechanism 
for the observed decadal and inter-decadal 
changes in temperature and precipitation. 
However, it is difficult to explain the regional 
patterns and physical feedbacks. It is also 
argued that the changes in the natural 
climate variability might also be caused by 
anthropogenic forcings (Qian and others 
2003).

The study by Menon and others (2002), 
which employed a combination of  INDOEX 
ABC forcing for South Asia and model-
derived forcing for East Asia in a GCM (with 
prescribed SST), showed that the circulation 
change in response to ABC forcing led to 
more rainfall over South China and less over 
Northern China, thus suggesting that ABC 
forcing may be responsible for the observed 
north-to-south shift in the East Asian rainfall 
(Figure 3.11). Zhao and others (2006) also 
showed that the reduction of  precipitation 
in east Central China is strongly correlated 
to the high aerosol loadings (MODIS aerosol 
optical depth). Ding and Sun (2004) found 
that anthropogenic sulphate aerosols alter 
the thermal equilibrium between land and 
ocean in East China by its cooling effect, 
thus leading to the southward shift of  
the rainfall belt, while BC aerosols heat 
the atmosphere, enhancing the vertical 
motions and causing more precipitations 
locally. It is speculated that a possible 
feedback exists between precipitations and 

aerosols. The weakening of  the East Asian 
summer monsoon due to the dimming 
effect of  aerosols tends to decrease water 
vapour transport from the south to the 
north (Lau and others 2008), prolonging 
the precipitation time in South China and 
strengthening drying in North China. Since 
precipitation plays a major role in removing 
aerosol particles, less precipitation could 
lead to a longer residence time of  aerosols in 
the atmosphere. Only a few studies examined 
the aerosol indirect effects on cloud and 
precipitation. Li and Yuan (2006) found that 
aerosols tend to reduce cloud particle size 
in Northern China, while increasing cloud 
particle size in Southern China.

Giorgi and others (2003) estimated the 
effects of  direct and indirect forcing on the 
East Asian climate. The simulated indirect 
effects largely reduced precipitation, and 
when they were taken in account together 
with the direct RF, the observed cooling 
trend of  surface temperature over some 
regions could be better explained especially 
in the summer (Figure 3.15). Similar to 
Menon and others (2002), Huang and others 
(2007) also showed that the simulated 
summer precipitation alternates between 
enhancement and reduction from South to 
North China, possibly due to the BC-induced 
vertical temperature profile changes. The 
impact on precipitation due to direct and 
indirect aerosol effects is shown in Figure 
3.16. Overall, the direct, semi-direct and 
first indirect aerosol effects produce surface 
cooling and atmospheric heating (BC), which 
leads to an increase in atmospheric thermal 
stability and precipitation inhibition. The 
precipitation is reduced by 4-7 per cent and 
10-13 per cent by direct and first indirect 
effects, respectively. The second indirect 
effect is strongly dependent on the auto 
conversion scheme, which links precipitation 
formation to aerosol concentrations, as the 
Beheng (1994) scheme gives a much larger 
precipitation reduction (15-30 per cent) than 
the Tripoli and Cotton (1980) scheme. 
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(a) (c)

(b) (d)

Figure 3.15 Temperature difference between the periods 1981-1998 and 1951-1980. DJF (winter): (a) 
observation and (b) model; JJA (summer): (c) observation and (d) model. The simulated temperature change is 
due to direct and first indirect effects by anthropogenic sulphate and soot aerosols. Shading indicates areas in 
which the difference is statistically significant at the 90% confidence level. (Source: Giorgi and others 2003).

a b c

Figure 3.16 Spatial distribution of precipitation change (10 mm/month) in September-October-November due 
to (a) aerosol direct and first indirect effects, and second indirect effect following schemes by (b) Tripoli and 
Cotton (1980), and (c) Beheng (1994). (Source: Huang and others 2007).

In summary, recent studies have converged 
on the finding that regional ABC forcing is 
large enough to perturb the monsoon in 
major ways and to alter precipitation as well 
as its regional patterns.

3.4 TRENDS IN ATMOSPHERIC
      TEMPERATURES

3.4.1 Detection
Reliable data on atmospheric temperature 
trends at regional scales, particularly 
over South and East Asia, are sparse. The 
primary sources of  calibrated observations 
are the microwave temperatures retrieved 
from satellite data (Fu and others 2004). 
Microwave temperature data yield vertically 
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averaged temperatures for thick layers of  
the atmosphere, such as the entire lower or 
upper troposphere or lower stratosphere. 
Microwave data for lower tropospheric 
average temperature trends, when compared 
with surface temperature trends, show 
(Figure 3.17) that the atmosphere warms 
significantly more than the surface during 
the dry season, whereas during the summer 
season, the atmosphere and the surface 
warm by about the same amount (that is, 
the differential warming is very small).

3.4.2 Attribution
Current understanding of  the chain of  
responses to and feedbacks on the regional 
climate due to black carbon is in its early 
stage (Chung and others 2002, Menon 
and others 2002, Wang 2004,  Chung and 
Seinfeld 2005, Ramanathan and others 
2005, Lau and others 2008, Meehl and 
others 2008, Ramanathan and Carmichael 
2008). ABCs lead to negative forcing at 
the surface (due to dimming) and positive 
forcing in the atmosphere (due to BC solar 
absorption). The net forcing at the top-
of-the-atmosphere (TOA) (sum of  surface 
and atmosphere forcings) is negative in 
most oceanic and land regions, with some 
exceptions over land areas. In regions 
where radiative-convective coupling of  the 
surface and the atmosphere is strong (for 
example, in equatorial oceans and tropical 
land during wet seasons), the surface-
atmosphere response will be determined by 
the TOA forcing and, as a result, ABCs (BC 
plus non-BCs) will lead to a cooling of  both 
the surface and the atmosphere. In regions 
where such coupling is weak (for example, 
in the tropics during the dry season, surface 
dimming due to ABCs can lead to a surface 
cooling and thus mask the greenhouse 

warming, whereas  the atmospheric solar 
heating by black carbon (in ABCs) can 
lead to a warming of  the atmosphere and 
intensify the greenhouse warming of  the 
troposphere. GCMs that include just the BC 
forcing show that BC leads to a warming 
from the surface to an altitude of  about 
12 km, by as much as 0.6K over most of  
the Northern Hemisphere, including the 
Arctic region (Figure 3.17b from Chung 
and Seinfeld 2005). The magnitude of  the 
BC atmospheric warming is comparable to 
the simulated warming due to GHG forcing. 
Regionally, the combined effect of  ABCs (BC 
plus non-BC) causes surface cooling over 
South Asia, while warming the atmosphere 
by as much as 0.6ºC during the winter and 
the spring. Such differential warming of  the 
atmosphere (with respect to the surface) 
over South Asia has also been observed with 
microwave satellite sensor observations of  
trends from 1979 to 2003 (Figure 3.17a). 
Microwave data show that the atmosphere 
warms significantly more than the surface 
during the dry season, whereas during the 
summer season, the atmosphere and the 
surface warm by about the same amount 
(that is, the differential warming is very 
small). The GCM with ABCs and GHGs is able 
to simulate the larger differential warming 
during the dry season, whereas the GCM 
with just the GHG forcing and sulphate 
forcing is unable to do so. Both the model 
and the data suggest that the atmosphere 
is becoming more stable during the dry 
season due to ABCs, that is, basically the 
climatological inversion is strengthening due 
to ABC solar heating of  the atmosphere. 
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a

b
c

Figure 3.17 (a) This figure compares PCM estimated differential temperature trends with observed microwave 
sounding unit (MSU) temperature trends for the 1979-2003 period. The observed microwave temperature 
trends were taken from Fu and others (2004). The quantity shown is the atmospheric temperature trend 
minus the surface temperature trend, and is effective for isolating ABC effects. The results are shown for the 
dry season and the wet season. The values were averaged over India. The blue vertical bar is the observed 
trend from MSU; the green and red bars were obtained by integrating the simulated vertical profiles with 
the MSU weighting function (Fu and others 2004). The 95% confidence interval for the MSU trend is about 
0.2K. The major finding is that during the dry season, the atmosphere warmed much more than the surface 
and, according to the model simulations, ABCs are primarily responsible for this anomalous behaviour. (b, c) 
Estimated change in zonally averaged equilibrium temperature (K) as a function of pressure for December-
January-February and June-July-August for INTERNAL minus CONTROL. Gray indicates areas where the 
difference is not significant at the 95% confidence level. (Source: Chung and Seinfeld 2005).
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The retreat of the Hindu Kush-Karakoram- 

Himalayan (HKH) and the Tibetan glaciers is 

one of the major environmental problems 

facing the Asian region. These glaciers form 

the largest bodies of ice and snow, after 

Greenland and the Antarctic ice sheets. Hi-

malayan glacial snowfields store about 12 

000 km3 of freshwater. The Himalayas is the 

largest mountain range of the HKH system 

and the valley glaciers cover 2 700 km2 in 

Figure 3.18 Geography of Asia, the Hindu Kush-Karakoram-Himalayan and Tibetan glaciers and their river basins  

(Source: ICIMOD 2007).  
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3.5 HIMALAYAN GLACIER RETREAT, 

      MELTING OF SNOW PACKS, BC 

      SOLAR HEATING AND 

      DEPOSITION IN SNOW 

The HKH glaciers are retreating by 10-60 m 

per year and the terminus of most of the 

high altitude glaciers are retreating fast. As 

glaciers retreat, glacier lakes grow and at 

times lead to catastrophic glacier lake out-

burst floods (GLOFs). The Chinese glacier 

inventory by the Chinese Academy of Sci-

ences has reported a 5 per cent shrinkage in 

the volume of China’s 46 928 glaciers over 

the past 24 years, equivalent to the loss of 

over 3 000 km2 of ice. Many of the major 

glaciers in India (such as Siachen, Gangotri 

and Bhara Shigri) are also retreating at rates 

ranging from 10-25 m per year (Figure 3.19). 

The glacier retreat began in the mid-

19thcentury in response to the termination of 

the mini-ice age. The retreat has accelerated 

since the 1970s. The findings of recent stud-

ies on the glacier retreat in the Tian Shan, 

Hindu Kush- Himalayan Region and Tibetan 

Plateau are presented in Table 3.3. 

Hindu Kush, 16 600 km2 in Karakoram and 

33 050 km2 in the Himalayas, out of a global 

total of 546 000 km2 (Dyurgerov and Meir 

2005, Bajracharya and others 2007, UNEP 

2007). The Himalayan mountain range spans 

2 500 km east to west and includes diverse 

cultures of five countries (Pakistan, India, 

Nepal, Bhutan and China) and a range of 

flora and fauna. The HKH and the Tibetan 

glaciers feed most of major perennial river 

systems, including the Indus, Ganges, Brah-

maputra, Mekong and Yangtze (Figure 3.18), 

and sustain the livelihood of over a billion 

Asians. Glaciers and glacial lakes in the HKH 

system and Tibet are retreating at alarming 

rates (Kulkarni and others 2005, Prasad and 

Singh 2007, Hasnain and others 2004, Shen 

and others 2007).  
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Table 3.3 Glacier retreat in India and China.

Tian Shan and Pamirs
Glaciers in the mountains of  Central Asia provide more than 70 per cent of  the water in the Indus 
and Amu Darya rivers. Glacial area has dropped by 35-50 per cent since the 1930s and hundreds 
of  small glaciers have already vanished. The Indus is critical to Pakistan’s food and water security 
- more than three-quarters of  Pakistanis live in the Indus basin and its water irrigates 80 per cent 
of  the nation’s cropland.” (Earth Policy Institute 2008).

Region Area (km2) Period Retreat Reference and Comments
Tian Shan 15 417 1930-

present
25-30% Yablokov (2004, 2006) Kutuzov (2005)

Ürümqi 
glacier

1950-2000 4.5 m/yr Li and others (2003, 2006)

Pamirs 12 260 1930-
present

30-35% Podrezov and others (2001)  Chub 
(2000)

Hindu Kush-Himalayan
The Himalayan glaciers are retreating at rates ranging from 10-60 m per year and many small 
glaciers (<0.2 sq km) have already disappeared – vertical shifts as great as 100 m have been 
recorded during the past 50 years and retreat rates of  30 m per year are common (Bajracharya 
and others 2007). The ice extent in the Himalayas is estimated to be about 33 050 km2. 
Observations of  individual glaciers indicate annual retreat rates varying from basin to basin.
(Zemp and Haeberli 2007). The Gangotri Glacier, which provides up to 70 per cent of  water in 
the Ganges, is retreating more than 35 m per year, nearly twice as fast as 20 years ago. If  it 
disappears, the Ganges will become seasonal, ceasing to flow during the dry season. The Ganges 
Basin is home to 407 million people and contains 40 per cent of  India’s irrigated cropland (Earth 
Policy Institute 2008).

Region Glacier Period Retreat Reference and Comments
Bhutan 1963-1993 Karma and others (2003). 

8% loss in area (146.87-134.94 km2) 
of  66  glaciers

Dudhi-Koshi Imja 1962-2006 1970 m 41 m/year during 1962-2001 and 
74 m/year during 2001-2006 
(Bajracharya and others 2007)

Himachal 
Pradesh

Chhota 
Shigri

1986-1995 6.7 m/yr IPCC (2007)

present 31 m/yr Hasnain (2007)

Bara Shigri 1890-1906 20 m/yr Mayekwski and Jeschke (1979)

1977-1995 36.1 m/yr IPCC (2007)

Triloknath 1969-1995 15.4 m/yr IPCC (2007)

Saichen Saichen 31.5 m/yr Vohra (1981)

Uttaranchal Gangotri 1935-1976 15 m/yr Vohra (1981)

1985-2001 23 m/yr IPCC (2007)

1780-2001 2000 m Kargel (2005)

Milam 1909-1984 13.2 m/yr IPCC (2007)

Pindari 1845-1966 23 m/yr Vohra (1981)

Dokriani 1992-2000 1.94 m 
thickness

Dobhal and others (2008)
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Pindari 1845-1966 135.2 m/yr IPCC (2007)

Ponting 1906-1957 5.1 m/yr IPCC (2007)

Jammu & Kashmir Kolhani 1857-1909 15 m/yr Mayekwski and Jeschke (1979)

1912-1961 16 m/yr Mayekwski and Jeschke (1979)

Machoi 1906-1957 8.1 m/yr Tiwari (1972)

Sikkim Zemu 1977-1984 27.7 m/yr IPCC (2007)

Basin
Glacier 

Numbers

Glacier Area
1962, 

2001/04 
(% loss)

Glacier Vol. 1962, 
2001/04
(% loss)

Reference and Comments

Chenab 359 1 414 1110 

(21)

157.6, 105.03 

(33.3)

Kulkarni (2007)

Parbati 88 488 379 (22) 58.5, 43 (26.5) Kulkarni (2007)

Baspa 19 173 140 (19) 19.1, 14.7 (23) Kulkarni (2007)

Tibetan
These glaciers that provide water to the Yangtze, Yellow, and Brahmaputra rivers are melting at an 

accelerating rate and two-thirds could be gone by 2060. This threatens China’s massive rice harvest, more 

than half  of  which is irrigated by the Yangtze River (Earth Policy Institute 2008).

Region
Glacier 

Area (km2)
Period % Loss Reference and Comments

Tibetan Plateau 

(surrounding areas)

59 400  

(5 600)

1650-1900 20 Retreat rate has increased in the 

past century, especially in the past 

10 years. About 90% of  glaciers are 

retreating. (Yao and others 1999, Liu 

and others 2006a).

Tibetan Plateau - 1986-2006 4.5 (CNCCC, 2007)

Tibetan Plateau 

(east slope of  

Xixiabangma 

Mountain)

-Glacier 

5O191B0029

- Glacier 

5O191C0009

20.3 (18.8)

6.9 (5.3)

1977-2003

1977-2003

7.3

22.9

Lengths of  two glaciers decreased 

by 1.22 km and 1.85 km, respectively, 

while the corresponding glacial lake 

areas increased by 1.79 km2 and 

1.97 km2 (Mool and others 2004)

Tibetan Plateau

(Far East Rongbuk 

Glacier)

length 1966-1997 Length decreased by 230 m. Ice net-

accumulation has decreased since 

1959 with a sharp decline in the 

1960s (Shugui and others 2000)

Central Tibetan 

Plateau

permafrost 1970-2000 Lower limit has 

risen by 71 m 

and sustained 

thickness 

decreased by 20 m

Permafrost areas are much larger 

than those covered by glaciers and 

perennial snow, especially in China 

(2.15 x 106 km2) (Wu and others 

2001, Jianchu and others 2007)

Western China 1950-2000 4.5%

82.2% of  glaciers 

are shrinking

Temperature increased by 0.2K 

per decade (Liu and others 2006a, 

2006b)



104aTmospheriC brown Clouds : 
regional assessment report with focus on asia

Pindari 1845-1966 135.2 m/yr IPCC (2007)

Ponting 1906-1957 5.1 m/yr IPCC (2007)

Jammu & Kashmir Kolhani 1857-1909 15 m/yr Mayekwski and Jeschke (1979)

1912-1961 16 m/yr Mayekwski and Jeschke (1979)

Machoi 1906-1957 8.1 m/yr Tiwari (1972)

Sikkim Zemu 1977-1984 27.7 m/yr IPCC (2007)

Basin
Glacier 

Numbers

Glacier Area
1962, 

2001/04 
(% loss)

Glacier Vol. 1962, 
2001/04
(% loss)

Reference and Comments

Chenab 359 1 414 1110 

(21)

157.6, 105.03 

(33.3)

Kulkarni (2007)

Parbati 88 488 379 (22) 58.5, 43 (26.5) Kulkarni (2007)
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Tibetan
These glaciers that provide water to the Yangtze, Yellow, and Brahmaputra rivers are melting at an 

accelerating rate and two-thirds could be gone by 2060. This threatens China’s massive rice harvest, more 

than half  of  which is irrigated by the Yangtze River (Earth Policy Institute 2008).
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past century, especially in the past 

10 years. About 90% of  glaciers are 

retreating. (Yao and others 1999, Liu 

and others 2006a).

Tibetan Plateau - 1986-2006 4.5 (CNCCC, 2007)
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5O191C0009

20.3 (18.8)

6.9 (5.3)
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Lengths of  two glaciers decreased 

by 1.22 km and 1.85 km, respectively, 

while the corresponding glacial lake 

areas increased by 1.79 km2 and 

1.97 km2 (Mool and others 2004)

Tibetan Plateau

(Far East Rongbuk 

Glacier)

length 1966-1997 Length decreased by 230 m. Ice net-

accumulation has decreased since 

1959 with a sharp decline in the 

1960s (Shugui and others 2000)

Central Tibetan 

Plateau

permafrost 1970-2000 Lower limit has 

risen by 71 m 

and sustained 

thickness 

decreased by 20 m

Permafrost areas are much larger 

than those covered by glaciers and 

perennial snow, especially in China 

(2.15 x 106 km2) (Wu and others 

2001, Jianchu and others 2007)

Western China 1950-2000 4.5%

82.2% of  glaciers 

are shrinking

Temperature increased by 0.2K 

per decade (Liu and others 2006a, 

2006b)

Figure 3.19 Change in the snow and glacier cover in the Western Himalayan region as shown in Landsat multispectral 
scanner (1972), thematic mapper (1989), and Enhanced Thematic Mapper Plus (2000) images. Areas outlined in red 
indicate information from the GLIMS database. (Source: Prasad and Singh 2007).

3.5.2 Recent studies on glacier
          retreat in India

Glaciers in the southern and central parts of  
the Himalayas are expected to be especially 
sensitive to atmospheric warming, due to 
their being summer-accumulation type 
(Ageta and Higuchi 1984). An increase in 
summer air temperature not only enhances 
ice melt but also significantly reduces the 
accumulation of  snow by altering snowfall to 
rain. In contrast, winter-accumulation type 
glaciers receive their main accumulation 
at lower temperatures and are thus less 
sensitive to an increase in air temperatures. 
Given the size and remoteness of  glaciers in 
the Himalayas, satellite imagery is a suitable 
means to obtain comprehensive regional 
estimates of  glacier mass balance (Bishop 
and others 2000). 

Kulkarni (2007) has used satellite and other 
data to make a detailed estimate of  changes 
in glacial extent, glacial mass balance and 
seasonal snow cover. This study estimated 
the retreat of  466 glaciers in the Chenab, 
Parbati and Baspa basins (all on the Indian 

side of  HKH) since 1962. Kulkarni (2007) 
showed an overall reduction in glaciers 
from 2 077 km2 to 1 628 km2 since 1962, 
amounting to an overall deglaciation of  21 
per cent. 

In Bhutan, glacier retreat shows a north-
south gradient with larger retreat rates in 
the south as the influence of  the monsoon 
decreases towards the north, according 
to studies conducted by Kaab (2005). He 
combined ASTER and SRTM (Shuttle Radar 
Topographic Mission) data to produce a 
synthetic digital elevation model and then 
mapped the contrasted dynamical behaviour 
of  north- and south-facing glaciers in 
the northernmost section of  the Bhutan 
Himalaya ridge (called ‘Lunana’; 28°N, 
90-91°E), separating the Tibetan plateau 
to the north from the Central Himalayas 
to the south. The northbound glacier 
tongues showed speeds of  several tens 
to over 200 m per year. They are almost 
debris-free as the ice flux drains the large 
accumulation areas through the northbound 
valleys, in order to keep the glacier in 
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geometric equilibrium. In contrast, the 
southern glaciers have high debris cover 
and a speed of  around 40 m per year near 
the tongues, which appear to be nearly 
stagnant. The response to atmospheric 
warming for these glacier tongues is down 
wasting - essentially decoupled from the 
dynamics of  upper glacier parts. Most of  
the Southern Himalaya glacier tongues, 
including the Gangotri glacier, Garhwal 
Himalaya, have loose contact with the upper 
parts and have become dead ice. As a 
consequence, moraine dammed glacier lakes 
are commonly formed at the glacier tongues 
(Tayal 2006). 

A significant relationship was developed 
by Kulkarni (1992) between specific mass 
balance and the accumulation area ratio 
(AAR) or the equilibrium line altitude (ELA), 
assuming that the snowline at the end of  
the melting season by mid-October indicates 
the ELA. Using this relationship, Kulkarni 
and others (2004) studied the Baspa basin 
glaciers, Western Himalayas, and has 
determined a specific mass balance of-0.9 
and -0.78 m/a w.e. (metre per annum water 
equivalent) for hydrological years between 
2000 and 2002. Nevertheless, Kulkarni 
and others (2007) studied 466 glaciers 
in Himachal Pradesh, Western Himalayas 
and reported a 21 per cent mass loss of  
glaciers between 1992 and 2007. Similarly, 
Berthier and others (2007) have combined 
SPOT 5 images and SRTM (Shuttle Radar 
Topographic Mission) data to derive five-
year specific mass balance of  915 km2 of  
glaciers in the Lahul-Spiti valley, Himachal 
Pradesh, Western Himalayas. The overall 
specific mass balance is -0.7 to -0.8 m/a 
w.e, showing that glaciers of  the Lahul-Spiti 
Valley are experiencing rapid ice loss. These 
losses are at least twice the average mass 
balance between 1977 and 1999 (-0.34 
m/a w.e.) for the Himalayas (Dyurgerov and 
Meier 2005), indicating a rapid increase 
of  glacier retreat in the valley. These two 

independent analysis by Kulkarni (2007) and 
Berthier (2007) suggest a rapid retreat rate 
of  glaciers (~ -0.8 m/a w.e.) in the Western 
Himalayas.

Field-based mass balance measurements 
on glaciers in India, unfortunately, were not 
done properly until the autumn of  2002 
when UNESCO-ICSI-FRIEND organized 
a training programme on mass balance 
for South Asian glaciologists at Chhota 
Shigri (benchmark glacier), on the specific 
recommendation of  what was then known as 
ICSI (the International Commission on Snow 
and Ice), now the International Association 
of  Cryospheric Sciences (IACS). The four-
year mass balance measurements (Wagnon 
and others 2007) indicated that the overall 
specific mass balance of  Chhota Shigri 
Glacier was mostly negative during the study 
period 2002-2005, and the annual values 
were -1.4, -1.2, +0.1, and -1.4 m w.e. in 
2002-2003, 2003-2004, 2004-2005, and 
2005-2006, respectively. The remote sensing 
estimates (Berthier and others 2007) in the 
Spiti-Lahaul regions showed between 1999 
and 2004 a clear thinning on most glaciers 
at low elevations (8-10 m below 4 400 m), 
even on debris-covered tongues. The overall 
specific mass balance was -0.7 to -0.8 m/a 
w.e. Both studies indicated an increase in 
the pace of  glacier wastage in the Western 
Himalayas.

Hasnain (2007) presented two-year mass 
balance results on the Chhota Shigri glacier 
at Ev-K2-CNR at the Himalayan–Karakoram 
ABC workshop in Rome in 2005. He reported 
that the ELA variation in 17 years, which was 
at 4 650 m in 1997 (DST project report), 
has moved to 5 180 m, giving an average 
rate of  upward shifting by 31 m per year. 
This result was also supported by the sharp 
decrease of  net mass balance of  the glacier. 
The glacier progressively became thinner 
at elevations below 4 400 m (8-10 m) in 
lower ablation region (Berthier and others 
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2005). Four years of  mass balance and 
surface speed measurements conducted 
on the Chhota Shigri glacier (Wagnon and 
others 2007) reported continuous negative 
mass balance and mean vertical gradient 
of  mass balance in the ablation zone 
(debris-free part) of  0.7 m w.e. per 100 
m. The glacier moved faster in the upper 
part and was almost stagnant with a < 25 
m per year speed, showing down wasting 
characteristics. Another field-based mass 
balance study was reported by Dobhal and 
others (2008) on the Dokriani glacier, Ganga 
basin, Garhwal Himalaya. They reported that 
between 1992 and 2000, the glacier has lost 
13.54 x 106 m3 (w.e.) in cumulative volume, 
equal to a thickness reduction of  1.94 m, 
since the glacier has an average thickness 
of  50-55 m. During the observation period, 
the ELA moved up from 5 030 to 5 095 
m a.s.l and the AAR fluctuated between 
0.67 and 0.70. The main concern (Hasnain 
2007) is that irreversible accelerated 
glacier down wasting, namely the melting, 
receding and ultimate decoupling from the 
dynamics of  upper glacier part, is taking 
place within the Himalayas. The pertinent 
meteorological variables driving mass 
balance losses across the Himalayan Arc 
are due to disruptions in precipitation and 
temperature regimes. The down wasting of  
Indian glaciers in the Southern Himalayas 
will bear heavily on the region’s drinking 
water supply and on irrigation and power 
for agricultural production. For an energy-
constrained economy like India, the prospect 
of  diminishing river flows in the future 
and the possibility that energy potential 
from hydropower may not be achieved will 
have far-reaching economic consequences. 
Another source of  immediate concern 
is the danger of  GLOFs, which cause 
catastrophic discharges from the failure of  
temporary glacial lakes dammed by loose 
earth (moraines) materials formed by the 
rapidly melting glacier ice. Observations 

indicate that the frequency of  GLOFs in the 
Eastern Himalayas, including Nepal, Sikkim 
and Bhutan, has increased during the last 
decade of  the 20th century and threatens the 
very existence of  many hydropower plants 
constructed recently on the Himalayan 
rivers.

3.5.3 Recent studies on glacier 
          retreat in China 

Systematic studies on the observations of  
cryospheric components (glaciers, frozen 
grounds, snow cover, and sea ice and river 
ice) started in China in the late 1950s. There 
are 46 000 plus glaciers in China, located 
in Qinghai-Xizang (Tibetan) plateau (QXP), 
with an area of  about 59 000 km2 and an 
ice volume of  approximately 55 000 km3. 
Permafrost and seasonally frozen ground 
cover an area of  1.49x106 km2 and 5.26x106 
km2, respectively. Snow-covered area is about 
9.0x106 km2, of  which over 4.8x106 km2 
consists of  unstable snow cover (duration < 
20 days) (Xiao and others 2008). Seasonal 
sea ice forms in the Bohai Sea and the 
northern Yellow Sea of  China in mid-to-late 
November, reaches to its maximum area in 
late January to early February and melts 
away in late March. River ice forms in most 
of  the rivers in North China, such as the 
Yellow River and Nenjiang River. 

More than 80 per cent of  the glaciers in 
China are retreating, all parts of  frozen 
grounds (including permafrost) are decaying, 
river ice and sea ice durations are becoming 
shorter and their extents are becoming 
smaller. The number of  frost days (a day 
with minimum daily temperature below 
0°C) in China shows a decreasing trend 
over 1911-1999 with a rate of  2.4 days per 
decade, amounting to a total of  12 days 
over the past 50 years (Zhai and Pan 2003). 
The start dates of  frost are moving later 
and the end dates of  frost in spring are 
moving earlier. The decrease in frost dates 
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is especially prominent in East china and 
the North part of  Xinjing (Xiao and others 
2008). The number of  hailstone days in the 
past 40 years shows a general decreasing 
trend with a rapidly decreasing trend after 
1990. The decrease in the cold air masses 
under the background of  global warming 
could be the major reason for the decrease 
in the hailstone days (Xiao and others 2008).

In the 20th Century, the glaciers in high 
mountains in China have retreated markedly 
with climate warming. Liu and others 
(2006a) showed that about 82.2 per 
cent of  the glaciers over Western China 
are shrinking, with the total glacial area 
decreasing by about 4.5 per cent from the 
1950s, the temperature increasing by about 
0.2K per decade and precipitation increasing 
by about 18 per cent. The decrease in glacial 
volume is estimated to be about 500 km3 
in China over the past 40 years (Xiao and 
others 2008). Most of  the detailed mass 
balance studies in China focused on the 
Ürümqi benchmark glacier (UBMG), which 
is about 120 km southwest of  Ürümqi. 
This glacier is located at the headwater 
of  the Ürümqi River in Northwest China 
in the Tian-Shan mountain range (43.9ºN, 
87.4ºE). Wang (2007 in Chinese) suggested 
that the UBMG shrank by about 0.27 km2 
from 1962 to 2006, with the accelerated 
mass loss since 1995, and during the past 
50 years remarkable changes occurred on 
the glacier, including snow-firn stratigraphy, 
composition of  granular snow, glacial zone, 
glacial temperature (borehole temperature), 
glacier area, and glacier terminus position.  
Long-term observations of  UBMG analyzed 
by Li and others (2003 in Chinese) and Li 
and others (2006 in Chinese) showed that 
the retreat of  UBMG can be traced back to 
1959, when the observation started. During 
the past 50 years, the UBMG retreated 
by about 139.72 m, at a retreat rate of  
about 4.5 m per year. During the period 
1962-2004, the retreat rate was about 7.8 

and 10.5 per cent for the east branch and 
west branch, respectively. The west branch 
and east branch of  the ice tongues totally 
separated in 1993. From 1993 to 2004, the 
east branch retreated by 38.7 m (~3.5 m 
per year) and the west branch retreated by 
about 64.1 m (~5.8 m per year). Maximum 
retreat was found at the western branch, 
about 6.92 m and 6.95 m in 1999 and 
2000, respectively. The area of  UBMG 
shrank by about 0.16 km2 from 1992 to 
2006, with the rate of  retreat showing an 
increasing trend. The mass balance showed 
a negative trend since 1997. The thickness 
of  the UBMG decreased by about 12 m 
during the past 50 years, which is a volume 
loss of  about 20 620 000 m3. Li and others 
(2003, in Chinese) suggested that these 
changes closely related to temperature 
rise and increasing pollution in the area. 
Glacier retreat appeared throughout the 
entire period of  observations and showed 
accelerated tendency during the past 20 
years, particularly after 1995. In addition 
to summer temperature increase, two 
additional reasons may also be responsible 
for the acceleration of  the melting. One is 
the glacial temperature rise, which may 
reduce the cold reserve in the glacier and 
thus increase the sensitivity of  the glacier 
to air temperature rise. The other is the 
decrease of  albedo on the glacier surface, 
which evidently enhances absorption of  
radiation. The acceleration of  glacier retreat 
and increase of  snow melt water have been 
found to result in the increased frequency 
of  snow-ice disasters, such as glacier debris 
flow and glacier flash flood (Shen and others 
2007).

Observations of  snow at 72 weather stations 
at the Tibetan Plateau showed a decreasing 
trend during the 1990s (Dong and others 
2002 in Chinese). Pu and others (2004 in 
Chinese) showed that the decreasing trend 
of  the glacial area over the Qinghai-Tibetan 
Plateau has been accelerating during the 
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past century, with large variations over the 
eastern edge and southern edge of  the 
Tibetan Plateau. By analyzing the elemental 
carbon (EC) and OC concentrations in snow 
and ice in the Tibetan Plateau, Liu and 
others (2006c in Chinese) found that the EC 
concentration was about 79.2 ng/g in the 
northeastern part of  the plateau, gradually 
decreasing toward the western and southern 
parts of  the plateau. The EC concentration in 
the Western Himalayas was the lowest, with 
a value of  around 4.3 ng/g. It was suggested 
by the authors that the deposition of  BC 
aerosols on the snow leads to increased EC 
concentration in the snow, which decreases 
snow albedo and increases glacial melt. 
Using remote sensing, Liu and others (2004 
in Chinese) showed that the ice caps in 
the northern Tibetan Plateau presented a 
decreasing trend from 1971 to 2000. Liu 
and others (2005 in Chinese) also found that 
from the early part of  the 20th century up to 
1980, the glacial area over the southeastern 
Tibetan Plateau decreased by about 13.8 per 
cent, total mass decreased by 9.8 per cent, 
and mass loss was about 249.2 x 108 m3. 

The change in river ice of  the Inner-Mongolia 
section of  the Yellow river shows that the 
freeze-up dates are 5 days later and the 
break-up days are 3 days earlier in the 
1990s than that of  1950s-1990s average, 
while the maximum ice thickness are 0.16 
m thinner in the 1990s than the average 
(Xiao and others 2007). Likewise, at Fulaerji 
of  Nenjiang River, freeze-up date is 6 days 
later and break-up date is 2.5 days earlier, 
and the maximum ice thickness is 0.21 
m thinner in the 1990s than the average 
(Xiao and others 2008). The region where 
Nenjiang and Songhuajing rivers are located 
experience a significant increase in air 
temperature during 1959-2002 – annual 
mean air temperature increased by 0.48oC 
per year and winter air temperatures 
increase by 0.72oC per year (Sun and Yuan 
2005).

The annual total glacier melt water runoff  
in China was estimated to be 56.3 km3 
(Yang 1991) - recently modified as 60.4 km3 
(Kang and others 2000 and Xie and others 
2006) – which is close to total annual runoff  
of  the Yellow River. It is about 2 per cent 
of  total runoff  in China and 13 per cent 
of  total run off  in Western China (Gansu, 
Quinghai, Xinjiang and Tibet). In fact, the 
glacial water resource is very important to 
the arid inland, mainly northwest China. 
The annual glacial melt water has been 
increasing since the 1980s. Xiao and others 
(2008) estimated that the supply of  glacial 
runoff  water reached more than 5.5 per cent 
in the 1990s. The glacial volume decrease 
results in increasing melt water runoff  in the 
rivers. The average glacial volume decrease 
of  500 km3 over past 40 years is equal to 
the sum of  6 years of  the total runoff  in 
Xinjiang River. The river run off  in Xinjiang, 
Tarim (Tarim basin is the most glacier 
concentrated area in the High Asia in China) 
and Aksu Rivers has increased significantly. 
According to Shi and others (2002), the 
runoff  in the Tarim River basin increased 
from 31 km3 to 35 km3 in the 1990s, which 
is equal to a runoff  increase of  13 per cent. 
Climate warming and wetting are the major 
causes of  the runoff  increase in the Tarim 
basin, the study concludes. The runoff  in 
the Xinjiang has increased by about 32 per 
cent since the 1980s which is equal to an 
increase of  16 per cent per decade (Ye and 
others 1999).

Trends in Tibetan Snow Cover: The snow 
cover on the QXP exerts a large impact on 
the monsoon onset and its northern extent, 
which determines the drought events or 
floods in the middle-low reaches of  the 
Yangtze River. The monsoon development 
in turn influences the amount of  snow 
cover over the plateau. The geographical 
distribution, spatial and temporal 
variabilities of  snow cover in western China 
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between 1951 and 1997 show that the 
snow cover fluctuates around the mean, 
alternating between heavy and light snow 
cover but the annual amplitude of  show-
cover variability in the QXP has increased 
significantly since 1980s. Both extremely 
heavy and light snow-cover years occurred 
more frequently. Snow cover extent over QXP 
shows an increasing trend, which appears 
different from the overall trends of  Eurasian 
continent (Xiao and others 2008). The 
negative trend in Tibetan snow cover is part 
of  an overall trend in Eurasian areal snow 
extent which witnessed  a decrease of  14 per 
cent since 1979.

The frozen ground, including permafrost, 
has been decaying both in QXP and 
Northeast China. The permafrost 
temperatures measured at many locations, 
since as early as 1964, show increasing 
ground temperatures at different depths. 
The soil temperatures observed in a 35 
m deep hole at Fenghuoshan of  Central 
QXP showed stable temperatures between 
1964 and 1884, but there was a warming 
trend for soil temperature at 20 m below 
the surface after mid-1980s (Zhang 2000). 
Permafrost temperatures increased about 
0.2°C to 0.5°C from 1970s to 1990s over the 
hinterland of  the QXP, 0.2°C to 0.4°C from 
1973 to 2002 at 16 m to 20 m depths in the 
Tianshan Mountain region (Zhao and others 
2003, Zhao and others 2004). The increase 
of  ground surface temperatures is more 
significant than the air temperatures (Xiao 
and others 2008). Over the QXP, the duration 
of  seasonally frozen ground shortened by 
more than 20 days from 1967 through 1997, 
mainly due to earlier onset of  thaw in spring. 
The average depth reached by the freezing 
front in North Xinjiang has decreased by 
16.4 cm during the period 1961-2002 (Wang 
and others 2005).

3.5.4 Attribution
The fundamental source of  moisture for the 

HKH/Tibetan glaciers is  snowfall during 
the summer associated with the monsoon 
flows and during the winter time, which is 
associated with the mid-latitude jet stream 
that extends southwards to about 35°N 
during the winter (Figure 3.20).  Greenhouse 
warming can affect both the winter and 
summer snowfall. Most GCMs predict that 
the greenhouse warming could lead to more 
precipitation which, by itself, should increase 
accumulation of  snow in the glaciers. Air 
temperatures at elevated levels (where 
glaciers form) have a major influence on the 
ablation of  glaciers. Greenhouse warming 
of  the atmosphere can enhance ablation. In 
addition, atmospheric warming decreases 
snow accumulation in major ways. As the 
atmosphere warms, more precipitation 
can fall as rain, thus shrinking the snow 
accumulation season. In addition, the snow 
melts earlier in the season which will lead to 
shrinking.

ABCs influence glacier retreat in three 
major ways.  First, the decrease in the 
Indian summer monsoon could lead to less 
accumulation in the Eastern Himalayas. 
Next, BC solar heating should warm the 
atmosphere at elevated levels which, in turn, 
should speed up ablation and lead to more 
rainfall than snowfall and to earlier melting 
of  snow in the season.  Third, BC deposition 
on snow packs and ice should increase solar 
heating of  the surface and enhance the 
melting rate. 

Decrease of monsoon rainfall
The decrease of  the Indian summer 
monsoon rainfall by 5-7 per cent may be an 
important contributor to the glacier retreat, 
particularly since the major part of  this 
decrease occurred over the Indo-Gangetic 
Plain and the northern parts of  South Asia 
(Figures 3.8 and 3.10).  The decrease over 
the Indo-Nepalese region is over 1.2 mm per 
day from 1950 to 2002, which is a decrease 
of  10-20 per cent in the summer mean 
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Figure 3.20 A schematic of how precipitation from a monsoon during the summer and westerlies in winter 
feeds the glaciers. The westerly jet location is shown for summer, but during winter it moves southward toward 
the Himalayas (Source: ICIMOD 2007).

rainfall (also see Figure 3.10d).

Solar heating of the atmosphere by BC  
Most of  the studies, if  not all, attribute 
the retreat of  the Himalayan glaciers to 
rising air temperatures (Thompson and 
others 2003, Yao 2004, Barnett and others 
2005).  Specifically, Yao (2004) suggested 
that global warming caused a decrease of  
about 7 per cent of  the glacial area in China. 
The warming is much more pronounced 
in elevated levels of  the HKH region. The 
warming trend at elevated regions (>3 km) 
is as much as 0.25˚C per decade since 
the 1950s. The larger warming trend at 
higher altitudes has a two-fold impact on 
the mass balance of  the glaciers. First, 
warmer temperatures lead to enhanced 
melting. Second, they can cause more of  the 
precipitation to fall as rain rather than as 
snow. It is well known that GHG forcing leads 

to a warming of  the atmosphere as well as 
surface warming. However, the influence 
of  ABCs on atmospheric warming is only 
now being recognized, in part because of  
the lack of  direct observations of  ABC-
induced solar heating of  the atmosphere. 
ABC solar heating has been measured 
directly (Ramanathan and others 2007b) 
with vertically stacked unmanned aircrafts 
equipped with aerosol and radiation 
instruments, and the data confirm that 
ABCs with optical depths as low as 0.2 and 
absorbing optical depths as low as 0.02 
are sufficient to enhance atmospheric solar 
heating by as much as 50 per cent (Figure 
3.21). New satellite LIDAR observations 
reveal for the first time (Figure 3.22) that 
3-km thick ABCs surround the HKH from 
both the South Asian and the East Asian 
sides, thus subjecting the air surrounding 
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the HKH to intense solar heating. Coupled 
Ocean-Atmosphere GCMs with both GHG and 
ABC forcing (Ramanathan and others 2005, 
Ramanathan and others 2007b, Meehl and 
others 2008) suggest that the ABC solar 
heating amplifies GHG warming by a factor 
of  2 at elevated levels (3-6 km) (See Figure 

Figure 3.21  Vertical distribution of UAV observations. The MAC period was divided into two periods. Period 
1 covered 4–16 March, when aerosol was mainly below 1 km; period 2 covered 19–29 March, when aerosol 
was elevated. (a) Aerosol absorption coefficient, (b) Diurnally averaged solar heating rate H for period 1. The 
instantaneous fluxes were normalized to diurnal average solar fluxes using MACR simulations to obtain diurnal 
mean H. The vertical bar shows the layer depth; the horizontal bar shows the variations between flight legs, 
with each flight lasting about 25 min; solid circles are observed values and diamonds are simulated values by 
MACR. The observation dates are shown (for example, 0313 denotes 13 March). (c) As for b but for period 
2. (d) Difference in the vertically (0.5–3 km) averaged H between period 2 and period 1. The green line is the 
MACR profile for DH. The spatial average over the Indian Ocean and Southern Asia of the specified CCM3 
ABC heating is also shown (GCM). The uncertainty in H is 0.3K per day for period 1 and 0.2K per day for period 
2. All uncertainty estimates, including those in the text, are 2s values. (Ramanathan and others 2007b).

3.23).

It is important to note that these simulations 
do not contradict the surface cooling 
effect of  ABCs. In fact, in the simulations, 
ABCs cooled the surface over most of  the 
plains in Asia, while warming the overlying 
free atmosphere. Surface cooling and 
atmospheric warming are two sides of  the 
same energy-balance coin: absorption by 

ABCs causes solar radiation that otherwise 
would have warmed the surface to instead 
warm the free atmosphere from 1-5 km 
above the surface. In addition, the ABC-
induced warming is due to air pollution 
originating from all of  Asia and not just 
South Asia, as can be seen almost every day 
from satellite sensors (Figure 3.22).

a b c d
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Figure 3.22 Colour-coded profiles of 532 nm backscatter return signal from the CALIPSO lidar showing the 
vertical distribution of ABCs. The panel on the right shows the orbit track across Asia and on the left the vertical 
extent of the aerosol is shown for the blue-shaded portion of each track. The colour scale was chosen so 
that aerosol usually shows up in green, yellow and red (for low, medium and high loadings, respectively) and 
boundary layer clouds usually show up as grey or white. Cirrus usually ranges from yellow to grey. Sample 
profiles are shown for four months of the dry season that extends from November to May. The Takla Makan 
desert is in Northwestern China between 37oN and 41oN and 77oE to 90oE. Hml., Himalayas. (Ramanathan and 
others 2007b).
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Figure 3.23 The ratio of the simulated warming due to ABCs with that due to GHGs increased in the 1950-2000 
period. a) March to August  average ratio for the 500 hPa (or 500 mb) level (approx. 5 km); b) Annual mean 
ratio for the 700 hPa (or 700mb; about 3 km a.s.l.) level. (Source: Ramanathan and others 2007b).

BC deposition on snow
The major means for the removal of  
black carbon and other particles from the 
atmosphere is through washout in rain and 
snow. When soot is deposited over snow 
and sea ice, it can significantly enhance 
solar absorption by snow and sea ice and 
accelerate the melting of  snow and glacier 
ice (Clarke and Noone 1985, Warren and 

Wiscombe 1985, Hansen and Nazrenko 
2004). Recent studies suggest this as one 
of  the major factors for the retreat of  the 
Arctic sea ice and glaciers (Flanner and 
others 2007). Flanner and others’ (2007) 
simulations showed that deposition of  
BC from sources in North America and 
Europe over the Arctic sea ice is a major 
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contributor to the warming trend (about 
1.5K) and the observed retreat (about 25 
per cent). In addition, this study estimated 
BC-induced reduction of  snow albedo as 
a major forcing term in the Tibetan side 
of  the Himalayas. The Himalayan regions 
have received little attention with regards 
to the deposition of  various chemical 
species. Ice cores can provide long-term 
records of  the deposition of  pollutants. On 
the observational side, Ming and others 
(2008) have reported (perhaps for the first 
time) a time series of  BC deposition in the 
Himalayan glaciers (location shown in Figure 

3.24). The concentrations ranged from 10-50 
µg/kg and the highest values were recorded 
during the 1995-2005 decade (Figure 3.25). 
These ice core observations from the past 
50 years support ABC observations of  
large BC concentrations in the foothills of  
the Himalayas and at elevated sites. The 
EC and OC particles in snow from different 
glaciers in Tibet show a decreasing trend 
from east to west and from north to south on 
the plateau (highest EC of  79.2 ng/g in the 
northeast region and the lowest, 4.3 ng/g 
in the Western Himalayas) (Xu and others 
2006b). 

Figure 3.24 Location map of ERIC2002C drilling site (Source: Ming and others 
2008).
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Figure 3.25 (a) The time-series of BC concentration profile for sections in ERIC2002C. Error bars are 
presented as solid red lines with middle dots, and the thick solid blue curve is smooth average; (b) the box plot 
of BC concentration in ERIC2002C for the time periods 1951–1976 (N=58), 1977–1994 (N=47), and 1995–
2002 (N=35), and some outliers. Percentiles of BC concentrations (95, 75, 50, 25 and 0) are shown as cross 
symbols. Dramatic increase could be seen since the mid-1990s (Source: Ming and others 2008).

Large concentrations of  ABCs ranging from 
500 to 1 000 ng/m3 have been recorded 
(Ramanathan and others 2007a) throughout 
the year by ABC observatories in the foothills 
region of  the lower Himalayas in Nepal 
(ABC Nepal site observations reported in 
Ramana and others 2004, Ramanathan 
and Ramana, 2005) and from 200 to 5 000 
ng/m3 in the foothills of  Mt Everest (Nepal 
Climate Observatory at Pyramid - NCO-P 
observations; Figure 3.26 from Bonasoni and 
others 2008). The 2007 mean monthly BC 
concentration at NCO-P ranged between 20 
and 400 ng/m3 (BC mode from 20 to 240 
ng/m3), suggesting that this high mountain 
area can be affected by local, regional or 
long-range transport of  polluted air masses, 
in particular during the dry season when 
polluted air masses coming from South Asia 
(that is, Nepal, India, Pakistan) increase 
background concentrations (observations 
at ABC Nepal Climate Observatory at 
Pyramid; Figure 3.26, from Bonasoni and 
others 2007). Surface observations in China 
over elevated sites in Tibetan plateau also 

supported large BC values leading up to the 
Himalayas. Based on measurements of  black 
carbon from July 1994 to December 1995 
at Mt. Waliguan Observatory (GAW global 
and regional baseline station in China), Tang 
and others (1999 in Chinese) showed that 
the monthly mean BC concentration at Mt. 
Waliguan varied in the range 130-300 ng/m3, 
which was much lower than that of  Eastern 
China. Background BC concentrations at 
Mt. Waliguan derived from the mode values 
of  the most frequency statistics were in 
the 50-120 ng/m3 range. Variations of  
BC concentration at this remote station 
are largely influenced by the transport of  
air pollution from industrial and densely 
populated areas, and they vary obviously 
with the ground wind direction. A recent 
study by Peng (2007) showed that BC 
concentration at Mt. Waliguan Observatory 
gradually increased during the past decade. 
Slight surface melting resulted in fresh 
snow getting dirtier, suggesting that surface 
snow melting can reduce albedo due to the 
accumulation of  carbonaceous particles.
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Figure 3.26 Black carbon (BC) concentration measured at the Nepal Climate Observatory – Pyramid (5079 m 
asl) during February 2006-October 2007 by EV-K2-CNR. (Source: Bonasoni and others 2008).

Other species deposited on the snow or 
ice also provide important insights into 
the influence of  anthropogenic sources 
in the Himalayan glaciers. The CALIPSO 
(Cloud-Aerosol Lidar and Infrared Pathfinder 
Satellite Observation) observations have 
revealed that summertime dust storms 
occur more frequently than previously 
found from surface observations. The dust 
plumes probably originate from the nearby 
Taklamakan desert and accumulate over the 
northern slopes of  the plateau. The dust 
layers appear most frequently around 4-7 
km above mean sea level (Huang and others 
2007). The snow chemistry from the East 
Rongbuk glacier in the northern slope of  
the Mt. Everest and Khumbu region in the 
southern slope show higher calcium (Ca2+) 
concentrations (~ an order of  magnitude) 
higher in non-monsoon snow compared 
to monsoon snow (Kang and others 
2004, Hidy 2003). A doubling of  chloride 
concentrations and a four-fold increase 
in dust in the ice core from the Dasuopu 
glacier have been reported and attributed 
to an increase in anthropogenic activities in 
South Asia in the 20th century (Thompson 
and others 2000). Dust storms can affect 
the radiation balance in the region because 

dust particles both absorb and scatter solar 
radiation. The d18qO concentrations (a proxy 
for temperature) are strongly positively 
correlated to dust concentrations, implying 
a direct link between warming and increased 
atmospheric dustiness (Thompson and 
others 2000). 

As revealed by ice core records from the 
Dasuopu glacier covering the period A.D. 
1000-1997, sulphate concentrations 
deposited on the Himalayan glaciers were 
relatively low and constant prior to 1870, 
but thereafter concentrations increased 
(Duan and others 2007). Since 1930 the rate 
of  increase accelerated rapidly. Sulphate 
concentration deposited in the past 50 years 
exceeded that for any 50-year period in the 
last millennium. Since 1886, concentrations 
of  chloride, nitrate and sulphate have 
doubled and dust concentrations have 
quadrupled, as shown by ice core records 
from the Dasuopu glacier (Thompson and 
others 2000). High mountains may serve as 
condensers for persistent organic pollutants 
(POPs).  HCB (hexachlorobenzene) 
concentrations in ice and snow samples 
from the same glacier have been found in the 
range 0.04-0.07 ng per litre, while total DDT 
(dichloro diphenyl trichloroethane) was in the 
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range 0.15-0.3 ng per litre (Wang and others 
2008a). The levels of  OCPs (organochlorine 
pesticides) and PAHs (polycyclic aromatic 
hydrocarbons) were roughly similar to values 
from European mountain areas but lower 
than those from the Lys glacier in Italy 
and the Rocky Mountain glacier (Wang and 
others 2008b). The ice core records from 
the East Rongbuk glacier showed that the 
total DDT concentrations reached maxima 
(~ 2 ng per litre) in the mid-1970s and 
decreased after the 1990s, corresponding 
respectively to the peak of  malaria cases in 
India in 1976 and the ban of  DDT in India 
in 1989 (Wang and others 2008b). Total 
polycylic aromatic hydrocarbons (PAHs) 
concentrations sharply increased after 1990 
and the peak (~100 ng per litre in the late 
1990s) corresponded to the start of  the 
rapid industrialization and urbanization in 
India. Note that soil and grass samples from 
an elevation ranging from 4 700 to 5 620 
m in the Mt. Qomolangma (Everest) area in 
China also showed increasing trends in HCHs 
(hexachlorocyclohexanes) and DDT in the 
region (Wang and others 2007). PAHs were 
dominantly pyrogenic in source and mainly 
came from the incomplete combustion 
of  coal and biomass burning. Incomplete 
combustion of  fuel also resulted in BC 

emission. Good correlations among PAHs, 
non-sea salt sulphate (nssSO4

2-) and micro-
particles in snow samples showed that the 
origins of  the PAHs and nssSO4

2- are often 
the same. The Himalayan spruce needle 
samples from the Zhangmu-Nyalam region 
(Central Himalayas) indicate that petroleum 
combustion, vehicle emission and low-
temperature combustion might be major 
sources of  PAH in the region (Wang and 
others 2006b). 

Lastly, observations in the ABC site in 
Maldives also show efficient removal of  black 
carbon by rainfall (H. Rodhe and L. Granat 
private communication), thus implying that 
BC is removed efficiently by precipitation 
(both as snowfall and rainfall). These surface 
observations support the evidence for 
large BC deposition in snow over the HKH 
snow packs and glaciers. BC-induced solar 
warming of  the atmosphere and surface 
heating of  snow and ice by BC deposition are 
likely to be of  the same magnitude as the 
GHG forcing in the retreat of  the Himalayan 
glaciers and the Arctic sea ice. In summary, 
recent studies provide strong observational 
evidence and modelling support that BC and 
GHGs are working together to accelerate the 
retreat of  the Himalayan glaciers.
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ThE IMPACT Of ThE GROUND 
LEVEL OzONE COMPONENT Of 
ABCs ON AGRICULTURE 

1. Ozone concentrations vary across 
Asia as a result of regional and local scale 
variations in precursor emissions and 
atmospheric circulation patterns. Ozone 
concentrations across Asia appear to 
follow a well-defined annual profile with 
two ozone peaks (during spring and 
autumn, when ozone concentrations 
commonly reach monthly mean values 
of  50 and 40 ppb, respectively) and a 
mid-summer trough associated with the 
main monsoon season, when monthly 
mean ozone concentrations are reduced 
to approximately 30 ppb. However, these 
values vary considerably depending on 
geographical location and proximity to 
pollutant sources.

2. There currently exist only a few unevenly 
distributed ozone monitoring sites across 
the whole of Asia, making it difficult to 
obtain a true picture of the current Asian 
ozone climate and how this varies by 
geographical characteristics (for example, 
sub-urban, rural, remote). To aid future 
ozone-based risk assessments, a more 
evenly and densely populated monitoring 
network should be established.

3. A large number of experimental studies
using a variety of experimental techniques 
(fumigation, filtration, chemical protectant 
and transect studies) have been conducted 
on major crops in Asia. The studies 
suggest that growing season mean ozone 
concentrations in the range 30-45 ppb 
could see crop yield losses in the region 
of 10-40 per cent for sensitive cultivars 
of important Asian crops (that is, wheat, 
rice and legumes). In comparison, IPCC 
(2007) projects decreases of  only 2.5-10 

per cent in crop yield for parts of  Asia in 
the 2020s and a 5-30 per cent decrease 
in the 2050s, compared with 1990 levels, 
without carbon dioxide (CO2) effects.

4. Pooling experimental data on the
impact of ozone on crops in Asia allows 
comparison with European and North 
American dose-response relationships. 
These comparisons would suggest that 
Asian grown crop varieties are more 
sensitive to ozone. This could be due 
to varietal differences, predisposing 
environmental conditions or pollutant 
exposure characteristics. However, 
these data should be interpreted with 
caution given the heterogeneity in the 
experimental methods used in their 
derivation of  the Asian data.

5. Given the annual variability in ozone
concentrations, it is important to consider 
the growing seasons and developmental 
stages of the main Asian crops and to 
identify those that are likely to be exposed 
to higher ozone concentrations and 
therefore could be more susceptible to 
ozone damage. For example, the sensitive 
grain filling period for wheat occurs during 
February-March across much of  Asia, 
coinciding with periods of  high ozone 
concentration.

6. Economic loss estimates due to ozone 
impacts on crops have only been recently 
conducted for East Asia, using North 
American dose-response relationships. A 
study estimated losses of  four key crops 
(wheat, rice, corn and soybean) at US$ 5 
billion in Japan, South Korea and China; 
these economic losses were attributed to 
percentage yield losses of  up to 9 per cent 
for cereal crops and 23-27 per cent for 
soybean (Wang and Mauzerall 2004).
 

TECHNICAL SummAry
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7. Global ozone projections suggest that
some of the largest increases in ozone 
concentration will occur in South and 
Southeast Asia from now until 2030. 
Such projections would see South Asia 
becoming the most ozone polluted 
region in the world, with annual surface 
mean concentrations reaching 52.2 ppb 
(Dentener and others 2006).

8. The impacts of current and projected 
ozone concentrations therefore need to 
be considered within the broader context 
of impacts on agriculture under climate 
change, as well as consideration of how 
climate change may influence crop 
sensitivity to ozone (through alterations 
in temperature, atmospheric humidity 
and soil moisture). Atmospheric brown 
clouds (ABCs) will also influence 
radiation and precipitation patterns 
across the region. New flux-based risk 
assessment methods offer an opportunity 
to assess the interactions of  these 
various environmental stresses and the 
consequent effects on crop productivity.

9. Although many experimental studies 
have been conducted to assess the 
impacts of ozone on a variety of different 
crops and cultivars, these have not 
been performed according to common 
experimental protocols, making it difficult 
to construct dose-response relationships. 
A coordinated pan-Asian experimental 
programme would add greatly to our 
understanding of  the impact of  ozone on 
crops and cultivars that are representative 
of  the region.

CLIMATE-RELATED IMPACTS Of 
ABCs ON AGRICULTURE IN ASIA

10. Growth of agricultural output in China 
and India has slowed down since the mid-
1980s. For example, while rice harvest 
in India increased annually by about 
3.2 per cent between 1961 and 1984, it 
has grown by only 2.4 per cent annually 
since then. In China, the average annual 
growth rates changed from 5.4 to 0.2 per 
cent during the same period. For Asia 
as a whole, annual growth rates have 
decreased from 3.5 to 1.3 per cent.

11. Research on the agricultural impacts 
of ABCs is very limited compared to 
research on the agricultural impacts 
of climate change caused by elevated 
greenhouse gas (GhG) concentrations. 
Although not focused on ABCs, the 
latter research has generated results 
that provide insights into the likely 
impacts in Asia of  ABC-induced drying 
(reduced rainfall) and cooling (reduced 
temperatures, especially at night). In 
the case of  rice, which is the most 
important food crop in Asia, this research 
indicates that drying can be expected to 
reduce agricultural output, while cooling 
can be expected to raise it by partially 
offsetting GHG warming. Other research 
has found that ABC-induced dimming 
(reduced surface radiation) likely reduces 
agricultural output. The indirect (that is, 
climate-related) impacts of  ABCs are thus 
complex and are distinct from, though 
inter-related with, those of  GHGs.

12. The impacts of drying, cooling and 
dimming on Asian agriculture must be 
analyzed jointly, not individually. This 
follows from evidence that these impacts 
can be in different directions (that is, 
negative or positive). Focusing impact 
studies solely on a single impact of  
ABCs, such as dimming, results in biased 
impact estimates.   
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13. Impact studies should consider the 
farmers’ ability to adapt to worsening 
environmental conditions to prevent 
overestimating damages under given 
climate scenarios. This is another 
implication of  research on GHG impacts, 
which has relied mostly on statistical 
models of  farmers’ behaviour that 
are based on historical observations. 
Statistical models can account for 
farmers’ decision-making in response to 
changes not only concerned with climate 
but also with economic conditions, 
enabling more realistic estimates of  
impacts and a more realistic portrayal 
of  adaptation possibilities. Laboratory 
studies of  plant responses to altered 
growing conditions cannot provide such 
information.

14. There have been very few studies on 
the joint impacts of climate change on 
agriculture due to the build-up of GhGs 
and ABCs. The only published statistical 
study on this focused on wet-season 
rice in India. It found that reductions in 
ABCs would have resulted in significantly 
higher wet-season rice harvests in 
India during the period 1985-1998, 
suggesting that ABCs contributed to the 
well-known slowdown in agriculture in 
Asia. The increase, nearly 11 per cent 
higher on average, would have been 
even larger (14 per cent) if  GHGs were 
simultaneously reduced. Without ABCs 
and GHGs, the average annual rice 
output for these states during the period 
1985-1998 would have been roughly 
6.2 million tonnes higher, which is equal 
to the total annual consumption of  72 
million people. The impact of  drying 
outweighed the impacts of  cooling and 
dimming, although the study might have 
underestimated the latter.The study also 
ignored direct pollution damage caused 
by pollutants linked to ABCs via common 
emission sources or chemical reactions 
in the atmosphere (such as ozone). Two-

thirds of  the harvest impact were related to 
farmer behaviour (that is, changes in area), 
with only one-third coming from changes in 
yields.

15. future studies should focus on 
understanding the impacts of ABCs in 
a larger number of locations. A major 
effort on data collection at the farm level 
is necessary to better understand the 
direct (pollution damage) and indirect 
(climate-related) impacts of ABCs in a field 
setting. Farm level studies would allow 
for disentangling the direct and indirect 
impacts of  ABCs, which is pertinent to 
policy responses related to pollution 
control measures. Such studies would 
advance the understanding of  farmer 
responses. Data would need to be collected 
from a wide variety of  sites over several 
years.

16. Dynamic crop simulation models 
are effective tools to assess the impacts 
of ABC on crop yield. The effects of  ABC 
are mediated through increase in diffuse 
radiation, decrease in direct radiation and 
cooling effect. All these are important 
weather variables controlling crop growth 
and yield. Except diffuse radiation, other 
factors are included in simulation models 
and can be used to quantify single as well 
as interactive effects on yield. Incorporation 
of  diffuse radiation as a separate model 
input needs to be achieved.

17.  Impacts of ABCs are likely to be 
crop-specific. For wheat and rice, yield 
reductions up to 8 per cent were predicted 
in India when the single effect of  aerosols 
on radiation was considered by crop 
simulation models. However, when cooling 
effect was also incorporated in the model, 
it nullified the yield reductions due to 
enhanced crop duration effect. The effect 
of  ABCs on sugar cane yield was non-
significant as predicted by the sugarcane 
model.
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IMPACTS Of CLIMATE ChANGE 
AND VARIABILITy
Climate change and variability will have 
impacts on food production around the 
world due to the effects on plant growth 
and yield of  elevated carbon dioxide (CO2) 
higher temperatures, altered precipitation, 
and increased frequency of  extreme 
events, as well as modified weed, pest and 
pathogen pressure. Multiple stresses, such 
as limited availability of  water resources 
and air pollution, are increasing sensitivity 
to climate change and reducing resilience in 
the agricultural sector.

Interaction of elevated CO2 with temperature 
and precipitation:  Plants’ response to 
elevated CO2 alone, without climate change, 
is positive. Many recent studies confirm that 
temperature and precipitation changes in 
future decades will modify and often limit 
direct CO2 effects on plants. For instance, 
high temperature during flowering may 
lower CO2 effects by reducing grain number, 
size and quality. Increased temperature 
may also reduce CO2 effects indirectly by 
increasing water demand. Rainfed wheat 
grown at 450 ppm CO2 demonstrated yield 
increases with temperature increases of  up 
to 0.8oC; additional irrigation was needed to 
counterbalance these negative effects. Since 
more than 80 per cent of  total agriculture 
land is rainfed, changes in precipitation will 
often shape the impacts of  climate change 
on agriculture

Increasing frequency of extreme events: 
More frequent extreme events may lower 
long-term yields by directly damaging crops 
at specific development stages, such as 
temperature thresholds during flowering, 
heat stress during growing seasons, and 
frequency of  frost occurrence during critical 
growth stages. For example, increased

flood frequency under climate change is 
expected to increase the risk of  crop losses 
in Bangladesh. 

Impacts on weed and insect pests: CO2-
temperature interactions are recognised as 
key factors in determining plant damage 
from pests in future decades. Likewise, CO2-
precipitation interactions will be important. 

Key conclusions of  the Fourth Assessment 
Report include:
•  Projected changes in the frequency 

and severity of  extreme climate events 
will have more serious consequences 
for food production and food security, 
than will changes in the projected means 
of  temperature and precipitation (high 
confidence).

•  While moderate warming benefits crop
yields in mid- to high-latitude regions, 
even slight warming decreases yields in 
seasonally dry and low-latitude regions 
(medium confidence).

•  Climate change increases the number of
people at risk of  hunger (high confidence). 
Climate change alone is estimated to 
increase the number of  undernourished 
people to between 40 and 70 million.

IMPACTS IN ASIA
Impacts of  observed changes in climate 
trends, variability and extreme events in Asia 
include the following:
• Production of  rice, maize and wheat in

the past few decades has declined in many 
parts of  Asia.

• Decline in potentially good agricultural
land in East Asia has been reported.
Key future climate change impacts 
and vulnerabilities for Asia include the 
following:

• Substantial decreases in cereal 
production potential in Asia could be 
likely by the end of  this century. As a 

summAry oF ipcc Ar4-wgii report on AsiA
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consequence of  the combined influence 
of  fertilizer effect and the accompanying 
thermal stress and water stress under 
projected climate change scenarios, rice 
production in Asia could decline by 3.8 per 
cent by the end of  the 21st century. 

• Crop yields could decrease up to 30 
per cent in Central and South Asia. In 
Bangladesh, production of  rice and wheat 
might drop by 8 per cent and 32 per cent, 
respectively, by the year 2050.

• Projected warming accompanied by a 30
per cent increase in tropospheric ozone 
and a 20 per cent decline in humidity is 
expected to decrease grain production by 
26 per cent in North Asia.

• Crop simulation modelling studies 
based on future climate change scenarios 
indicate that substantial loses are likely 
in rainfed wheat in South and South East 
Asia. For example, a 0.5oC rise in winter 
temperature would reduce wheat yields 
by 0.45 tonnes per hectare in India. A 2oC 
increase in mean air temperature could 
decrease rainfed rice yield by 5-12 per cent 
in China.

• In South Asia, drop in yields of  non-
irrigated wheat and rice will be significant 
for a temperature increase of  beyond 
2.5oC, including loss of  farm-level net 
revenue between 9 and 25 per cent. Net 
cereal production in South Asian countries 
is projected to decline by at least 4-10 
per cent by the end of  the century under 
the most conservative climate change 
scenario.

• Climate change, as well as changing pest
and disease patterns, will likely affect the 
future performance of  food production 
systems in Asia. This will have a direct 
influence on food security and poverty 
levels, particularly in countries with high 
dependency on agriculture. 

AIR POLLUTANTS AND OThER 
RADIATIVE SUBSTANCES 
Some air pollutants, such as sulphur 
aerosol, have a significant effect on the 

climate system, although considerable 
uncertainties still surround estimates of  
anthropogenic aerosol emissions. Data on 
non-sulphur aerosols are sparse and highly 
speculative. Sulphur emissions lead to the 
formation of  aerosols that affect regional 
climate and precipitation patterns and also 
reduce radiative forcing. With accelerated 
economic development, the growth of  
sulphur emissions in many parts of  Asia 
has been high in recent decades, although 
growth rates have moderated recently. Other 
air pollutants, such as NOx, black carbon 
and organic carbon, are also important 
climatologically. 

MITIGATION TEChNOLOGIES AND 
PRACTICES IN ThE AGRICULTURE 
SECTOR  

Improved agricultural management can 
reduce net GHG emissions, often affecting 
more than one GHG. The effectiveness of  
these practices depends on such factors 
as climate, soil type and farming system. 
Opportunities for mitigating GHGs in the 
agriculture sector fall under three broad 
categories. 

• Reducing emissions: Agriculture
accounts for 10-12 per cent of  total 
global anthropogenic emissions of  GHGs. 
Agriculture contributes about 47 per cent 
and 58 per cent of  total anthropogenic 
emissions of  methane (CH4) and nitrous 
oxide (N2O), respectively. Fluxes of  GHGs 
can be reduced through more efficient 
management of  carbon and nitrogen flows 
in the agricultural ecosystem.

• Enhance removal: Agriculture ecosystems
hold large carbon reserves. Historically, 
these systems have lost more than 50 
petagram of  Carbon. Any practice that 
increases the photosynthetic input of  
carbon and/or slows the return of  stored 
carbon to CO2 via respiration, fire or 
erosion, will increase carbon reserves.
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• Avoiding emissions: Biomass burning
contributes 12 per cent of  non-CO2 
emissions from the agricultural sector. 
Crops and residues from agricultural lands 
can be used as a source of  fuel, either 
directly or after conversion to fuels, such 
as ethanol or diesel.   

Many practices have been advocated to 
mitigate emissions through the mechanisms 
cited above. About 90 per cent of  total 
mitigation arises from sink enhancement 
and about 10 per cent from emission 
reduction. When a practice affects radiative 
forcing through other mechanisms, such as 
aerosols or albedo, the impacts need to be 
considered. Some important options related 
to crop management include:
• Methane emissions can be reduced by 

composting residues before incorporation 
or by producing biogas for use as fuel for 
energy production.

• N2O emissions from soils and CO2 

emissions from fertilizer manufacture can 
be reduced by adopting cropping systems 
with reduced reliance on fertilizers and 
other inputs.

• Systems that retain residues tend to
increase soil carbon. Avoiding the burning 
of  residues (for example, by mechanizing 
sugar cane harvesting, eliminating the 
need for pre-harvest burning) prevents 
emissions of  aerosols and GHGs generated 
from the fire.

• About 18 per cent of  the world’s 
croplands now receive supplementary 
water through irrigation. Expanding this 
area or using more effective irrigation 
measures can enhance carbon storage.

• Emissions from wetland rice during the
growing season can be reduced through 
various practices. For example, draining 
wetland rice once or several times during 
the growing season reduces CH4 emissions. 
This practice may be constrained by water 
supply. 

• Bio-energy to replace fossil fuels can
be generated from agricultural residues. 
Estimates of  energy production potential 
from agricultural residues vary between 15 
and 70 EJ per year.

• The use of  improved cooking stoves is
one way to reduce biomass and fossil fuel 
use.
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4.1 SCOPE Of ThE PROBLEM

While the focus of  most studies on climate 
change-agriculture impacts has been on 
changes in the mean climate, climate 
variability and frequency of  extreme events 
may be just as important threats to food 
security and stability of  food supplies 
(Schmidhuber and Tubiello 2007). As 
summarized earlier, China and India 
have witnessed major changes not only 
in the mean climate but also in climate 
extremes (for example, more frequent 
heavy rain events). Decreasing monsoon 
rainfall accompanied by warmer surface 
has increased the drought index in parts 
of  India and China. An increase in the 
frequency of  heavy precipitation events, 
accompanied by a decrease in mean rainfall 
(as is happening in India) is a double 
threat, as it leads to flooding and soil 
erosion while also decreasing overall water 
availability for crops. The early melting 
of  snow packs in the Himalayas, glacier 
retreat, more precipitation falling as rain over 
elevated regions, and decrease in monsoon 
precipitation at elevated levels also threaten 
perennial river systems. In addition to 
impacting all of  these climate parameters, 
ABCs also influence other agro-ecological 
parameters, such as photo-synthetically 
active solar radiation, surface ozone and 
carbon monoxide (CO) levels. Atmospheric 
brown clouds (ABCs) can also lead to more 
intense low-level inversion which can extend 
the lifetime of  pollutants over the plants. 
Currently there is no known agro-economic-
climate model that can account for all these 
effects on agriculture.

This report seeks to identify key issues and 
attempts an impact study on agriculture, 
taking into consideration some of  the 
important parameters that are changing 
in response to the build-up of  greenhouse 
gases (GHGs) and air pollution. This report 
does not consider other central issues 
dealing with food security, such as impact 
of  climate change on food utilization, access 
to food and food prices. Furthermore, the 
climate change and ozone change data used 
in the impact studies have been collected 
at coarse spatial scales (a few hundred 
kilometres) that cannot address smaller 
scale issues, such as impact on smallholder 
and subsistence agriculture, which is widely 
practised in rural areas in developing 
countries in the tropics (Morton 2007).

4.2 EffECTS Of ABCs ON CROPS

Most green plants require air, nutrients, 
sunlight, water and a growing medium. 
Climatic conditions, such as relative 
humidity and temperature, also affect plant 
growth. Aerosols in ABCs and associated 
gaseous species can impact crop production 
in a variety of  ways by interfering in the 
basic needs of  plants and by changing 
climatic conditions. This section describes 
the potential pathways by which ABCs and 
associated gaseous species can impact crop 
production.

chApter 4
Atmospheric Brown clouds, climAte chAnge 
And AgriculturAl productivity
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4.2.1 Direct effects

Reduction of solar radiation
Crop uses sunlight to produce biomass 
through a process called photosynthesis. 
The aerosols in ABCs reduce the amount of  
solar radiation reaching the surface and such 
reduction can decrease crop productivity 
(Chameides and others 1999). In addition to 
reducing the total solar radiation, aerosols 
have a much larger impact on direct and 
diffuse radiation. Aerosols lead to a large 
reduction in direct solar radiation (by as 
much 30 per cent for the brown clouds) 
and enhance diffuse radiation (by a factor 
of  2 or more) (Meywerk and Ramanathan 
2002). Given the importance of  this topic to 
agricultural impact studies and the lack of  
regionally relevant data on the dependence 
of  direct and diffuse radiation on aerosol 
properties, a separate section in this chapter 
is devoted to this topic. Plants whose solar 
absorption is directionally dependent will be 
impacted significantly more by the brown 
clouds than those which depend on just the 
total (sum of  direct and diffuse, also referred 
to as global radiation) solar radiation. 

Settling of ABCs on plants
Aerosols, such as dust, soot, and fly ash 
present in ABCs can settle on plants. By 
settling on the leaves, aerosols can shield 
them from solar radiation and reduce 
photosynthesis. They may even cause 
localized heating due to solar absorption by 
soot. 

Acidification
Another major direct effect is the impact of  
the acidity of  ABCs. Acidifying species, such 
as sulphates and nitrates found in ABCs, 
affect crops by acidifying water and soils. 
Sulphur dioxide (SO2) forms sulphuric acid 
while oxides of  nitrogen form nitric acid. 
This results in acid rain. Acid rain decreases 
the base cation (calcium, magnesium and 
potassium) content of  the soil and reduces 

Figure 4.1 Estimated vertical temperature profile for 
the period 1950-2002 due to greenhouse gases and 
sulphate aerosols (CO2+SO4 curve) and that due to 
the addition of ABCs to CO2+SO4 (ABC+CO2+SO4) 
(Source: Ramanathan and others 2007).

soil pH. Changes in soil pH and cation content 
affect the plants’ nutrition uptake. Apart from 
the deposition of  acid in the form of  acid rain 
(also referred to as wet deposition), acidifying 
species found in ABCs could also affect the 
crops through dry deposition on leaves and 
soils. 

Effects of ozone 
Ozone (O3) is a photochemical oxidant present 
in both the stratosphere and troposphere. 
There are two main sources of  tropospheric 
ozone: (i) influx from the stratosphere, and (ii) 
formation via photochemical reactions in the 
troposphere. Photochemical reactions require 
O3 precursors, such as nitrogen dioxides 
(NO2) and various reactive hydrocarbons 
and ultraviolet light from the sun. ABCs, 
when they occur at low latitudes, have high 
solar radiation intensity, thus promoting the 
photolysis of  O3 precursors (for example 

maheswar
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NO2) and facilitate the formation of  O3 in the 
troposphere. Higher levels of  ozone are found 
to be associated with the pollution plume 
downwind of  major pollution areas, such as 
cities. The strong oxidizing power of  O3 injures 
plant tissues and results in visible damages 
(white, yellow or reddish spots) on crop leaves. 
Elevated levels of  O3 concentrations reduce the 
photosynthesis capacity of  crops and result in 
retarded growth and yield reduction. 
 
4.2.2 Indirect effects

Effects of climate change 
All plant species require specific climatic 
conditions to produce optimum yield. 
Changes in climatic conditions will affect 
crop production as well as crop distribution. 
Climatic conditions can also enhance the 
effects of  air pollutants on crop. For example, 
high humidity favours greater stomatal uptake 
of  pollutant gases by plants. Also, climatic 
conditions, such as cold stress, can increase 
the impacts of  a given concentration of  
sulphur dioxide.

Effects of hydrological cycle 
ABCs affect the availability of  water for crops 
through their effects on the hydrological cycle. 
ABCs can affect the hydrological cycle at both 
local and regional scales: 

• Local scale effects: Local scale impacts 
arise in three ways: (i) light-absorbing 
aerosols in ABCs cool the land surface 
and warm the atmosphere (Figure 4.1), 
thereby suppressing clouds and at the 
same time reducing sunlight at the surface, 
leading to reduced evaporation since solar 
radiation is the primary energy source for 
evaporating moisture from the sea surface. 
This lowers the atmospheric relative 
humidity and reduces the recycling of  land 
surface moisture, an important source of  
local precipitation; (ii) scattering of  solar 
radiation back to space which cools the 
surface and reduces evaporation of  water; 
and (iii) changing the properties of  clouds 

and decreasing their precipitation efficiency. 
For example, Indian Ocean Experiment 
(INDOEX) data show that the concentration 
of  cloud drops in polluted clouds is higher 
by a factor of  3 or more compared with 
unpolluted clouds. 
  
Model studies indicate that this may cause a 
decrease in rainfall in areas deep inland and 
increase precipitation over coastal areas, 
resulting in higher frequency and intensity 
of  droughts and floods. 

• Regional scale effects: Regional scale 
effects arise in two ways: (i) since ABCs are 
concentrated in the Northern Hemisphere, 
the reduction of  sunlight at the surface 
(dimming effects) exerts a cooling effect 
on sea surface temperature (SST) over the 
Northern Indian Ocean. Thus, GHG warming 
happens unabated over the Southern 
Indian Ocean, whereas it is suppressed 
(masked) over the Northern Indian Ocean. 
The asymmetric heating of  the sea surface 
results in a SST gradient (warmer southern 
ocean compared with the northern ocean) 
and decelerates monsoon circulation and 
decreases monsoon rainfall during the wet 
season; (ii) on the other hand, solar heating 
of  the lower atmosphere (by soot absorption 
of  sunlight) can enhance the rising motions 
of  the monsoon circulation and lead to more 
rainfall.

Apart from the ABC effects on precipitation, 
black carbon present in ABCs causes the 
warming of  the lower atmosphere and the 
darkening of  snow and ice through BC 
deposition, both effects accelerating the 
retreat of  glaciers and snow packs. Melting 
glaciers pose two main concerns in crop 
production:

• a threat to regional water security by 
reducing water reserves in the mountains 
and changing the timing of  annual water 
flows, and 

• increased vulnerability to natural 
disasters, including glacial lake outburst 
floods (GLOFs).
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Susceptibility to other stresses
ABCs affect crops through physiological, 
chemical or anatomical changes, which 
may lead to increased sensitivity to other 
stresses, such as frost, drought or pest 
attack. In addition, the strengthening of  
the inversion by BC heating can extend the 
lifetime of  ABCs and allow more exposure to 
pollutants, such as ozone.

4.3 DIRECT AND DIffUSE 
      COMPONENTS Of GLOBAL 
      SOLAR RADIATION AT ThE 
      SURfACE AND ThEIR 
      DEPENDENCE ON AEROSOL 
      PROPERTIES

In modelling photosynthesis, it is important 
to discriminate between the direct and 
diffuse components of  incoming global 
solar radiation. ABCs alter the proportion 
of  diffuse radiation in global solar radiation 
reaching the Earth’s surface. Empirical 
relations are presented for clear skies to 
estimate the share of  both components from 
global solar radiation and aerosol optical 
depths (AOD) measurements. In these 
relations, the share of  diffuse component 
from global and direct radiation is related 
to the ratio between the AOD and the solar 
zenith angle. These relations are based 
on aerosol and radiation measurements 
at the Maldives Climate Observatory at 
Hanimaadhoo (MCOH) in the Republic of  
Maldives. 

The observatory (6.776˚N, 73.183˚E) was 
established in October 2004 as part of  
Project ABC. Diffuse fraction (diffuse to 
global flux ratio) varies from 0.1 to 0.65 
(10-65 per cent) during the winter and pre-
monsoon seasons and from 0.09 to 0.35 
(9-35 per cent) during the monsoon and 
post-monsoon seasons. Direct to diffuse 
flux ratios vary from 0.5 to 8.0 during the 
winter, whereas during the post-monsoon 

they vary from 1.8 to 10.0. In addition to 
these observations, the validated radiative 
transfer model with input from MCOH data 
for aerosols, water vapour and ozone, is 
used to investigate the modification of  clear-
sky diffuse, direct and global irradiances 
(broadband and visible regions) by ABCs 
as a function of  the solar zenith angle. The 
surface-reaching global fluxes are decreased 
by 2-70 per cent, depending upon the AOD, 
single scattering albedo and the solar zenith 
angle. The method presented in this chapter 
is particularly useful for application in crop 
growth models.

For numerous applications, it is necessary 
to know both direct and diffuse components 
of  incident solar radiation. Because of  the 
constant care needed to measure these 
components, values for direct and diffuse 
insolation are usually unavailable. However, 
considerable information is available about 
the total (global) solar radiation (direct + 
diffuse) and AOD. This makes it possible 
to estimate the relative amounts of  direct 
and diffuse solar radiation in a statistically 
significant manner by utilizing a procedure 
developed by Ramana and Ramanathan 
(2006). The empirical procedures involve 
correlating the diffuse to global flux ratio 
(often referred to as the diffuse fraction) 
and direct to diffuse flux ratio with the 
corresponding AODs. A potential advantage 
of  this method is that it is less sensitive to 
the influence of  ozone and water vapour, 
which deplete the direct beam and diffuse 
spectrum almost equally.

In addition to the broadband (300-2800 
nm) fluxes, knowledge of  photosynthetically 
active radiation (400-700 nm) is necessary 
for different applications dealing with 
plant physiology and biomass production 
(agriculture). Photosynthetically active 
radiation (PAR) is a general radiation term 
that covers both photon terms and energy 
terms. Taking into account that plants use 
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both direct and diffuse PAR, knowledge of  
global photosynthetically active radiation 
is of  fundamental importance. Worldwide 
observation networks for measuring 
diffuse and direct PAR are not commonly 
available. PAR sensors at meteorological (or 
ecological) and aerosol-radiation observation 
stations around the globe typically measure 
only global PAR. A practical solution to the 
paucity of  measurement data is to estimate 
diffuse PAR using an empirical model with 
given measured values of  either global PAR 
or global broadband solar radiation.

This report presents an analysis of  direct 
and diffuse flux measurements recorded 
at MCOH, as part of  a more extensive 
measurement programme under Project 
ABC that included other radiometric, aerosol 
and meteorological measurements. ABCs 
are mostly the result of  biomass burning 
and fossil fuel consumption. They consist 
of  a mixture of  light-absorbing and light-
scattering aerosols and therefore contribute 
to atmospheric solar heating and surface 
cooling. Direct, diffuse and global flux 
instantaneous values are studied in terms 
of  their ratios to the corresponding AOD (at 
500 nm) to develop the empirical relations 
of  these ratios. The goal is to provide 
empirical relations that may be applied 
to locations that routinely measure global 
solar radiation (broadband and visible) and 
appropriate aerosol parameters. For this 
purpose, empirical relations using data 
collected at MCOH have been developed. 
Also, the modification of  clear-sky diffuse, 
direct and global irradiances (broadband 
and visible regions) by aerosols as a function 
of  the solar zenith angle is investigated 
using MCOH data.

4.3.1 Data

A network of  observatories that collect core 
aerosol and solar radiation measurements 
have been deployed or are in the process of  
being deployed throughout South and East 
Asia as  part of  Project ABC (Ramanathan 

and others 2007). The first of  these stations 
is the MCOH. Data discussed in this paper 
have been obtained from MCOH. The MCOH 
facility contains a set of  radiometers covering 
the solar spectrum from the near ultraviolet 
to the far infra-red (Ramana and Ramanathan 
2006) and aerosol instruments that perform 
physical, optical and chemical measurements 
(Corrigan and others 2006). 

At MCOH, broadband global radiation 
reaching the surface was measured using a 
pyranometer (Kipp & Zonen model CM-21). 
A similar instrument installed on the shadow 
band solar tracker was used to measure the 
diffuse component. Diffuse radiation was 
measured by means of  a shading disk, which 
continually provides a blockage of  the direct 
beam from the pyranometer. Measurements 
of  direct normal irradiation were made with 
a Kipp & Zonen and an Eppley-made normal 
incidence pyrheliometer mounted on a solar 
tracker. Photosynthetic active radiation 
was measured by means of  a narrow-band 
radiometer (Bio-spherical Instruments GUV-
2511). The spectral AOD, columnar single 
scattering albedo (SSA) and columnar 
precipitable water vapour (PWV) were 
measured using the CIMEL sunphotometer 
operating at MCOH (Holben and others 1998, 
Dubovik and others 2000).

A complete range of  seasonal conditions and 
solar angles was included among the samples. 
Measurements of  solar global and diffuse 
irradiance had an estimated experimental error 
of  about 1-2 per cent, while the narrow-band 
radiometer had a relative error that was less 
than 2-3 per cent. The ratios of  diffuse to global 
flux and direct to diffuse flux were calculated 
using MCOH data to describe the solar radiation 
components. Flux ratios removed the diurnal 
variation in the data, thus calculating averages 
and standard deviations seemed to be applicable 
descriptors. The obtained flux ratios were 
plotted with corresponding normalized AODs 
(normalized with corresponding cosine of  the 
solar zenith angle).
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Figure 4.2  Scatter plot of normalized AODs with the ratios of diffuse to global fluxes (0.3-2.8 µm) for different 
seasons. AOD at 500 nm wavelength is used (Source: Ramana and Ramanathan 2006).

4.3.2 Results

Figures 4.2 and 4.3 show the seasonal 
variations of  diffuse-global flux ratio and 
direct-diffuse flux ratio as a function of  
normalized AOD, using data collected at 
MCOH. The magnitude of  the diffuse fraction 
increases monotonically as AOD increases, 
whereas the direct to diffuse ratio decreases 
monotonically with AOD and exhibits a slight 
positive curvature. The most constant daily 
diffuse flux is in the monsoon season (0.09-
0.35) and the greatest variability is in the 
winter season (0.10-0.65). About 65 per cent 
(0.65) of  the diffuse radiation is received 

during the winter and pre-monsoon seasons, 
while 35 per cent (0.35) is received during 
the monsoon and post-monsoon seasons. 
Direct to diffuse flux ratios change from 0.5 
to 8.0 during the winter, whereas they vary 
from 1.8 to 10 during the post-monsoon. 
The high values of  diffuse fraction and 
reduced values of  direct-diffuse ratio 
during the winter months are attributed to 
scattering and absorption by aerosols, a 
familiar feature over Asia during the winter 
and pre-monsoon months. In highly polluted 
areas, the ratio of  diffuse to global solar 
radiation under clear-sky conditions is 
almost twice that in unpolluted regions.
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Figure 4.3  Scatter plot of normalized AODs with the ratios of diffuse to global fluxes (0.3-2.8 µm) for different 
seasons. AOD at 500 nm wavelength is used.

Reduction or enhancement of surface-
reaching solar radiation components 
due to aerosols as a function of the 
zenith angle 
Aerosol single scattering albedo (SSA), the 
ratio of  aerosol scattering coefficient to total 
aerosol extinction coefficient (scattering 
plus absorption), is an important aerosol 
radiative parameter in determining surface 
fluxes. The SSA directly influences the 
diffuse radiation since it describes the 
proportion of  the scattered photons in 
a beam to the total attenuation. An SSA 
value of  1.0 signifies aerosols that have no 
absorbing component but still effectively 
scatter solar radiation. Pure sulphates, sea-
salt and most organic compounds exhibit an 
SSA of  1.0. As an absorbing material, such 
as black carbon, becomes mixed into the 
particles, the SSA value lowers such that an 
SSA of  0.95 (as seen over MCOH) represents 

moderately polluted air. An SSA of  0.80 
would represent aerosol particles composed 
of  a large fraction of  black carbon, typical 
of  observations over highly polluted urban 
sites.

In addition to the measurements, the clear-
sky version of  the three-dimensional Monte 
Carlo Aerosol Cloud Radiation (MACR) 
photon transport radiative transfer algorithm 
has been used to compute surface-reaching 
diffuse, direct and global fluxes (broadband 
and visible) to quantify aerosol-induced 
changes in surface-reaching fluxes. 
Numerous studies have validated the MACR 
model over different regions (at the surface, 
top-of-the-atmosphere and at different 
altitudes) and the simulated fluxes agree 
with the observed direct, diffuse and global 
fluxes within the measurement accuracy 
(Podgorny and others 1998, Podgorny 
and others 2000, Satheesh and others 
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Figure 4.4  Aerosol-induced changes in broadband diffuse and direct fluxes as a function of the zenith 
angle at the surface due to changes in AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 
500 nm wavelength is used.

1999, Podgorny and Ramanathan 2001, 
Ramanathan and others 2001a, Vogelmann 
and others 2001, Ramana and Ramanathan 
2006, Ramana and others 2007).   

To quantify the effect of  aerosol on surface 
flux components, the flux components 
are calculated as a function of  the zenith 
angle for an aerosol-free and an aerosol-
laden atmosphere using MACR by keeping 
the ozone, water vapour and gaseous 
parameters constant, while varying the AOD 
(0.2, 0.5, 1.0) and SSA (1.0, 0.95, 0.90, 
0.80). The calculated fluxes for an aerosol-
laden atmosphere are then subtracted from 
the aerosol-free atmosphere to estimate flux 
changes due to aerosols.

Figures 4.4 and 4.5 illustrate changes in 
broadband diffuse, direct and global fluxes 
as a function of  the zenith angle at the 
surface due to changes in AODs for a range 

of  SSA from 1.0 to 0.80 for all solar zenith 
angles. Figures 4.4 and 4.5 suggest that 
the diffuse, direct and global irradiances 
are most sensitive to changes in SSA. This 
occurs for a significant range of  AODs. 
Apparently, in the case of  non-absorbing 
aerosols (where AOD=0.2 and SSA= 1.0), 
the variation of  all three quantities with the 
solar zenith angle is relatively small. On the 
other hand, in cases with high-absorbing 
aerosol concentrations (where AOD=1.0 
and SSA=0.80), the decrease of  all three 
quantities with the solar zenith angle is very 
large. An examination of  Figure 4.4 suggests 
that the global flux change decreases sharply 
with the solar zenith angle until a certain 
zenith angle (90-60˚ range) is reached, after 
which point the global flux change starts to 
gradually increase or decrease depending 
upon the AOD and SSA.
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Figure 4.5 Changes in broadband global fluxes as a function of the zenith angle at the surface due to changes 
in AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 500 nm wavelength is used.

Figure 4.6 shows the fractional change in 
broadband global fluxes as a function of  the 
zenith angle at the surface, due to changes 
in AODs for a range of  SSAs. The fractional 
change in the global flux for a relatively 
clean atmosphere is in the order of  -2 to 
-40 per cent, whereas for a highly polluted 
atmosphere the change is from -10 to -70 
per cent. 
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So far, broadband global solar radiation 
(300-2800 nm) has been considered. 
Further analysis will now focus only on the 
photosynthetically active wavebands (400-
700 nm). Incident PAR is a key variable 
needed by almost all terrestrial ecosystem 
models. Figures 4.7 and 4.8 illustrate the 
changes in visible diffuse, direct and global 
fluxes as a function of  the zenith angle at 
the surface due to changes in AODs for a 
range of  SSA from 1.0 to 0.8 for all solar 
zenith angles. A comparison of  Figures 4.4, 
4.5 (broadband) and Figures 4.7, 4.8 (PAR) 
suggests that aerosols yield a reduction 
of  about 50-60 per cent in the PAR region. 
The fractional change due to aerosols for 
both PAR global fluxes (Figure 4.9) and 
broadband global fluxes (Figure 4.6) is 
nearly the same.

Figure 4.6 Fractional change in broadband global fluxes as a function of the zenith angle at the surface due to 
changes in AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 500 nm wavelength is used.
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Figure 4.7 Changes in visible, diffuse and direct fluxes as a function of the zenith angle at the surface due to 
changes in AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 500 nm wavelength is used.

 

Figure 4.8 Changes in visible global fluxes as a function of the zenith angle at the surface due to changes in 
AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 500 nm wavelength is used.
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Figure 4.9 Fractional change in visible global fluxes as a function of the zenith angle at the surface due to 
changes in AODs (0.2, 0.5, 1.0), for a range of SSA from 1.0 to 0.80. AOD at 500 nm wavelength is used.
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5.1 INTRODUCTION AND
      BACKGROUND 
The purpose of  this chapter is to describe 
our current level of  knowledge of  ground 
level ozone (O3) in Asia, especially in 
relation to agriculture. Ozone is arguably 
the most important and widespread phyto-
toxic pollutant capable of  causing severe 
damage to crops through visible injury, 
reduced photosynthetic rate, altered carbon 
allocation, induced early senescence, yield 
losses and increased susceptibility to pests 
and pathogens (Fuhrer 2003, Fuhrer and 
Booker 2003). Across Asia, surface O3 levels 
have been steadily increasing over the past 
few decades (IPCC 2007), and continued 
increases in energy demand driven by the 
industrialization of  Asia are projected to lead 
to increased emissions and hence surface 
O3 concentrations for the foreseeable future 
(Wuebbles and others 2007). 

Most research to specifically define 
thresholds for ozone damage has been 
conducted in Europe. A wealth of  
experimental data has identified 40 ppb 
as a cut-off  concentration above which 
accumulated O3 concentrations, over a 
growing season, provide a good statistical 
correlation with yield losses of  sensitive 
crops and cultivars (UNECE 2004). The 
applicability of  these European-based 
thresholds to Asian conditions is discussed 
later in this chapter, but for now the 40 
ppb value provides a useful reference 
against which to compare current Asian O3 
concentrations.

Experimental and observational evidence 
demonstrates that surface O3 is already 
causing damage to agricultural crops at 
different locations across Asia (Emberson 
and others 2003). Given that concentrations 
may increase in the future, it is crucial to 
develop and improve methods to understand 
the risks posed by ground level O3 on 
continued agricultural production. This 
review describes existing methods for 
assessing O3 impacts on crops, discussing 
both experimental techniques and modelling 
methods in relation to their suitability for 
application under Asian conditions. However, 
it should be noted that these assessments 
only deal with direct crop impacts, and 
this review does not take into account 
subsequent farmer responses to crop losses, 
which could alter the ultimate impact on 
agricultural production. This review also 
provides conclusions and recommendations 
for future monitoring, experimental and 
modelling activities, and how these should 
inform mitigation or adaptation options to 
reduce the threat posed to agriculture from 
the O3 component of  atmospheric brown 
clouds (ABCs).

5.2 ThE ASIAN OzONE CLIMATE IN
      RELATION TO CROPS 
Across Asia, national agencies have 
frequently monitored ground level O3 at 
important urban locations. However, urban 
monitoring data are of  limited value to 
understanding O3 impacts on agriculture. 
Most agricultural activities (with the 
exception of  peri-urban agriculture) are 
located some distance from urban areas. 

chApter 5
the impActs oF the ground level ozone 
component oF ABcs on Agriculture
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Urban O3 profiles (both diurnal and 
seasonal) are unlikely to be representative of  
rural conditions. Generally, O3 concentrations 
show comparatively less diurnal variability in 
rural areas. This can be explained by factors 
which will vary in importance depending on 
specific locations: i) urban environments 
usually play host to a whole range of  other 
pollutants; most important for O3 is the 
occurrence of  high nitrogen oxide (NO) levels 
which will titrate O3 concentrations from the 
atmosphere; ii) O3 is a secondary pollutant 
and hence forms from photochemical activity 
on precursor pollutants; chemical reactions 
leading to O3 formation take time and hence 
higher O3 concentrations will tend to occur 
downwind of  pollutant sources (such as 
urban centres); iii) O3 formation is strongly 
dependent upon local meteorology which 
can be modified by urban environments; and 
iv) in Asia, the occurrence of  aerosols may 
be higher in urban centres (sourced from 
urban dust), and this could block sunlight 
resulting in less photochemical activity 
and hence influencing O3 formation. These 
factors can lead to higher O3 concentrations 

and longer durations of  O3 episodes in 
rural areas downwind of  pollutant sources, 
where NOx levels tend to be lower and 
nocturnal depletion of  O3 is reduced (Mittal 
and others 2007, Tu and others 2007). As 
such, to obtain a true picture of  ambient 
O3 concentrations and their variations, both 
seasonally and diurnally, would require 
monitoring in rural agricultural regions.

There are only two established networks that 
are known to have been monitoring rural 
and/or remote O3 concentrations across Asia 
according to standardized protocols: i) the 
Acid Deposition Monitoring Network East 
Asia (EANET), which monitors continuous O3 
concentrations and records monthly means 
with associated maximum and minimum 
values (EANET 2001a); and ii) the Malé 
Declaration on Control and Prevention of  
Air Pollution and its likely Transboundary 
Effects for South Asia that employs passive 
samplers to provide mean monthly O3 
concentrations. Figure 5.1 describes the 
location of  these O3 monitoring stations.

Figure 5.1 Map showing the location of current O3 monitoring networks across Asia. Blue circles indicate the 

EANET monitoring sites and red circles indicate the Malé Declaration sites.
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A summary of  the mean monthly O3 
data available from all EANET and Malé 
Declaration monitoring stations is provided 
in Figure 5.2. Although it is recognized 
that these summary figures are averaging 
data from different sites and years, hence 
collating data that will vary according to 
emission influences and climate, they do 
provide a useful overview of  the seasonal 
monthly mean O3 cycle, which is surprisingly 
well-defined even with the collation of  data 
from such varied locations. 

The EANET mean shows an annual cycle 
with two peak O3 periods, the highest 
occurring during February-June, when mean 
concentrations reach 50 ppb, followed by a 
second lower O3 concentration peak later in 
the year between September and November, 
with mean concentrations reaching 40 ppb. 
The lowest concentrations occur during 
July-August when mean monthly values 
are approximately 30 ppb, with minimums 
down to 20 ppb. This annual cycle seems 
to be largely driven by local climate, with 
reduced O3 concentrations during the 
months coinciding with the highest levels 
of  precipitation (averaging above 200 mm 
per month). This increase in precipitation 
most likely leads to a reduction in O3 
concentration as pollutants are washed out 
of  the atmosphere and increased cloud cover 
reduces O3 formation.The Malé Declaration 
monitoring data are less comprehensive 
(since this network has only recently 

been established) with O3 concentration 
data only available for part of  a single 
annual cycle (from August to December 
2006 and from January to April 2007).
These data do not show such an obvious 
seasonal cycle although they do suggest 
that O3 concentrations are higher earlier in 
the spring (compared to the EANET data) 
when monthly mean values reach 50 ppb. 
Furthermore, the decrease in concentration 
occurs at a similar time but remains low 
for a longer period at the Malé locations. 
However, these comparisons should be 
made with some caution given the limited 
availability of  data.

Figure 5.3 shows data from the EANET 
network collected from selected sites for 
multiple years to provide an indication of  
the between-site variation in annual O3 
profiles related to geographical location 
(that is, urban, rural and remote) and the 
inter-year variations. Figure 5.3 also shows 
that variability for between-site locations 
is greater than within-site variability in 
different years. The entire EANET dataset 
(not shown) shows no discernable trend in 
deviations from the mean in remote, rural 
or urban profiles. This is probably a result 
of  there being too few sites representative 
of  these different locations to overcome the 
dependence of  absolute O3 concentrations 
on local emission sources and regional 
atmospheric circulation patterns.  
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Figure 5.2 Asian network-monitored surface O3 concentrations. a) EANET monthly mean O3 concentrations 
with associated maximum and minimum concentration values (vertical lines) and monthly mean precipitation 
collated for all available years (for example, 2000-2005) for 11 sites; and b) Malé Declaration monthly mean O3 
concentrations with associated maximum and minimum monthly mean concentration values (vertical lines) for 
all available years (for example, 2006-2007) for six sites (Data Source: EANET 2001, EANET 2002, EANET 
2003, EANET 2004, EANET 2005, EANET 2006, Male’ Declaration 2008).  

a)

b)
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EANET data for Happo (Remote), Japan 
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EANET data for Banryu (Urban), Japan 
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It is useful to compare the network-
monitored data with published site-
specific data to gain an impression of  
the consistency in these seasonal O3 
concentration profiles. Consistent with 
both the EANET and Malé Declaration data, 
Jain and others (2005) recorded frequent 
occurrences of  high mean monthly O3 
concentrations during the dry summer 
(April-June) and autumn months (October-
November) at New Delhi, an urban site in 
India. Detailed O3 monitoring conducted 
daily during the period 2003-2006 at a 

sub-urban site in Varanasi (located in the 
Indo-Gangetic Plains of  India) revealed 
that the highest 12 hour mean monthly O3 
concentrations occurred during the summer 
(March-June) (45-62 ppb) followed by the 
winter (November-February) (28-44 ppb), 
and the rainy seasons (July-October) (24-43 
ppb) (Tiwari and others 2007).

Ozone monitoring conducted at suburban, 
remote-rural and rural roadside locations 
around Lahore, Pakistan showed 8 hour 
mean concentrations of  40, 48 and 48 ppb, 

Figure 5.2 Continued from page 169
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EANET data for Chiang Mai (Rural), Thailand
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EANET data for Kanghwa (Rural), Rep. of Korea 
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Figure 5.3 EANET monthly mean O3 concentrations and monthly mean precipitation for 
selected sites and available years (between 2000 and 2005). EANET sites are selected 
to show variations in geographical locations (urban, rural, remote) and countries (Data 
Source: EANET 2001, EANET 2002, EANET 2003, EANET 2004, EANET 2005, EANET 
2006) . 

respectively, during the post-monsoon period 
and 63, 75 and 70 ppb, respectively, during 
the pre-monsoon period (Wahid and others 
2001). Recent O3 monitoring data from a sub-
urban site in Lahore showed 8 hour mean O3 
concentrations of  72 ppb during December 
2003-April 2004 (Wahid 2006a) and 71 ppb 
during December 2004-April 2005 (Wahid 
2006b).

Wang and others (2007) presented a 
comparison of  ground level O3 concentrations 

at various urban and rural locations 
across China. Maximum hourly mean O3 
concentrations were higher than 56 ppb at 
all monitoring stations. O3 concentrations 
were lower in winter and reached maximums 
in the summer, spring or fall months. In 
addition, O3 concentrations were highest 
at rural stations followed by sub-urban and 
then urban stations. A similar geographical 
spatial variation in O3 concentrations was 
reported at Varanasi, India (Agrawal and 
others 2003a).   
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Chand and Lal (2004) conducted 
measurements of  O3 in rural, urban, and 
lower free tropospheric sites in Western India 
during the month of  January in both 2001 
and 2002. High hourly O3 concentrations 
varying from 70 to 110 ppb were recorded 
during afternoon hours at rural sites 
downwind of  the major industrial region 
of  Gujrat at Khambat situated near the 
Arabian Sea. At the rural site, mean monthly 
O3 concentration was 60 per cent higher 
than the urban site at Ahemedabad (Lal 
and others 2000). Only rarely did daytime 
hourly O3 concentrations exceed 80 ppb at 
the urban site at Ahemedabad between 1991 
and 1995. 

Such data support the rationale that 
monitoring networks need to have a good 
spatial coverage in rural and/or remote 
locations to ensure monitored data provide 
a true indication of  the O3 concentrations to 
which agricultural crops may be exposed.
Understanding the seasonal cycle is 
extremely important when making impact 

assessments of  O3 on agricultural crops. 
Those crops whose growing seasons extend 
over the months February to June will be 
exposed to far higher O3 concentrations and 
be at greater risk from damage. As such, 
integral to any agricultural risk assessment 
will be knowledge of  the crops’ growing 
season and how this varies with climate 
and local management practices across 
the region. Figure 5.4 gives an indication 
of  the timing of  the growing seasons for 
key crops (wheat, rice and soybean) across 
different parts of  Asia (represented by 
China, India and Thailand), although these 
are at best broad generalisations since 
growth periods will vary with latitude, 
climate and management practices within 
countries and regions. For comparison, 
also shown is the EANET monthly mean O3 
concentration profile. It is clear that wheat 
is at greater risk than other crops as its 
growing season coincides with high annual 
O3 concentrations. Understanding these 
variations in seasonal growth pattern will 
be crucial to any attempt to understand O3 
impacts on agricultural productivity at a 
regional scale.

Figure 5.4 Vegetative growth periods (emergence to harvest) for some major crops (wheat, rice and soybean) 
grown in East (China), Southeast (Thailand) and South (India) Asia, in relation to the monthly mean EANET 
ozone concentration data for all Asian monitoring sites and years. Generalized crop growing seasons by 
country are taken from the USDA monthly crop growth stage and harvest calendars. (Source: United States 
Department of Agriculture, 2008, http://www.fas.usda.gov).
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The EANET and Malé Declaration monitoring 
sites provide valuable information describing 
the seasonal cycle of  O3 concentrations 
for locations across Asia. However, when 
considering possible O3 impacts on 
agricultural productivity, it is also important 
to understand the variability in diurnal O3 
profiles, since it is during the day that crops 
will be most physiologically active and hence 
vulnerable to ambient ozone concentrations. 
These profiles are also likely to vary 
substantially with urban, rural and remote 
geographical locations (Mittal and others 
2007).

Given both the limited geographical coverage 
of  O3 observations and the lack of  these 
data at anything but rather coarse (monthly) 
temporal resolution, assessments of  the 
variation in O3 concentrations across Asia 
tend to rely heavily on modelling studies, 
particularly when risk assessments for 
agriculture are being performed. It is outside 
the scope of  this report to cover all the 
regional scale modelling studies that have 
been conducted for Asia. However, it is useful 
to view modelling studies in relation to the 
temporal and spatial variability in surface O3 
concentrations described above. Presented 

Figure 5.5 Modelled three-month AOT40 over snow-free land areas of South Asia during 2000: (a) December-
February; (b) March-May; (c) June-August; (d) September-November. (Source: Engardt 2008). 
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here are results from one study for South 
Asia, which has been identified as being 
particularly at risk from projected increases 
in future O3 concentrations (Prather and 
others 2003). Figure 5.5 shows modelled 
O3 concentrations (characterized as AOT40 
- Accumulated O3 concentrations Over a 
Threshold of  40 ppb) for South Asia. The 
UNECE (2004) established a three-month 
AOT40 critical level of  3 ppm per hour as a 
concentration-based air quality guideline. 
The shaded areas on the map in Figure 
5.5 show this value being exceeded, which 
is indicative, based on European data, of  
the potential for agricultural yield losses. 
Evaluation of  the model results (represented 
as monthly mean ozone concentrations) 
against the limited monitored data 
collected at only 19 sites are provided in 
Engardt (2008). These evaluations found 
reasonable agreement in the absolute 
values and seasonal variation. However, 
the model seems less able to capture the 
diurnal variation, underestimating ozone 
concentrations during the daytime and 
overestimating at night.

Comparing Figures 5.5 and 5.2, it is possible 
to discern a similar seasonal cycle to O3 
concentrations with maxima in the early 
summer (March-May), intermediate values in 
the winter (December-February) and minimal 
concentrations occurring during the south-
west monsoon period (July-November). 
Critical level exceedances during the spring 
occur over parts of  Pakistan, much of  India 
and Bangladesh and a large swathe of  the 
Tibetan Plateau in South China; in the latter, 
these are most likely due to incursions of  
stratospheric O3. Perhaps most importantly, 
these higher O3 exposures are experienced 
across the fertile and agriculturally 
productive Indo-Gangetic Plains. Given 
the geographical extent of  agricultural 
land across large areas of  South Asia, the 
potential for high surface O3 concentrations 
to be a significant factor limiting agricultural 
production is a real and worrying threat.

Modelling studies also provide the 
opportunity to project future O3 
concentrations. Arguably, the most 
comprehensive study that has investigated 
future O3 projections performed to-date is 
a global O3 modelling study by Dentener 
and others (2006). This study investigated 
the output of  26 state-of-the-art global 
atmospheric chemistry models. These 26 
models were run individually according to 
standardized emission and meteorological 
data (the latter being appropriate for a 
time-period between 1995 and 2004), and 
their outputs were compared as annual 
mean surface O3 concentrations. Global 
O3 concentrations were estimated both 
for current and future (2030) conditions 
assuming a number of  different emission 
scenarios. The global results for the 
current and CLE emission scenario (an 
emission projection that assumes no further 
emission control and as such only reflects 
implementation of  current air quality 
legislation around the world) are given in 
Figure 5.6. 

Figure 5.6 shows projected increases in O3 
under the CLE emission scenario for South 
Asia and Southeast Asia at 7.2 ± 1.9 ppb and 
3.8 ± 0.7 ppb, respectively, by 2030. Such a 
projection would see South Asia becoming 
the most O3-polluted region in the world with 
annual surface O3 concentrations reaching 
~ 52 ppb. However, these projections, 
particularly for South Asia, need to be 
interpreted with caution since the CLE 
emission scenario did not include recent 
emission legislation in India where, adopting 
the EURO 3 standard for four-wheel vehicles 
could substantially reduce traffic emissions 
after 2010 and hence reduce projected O3 
concentrations (Rita Van Dingenen, Personal 
Communication).
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1990s. In contrast to research output from 
developed nations on the impact of  ambient 
O3 on crops, there are relatively few case 
studies from developing countries. Food 
security for many countries in South Asia is 
under threat due to the rapidly increasing 
population. In many countries, future food 
supply may have to be produced from 
existing or shrinking acreage of  agricultural 
land, as a result of  ever increasing 
urbanization and industrialization. Rising O3 
concentrations along with climate variability 
due to climate change may have serious 
consequences on agricultural productivity 
and hence food security. Giles (2005) has 
predicted O3 as a threat likely to cause 
major problems in rapidly industrializing 
countries, such as India and China. The 
agriculture sector represents 35 per cent of  
India’s GNP and sustains the livelihood of  
about 75 per cent of  the population. Food 
grain production in India has increased from 
51 million tonnes before 1948 to around 
205 million tonnes at present. Rice yield 
growth rates have declined in recent years 
throughout Asia, and yields are now growing 
more slowly than the population (Dawe 
2007).

Such modelling studies provide useful 
insights into the spatial and temporal 
variability in O3 concentrations under both 
current and projected future conditions. 
However, results should be treated with 
caution for two important reasons. Firstly, 
as these models rely heavily on emission 
inventories, it should be noted that Asian 
emissions in particular change rapidly from 
year to year and have strong seasonality and 
diurnal variations, factors that are unlikely to 
be captured by global emission inventories. 
Secondly, model development is dependent 
upon model evaluation, but such a 
comparison is problematic due to the limited 
availability of  monitored data across Asia. 

The previous section has highlighted O3 
as arguably the most important phyto-
toxic rural air pollutant. Changing O3 
concentrations over time in South Asia have 
been associated with large scale impacts on 
agriculture and many social and economic 
repercussions. Evidence of  visible injury 
caused by O3 on potato leaves in Punjab, 
India, was reported by Bambawale (1986), 
but its possible implications for agricultural 
production were scarcely explored under 
natural field conditions until the early 

Figure 5.6 Ensemble means showing the difference in O3 (ppb) between the CLE scenario and 2000 ozone 

concentrations. (Dentener and others 2006).
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As such, it is imperative that our knowledge 
of  potential O3 impacts on agriculture 
across Asia should be improved. This 
knowledge can be enhanced by conducting 
experimental assessments of  the impact 
of  O3 on crops and using this information 
to perform regional scale modelling studies 
to assess the risks posed by O3 to regional 
agricultural production. These methods 
should not be viewed as mutually exclusive; 
rather, their co-deployment would ensure 
that data necessary to perform rigorous 
and suitable modelling studies are collected 
from appropriate experimental studies. 
The following sections review current 
experimental methods and the knowledge 
resulting from their application. This 
information is then related to potential 
modelling studies that consider modelling 
methods developed in Europe and North 
America in the light of  their suitability for 
application within the Asian context. 

5.3 ExPERIMENTAL EVIDENCE Of
     OzONE EffECTS ON CROPS IN

     ASIA
There exist a range of  experimental methods 
that have been used to assess the influence 
of  elevated O3 concentrations on crops as 
well as other plant species. These methods 
vary in three main areas, as follows:
 
i. Resource (economic and time) cost, 
ii. Reliability and accuracy of  results, and 
iii. The extent to which they modify “real” or 
“field” environmental conditions. 

The following is a review of  methods 
that would be considered suitable for the 
extraction of  data to build dose-response 
relationships that are fundamental to 
regional scale assessments of  O3 risks to 
agricultural production. The methods are as 
follows: 

i. Transect studies, 
ii. Filtration and fumigation, and 
iii.Chemical protectant studies

i. Transect studies 
Transect studies expose plants to ambient 
levels of  pollution across a transect or 
pollution gradient. Bio-indicators are 
commonly used to provide consistency in 
results. The differences in crop parameters 
can then be related to prevailing pollutant 
conditions. Transect studies offer a low 
cost option to assess the magnitude of  air 
pollution impacts. As such, they tend to be 
favoured in the Asian region where resources 
to perform air pollution studies are limited. 

Although tobacco (Nicotiana tabacum) as a 
crop is of  debatable importance in terms of  
human welfare, the cultivar Bel W3 has been 
widely used, historically and geographically, 
as a bio-indicator for O3, demonstrating the 
potential for ambient O3 concentrations to 
cause crop injury. As such, it is useful to 
review these data since equally sensitive 
crops may be similarly affected. Surveys 
conducted in India using these plants have 
shown highest injury scores on leaves of  
plants located at rural sites, illustrating 
high O3 and low NO2 concentrations in 
these locations (Table 5.1, Agrawal 2005). 
In Lahore, Pakistan distribution of  6 hourly 
mean O3 and NO2 was correlated with O3 
injury symptoms developed on tobacco 
Bel W3 (Wahid 2003). Urban areas showed 
higher concentrations of  NO2 (36-58 ppb) 
and the leaf  injury index was 5-7 per cent 
with O3 concentrations varying from 56 
to 60 ppb. At sub-urban sites, NO2 levels 
declined (27-28 ppb) with a simultaneous 
increase in O3 (60-70 ppb) and a leaf  injury 
index of  19 per cent.  At rural sites, NO2 and 
O3 concentrations were 8 and 72-75 ppb, 
respectively, giving an injury score of  20-27 
per cent (Wahid 2003).
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Table 5.1 Pollutant concentrations (ppb) and associated leaf  injury score obtained using 
tobacco Bel W3 plants. (Agrawal 2005)

Agrawal and others (2003b) conducted a 
field study in sub-urban and rural locations 
of  Varanasi, India to evaluate the impact 
of  urban air pollutants on wheat (Triticum 
aestivum L. cv. HD2329), mustard (Brassica 
compestris L. cv. Pusa Jaikisan) and mung 
bean (Vigna radiata L cv. Malviya jyoti) 
plants. Due to low mean O3 concentrations 
(25 ppb) during the winter (November-
February), wheat and mustard did not show 
significant yield reductions at the rural site 
compared to plants grown at a comparatively 
clean site with very low concentrations of  
NO2, SO2 and particulates. However, during 
the summer (March-June), with 6 hour mean 
O3 concentrations of  55 ppb, mung bean 
showed reductions of  32 per cent in yield 
as compared to plants grown at a site with 
mean O3 concentrations of  only 14 ppb. 
Mean 6 hour NO2 and SO2 concentrations 
were 14 and 6 ppb, respectively. This study 
clearly demonstrated that O3 plays a greater 
role in inducing yield losses during dry 
summer conditions, when its formation 
increases due to favourable meteorological 
conditions of  high temperature, high 
incident solar radiation, long photoperiod 
and low humidity.

In a field study with pea (Pisum sativum L. 
cv. Arkel), a yield reduction of  38 per cent 
was observed at seasonal 6 hour mean O3 
concentrations of  42 ppb, compared to a 
site with mean concentrations of  12 ppb 

O3, 10 ppb NO2 and 4 ppb SO2 (Rajput 
and Agrawal 2004). Yield reduction in 
pea was directly correlated with loss in 
photosynthetic rate. O3 accelerated the 
leaf  senescence of  pea, thus reducing 
the leaf  area for CO2 fixation. At the same 
seasonal mean O3 concentration, the yield 
of  a late sown variety of  wheat (T. aestivum 
cv. HUW468) was reduced by 17 per cent 
(Rajput and Agrawal 2005). However, 
transect studies need to be interpreted 
with caution as many air pollutants are 
particularly high at urban locations, causing 
greater losses in crop yields. 

ii. filtration and fumigation
Filtration and fumigation studies have 
commonly made use of  open top chambers 
(OTCs). The use of  other closed chambers 
is not advised since this may result in 
significant experimental artifacts. More 
sophisticated free-air concentration 
enrichment (FACE) studies have also been 
used more recently, although the expense 
of  establishing and running such systems 
limits their widespread use. Filtration 
studies compare crop response under 
“non-charcoal filtered” chamber (NCF) or 
“charcoal filtered” chamber (CF) conditions 
with ambient air (AA). As such, these studies 
are limited in the range of  O3 exposures 
that can be investigated. However, they have 
the advantage of  not requiring expensive O3 
generation apparatus. 

Site
Pollutant*

Leaf injury (%)
NO2 O3

Urban 58 34 8

Suburban 27 52 20

Rural 10 66 31

* 6 hour mean concentration (10.00- 16.00 h)
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to O3, suggesting a potential loss to wheat 
production using new varieties. 

Mung bean (Vigna radiata L. Wilczek) 
plants showed reductions of  48 and 52 per 
cent, respectively for the NM92 and NM51 
varieties grown in unfiltered chambers 
and experiencing 8 hour mean O3 and 
NO2 concentrations of  61 and 27 ppb, 
respectively, as compared to those grown in 
CF chambers with respective concentrations 
of  8 and 12 ppb (Ahmed 2007). Maggs and 
Ashmore (1998) observed a yield reduction 
of  57 per cent in rice variety IRRI 6 when 6 
hour mean O3 concentrations of  40-42 ppb 
were filtered out from the OTCs. For five rice 
varieties, yield losses of  28 to 42 per cent 
were reported from NCFs, as compared to 
CFs with O3 and NO2 concentrations varying 
from 35 to 60 ppb and 13 to 25 ppb, 
respectively (Wahid and others 1995b, Wahid 
and others 1997, Maggs and others 1995). 
For two varieties of  soybean, yield losses of  
37 to 46 per cent were observed at 6 hour 
mean O3 concentrations varying from 37 to 
46 ppb. Chickpea and mung bean showed 
lower reductions in yield as compared to 
soybean (Wahid 2003).

Extensive experimental studies have been 
carried out in Lahore using OTCs on local 
cultivars of  wheat, rice, chickpea, mung bean 
and soybean since 1991 (Table 5.2). Plants 
grown in NCF chambers showed reductions 
in various reproductive parameters (number 
of  ears or pods, seeds per ear or pods, 
seed or grain weight and 100 seed weight) 
including yield (Wahid and others 1995a, 
Wahid and others 1995b, Wahid and others 
1997, Wahid and others 2001, Wahid 2006a, 
Wahid 2006b, Ahmed 2007, Maggs and 
others 1995, Maggs and Ashmore 1998). Six 
wheat varieties showed yield losses varying 
from 29 to 47 per cent in NCF chambers 
with 6 hour mean O3 and NO2 concentrations 
of  33 and 23 ppb, respectively (Maggs 
and others 1995, Wahid 1995a, Wahid 
1997). In a recent study conducted at a 
site with 8 hour mean concentrations of  
72 ppb O3, 28 ppb NO2 and 15 ppb SO2 
during the wheat growing period, yield 
reductions of  18 per cent in Inquilab, 39 
per cent in Panjab-96 and 43 per cent in 
Pasban-96 were recorded in plants grown 
in NCF chambers, as compared to those 
grown in CF chambers (Wahid 2006a).In 
another study with barley grown at a sub-
urban area in Lahore, seed yield reduced 
by 13 per cent in Haider-73, 30 per cent in 
Haider-91, 34 per cent in Jou-87 and 44 per 
cent in Jou-85 grown in NCF chambers, as 
compared to those grown in CF chambers 
(Wahid 2006b). The photosynthetic rate also 
declined, ranging from 13 to 21 per cent 
for plants grown in NCFs, as compared to 
CFs (Wahid 2006b). The nutritional quality 
of  seeds was not altered with respect to 
Ca, Mg, K, P and protein content, and only 
higher starch content was observed in plants 
grown in CFs as compared to NCFs or open 
plots (Wahid 2006b). A similar nutritional 
response to ambient air pollution was also 
recorded for wheat (Wahid 2006a). One 
important observation was that new wheat 
varieties were found to be more sensitive 
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Table 5.2 Open Top Chamber (OTC) studies on the effects of  O3 on cereal and legume crops in South Asia

Reference
Country/ 
Land use

Pollutant Concentrations (ppb)
Crop Cultivars

yield 
Reduction 

(%)SO2 NO2 O3

Ahmed 
(2007)

Pakistan
(sub-urban)

- FCs-11.7
NCFs-6.9

FCs-8.3
NCFs-61.6

Bean
(Vigna radiata L.)

NM-92
NM-51

48
52

Wahid
(2006a)

Pakistan
(urban 
fringe)

FCs-5
NCFs-16

FCs-10
NCFs-30

FCs-6
NCFs-71

Barley
(Hordeum 
vulgare L.)

Haider-93
Haider-91
Jou-87
Jou-85

13
30
34
44

Wahid
(2006b)

Pakistan
(urban 
fringe)

FCs-5
NCFs-15

FCs-10
NCFs-28

FCs-6
NCFs-72

Wheat
(Triticum 
aestivum L.)

Inqilab-91
Punjab-96
Pasban-90

43
39
18

Wahid and 
others 
(1995a)

Pakistan
(sub-urban)

- FCs-5.3
NCFs-12.6

FCs-5
NCFs-35.6

Rice
(Oryza sativa L.)

Basmati 385
IRRI-6

38
34

Wahid and 
others 
(1995b)

Pakistan
(sub-urban)

- FCs-8.2
NCFs-23.3

FCs-5.3
NCFs-35.6

Wheat
(Triticum 
aestivum L.)

Pak-81
Chakwal-86

47
35

Ishii and 
others
(2004)

Malaysia
(peri-
urban)

FCs- 4.3
NCFs-
11.9

FCs-6.2
NCFs-9.5

FCs-15
NCFs-32.5

Rice 
(Oryza sativa L.) 

MR-84
MR-185 

3
6

Maggs 
and 
Ashmore
(1998)

Pakistan
(sub-urban)

- FCs-5.3
NCFs-23

FCs-5
NCFs-42

Rice 
(Oryza sativa L.)

IRRI-6 57

Rai and 
others
(2007)

India
(suburban)

FCs- 2.2
NCFs-8.8

FCs-6.1
NCFs-39.8

FCs-3.2
NCFs-40.1

Wheat 
(Triticum 
aestivum L.)

HUW-234 21

Agrawal
(2006)

India
(sub-urban)

FCs-2
NCFs-7.7

FCs-2.2
NCFs-14.5

FCs-3.1
NCFs-38.5

Rice 
(Oryza sativa L.) 

Saurabh- 
950

11

Agrawal
(2007)

India
(rural)

FCs-2
NCFs-6.1

FCs-2.1
NCFs-13.4

FCs-4.6
NCFs-47.9

Mustard  
(Brassica 
campestris L.) 

Kranti 16
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In India, Rai and others (2007) conducted 
a filtration study in a sub-urban area of  
Varanasi experiencing 12 hour mean 
concentrations of   ~8, 40 and 40 ppb, 
respectively, for SO2, NO2 and O3 (Table 
5.2). The wheat variety HUW-234, which 
had been found to be very sensitive in dose 
response studies, showed increments of  2 
per cent in the number of  ears per plant, 
22 per cent in the weight of  ears per plant, 
21 per cent in yield and 15 per cent in the 
number of  grains per plant for those grown 
in CFs as compared to NCFs. The increment 
in the harvest index was 8 per cent in CFs 
over NCFs. One important observation of  
this study was that plants were not affected 
much during the vegetative phase, when O3 
levels were low and NO2 was high, but O3 
became the dominant pollutant during the 
grain setting and filling stage, thus causing 
greater reductions in yield parameters. 
Agrawal (2006) recorded yield reductions of  
11 per cent in rice cv. Saurabh-950 grown in 
NCF chambers at a rural site having 12 hour 
mean O3, NO2 and SO2 concentrations of  
~39, 15 and 8 ppb, respectively (Table 5.2). 
In another OTC filtration study conducted 
with mustard cv. Kranti, yield reductions of  
16 per cent were observed in NCFs with O3, 
NO2 and SO2 concentrations of  ~50, 13 and 
6, ppb respectively (Agrawal 2007).

An OTC filtration study conducted with 
Malaysian rice in a sub-urban area of  Kuala 
Lumpur showed that at 33 ppb mean O3 
concentration (hourly maximum 91 ppb), the 
yield reduced by 3 per cent in MR 84 and 6 
per cent in MR 185 grown in NCF chambers, 
as compared to those grown in CF chambers 
(Ishii and others 2004). The results further 
suggested that the observed yield reductions 
were primarily due to grain sterility, which 
was 32 per cent higher in the unfiltered 
air treatment of  MR 185, as compared to 
filtered air treatment.

In contrast to filtration studies, fumigation 
studies assess crop response in relation 

to additions of  pollutant concentrations, 
allowing control of  the applied levels of  
pollutant exposure. Thai Jasmine rice 
cultivars were exposed to ambient and 50, 
100 and 150 ppb O3 for 7-hour periods daily 
from seedling until harvest (Ariyaphanphitak 
and others 2005). Reductions in 100 seed 
weight at 150 ppb O3 were 12 per cent for 
Pathumthani, 11 per cent for Gorkor-15, 11 
per cent for Khowdokmali and 7 per cent for 
Klonguang. There was no significant effect on 
100 seed weight in plants grown at ambient 
O3 concentration (24 ppb). Filled seeds per 
ear, however, showed drastic reductions 
due to O3 exposure. As compared to no O3 
treatment, reduction in filled seeds per ear 
was highest in Pathumthani (78 per cent), 
while reductions in other cultivars ranged 
between 30 and 45 per cent (Ariyaphanitak 
and others 2005). Minghong and others 
(2001) reported reductions in grain yield 
per plant of  rice by 8, 26 and 49 per cent, 
respectively, when exposed to 50, 100 and 
200 ppb O3 for 7-hour periods daily for 
three months as compared to plants grown 
in CF chambers. Based on the regression 
equation developed on the basis of  yield 
and O3 concentrations, a yield loss of  10 
per cent was calculated at 47 ppb mean 
O3 concentrations observed in the area 
(Minghong and others 2001). Kobayashi 
and others (1995) reported yield loss due to 
50 ppb O3 ranging from 3 to 10 per cent in 
two rice cultivars Koshi-hikari and Nippon- 
bare grown in OTCs and exposed for 7-hour 
periods at different levels of  O3. Among the 
yield components, 1 000-grain weight was 
significantly reduced, but the harvest index 
was not affected by O3 treatments.

OTC fumigation exposure studies conducted 
in Varanasi at 70 and 100 ppb O3 given 
for 4-hour periods daily from germination 
to maturity, showed variations in yield 
responses of  wheat and soybean plants and 
their cultivars (Agrawal 2005, Singh 1998). 
The extent of  reductions in yield due to O3 
exposure was many times higher in soybean 

Table 5.2 Open Top Chamber (OTC) studies on the effects of  O3 on cereal and legume crops in South Asia

Reference
Country/ 
Land use

Pollutant Concentrations (ppb)
Crop Cultivars

yield 
Reduction 

(%)SO2 NO2 O3

Ahmed 
(2007)

Pakistan
(sub-urban)

- FCs-11.7
NCFs-6.9

FCs-8.3
NCFs-61.6

Bean
(Vigna radiata L.)

NM-92
NM-51

48
52

Wahid
(2006a)

Pakistan
(urban 
fringe)

FCs-5
NCFs-16

FCs-10
NCFs-30

FCs-6
NCFs-71

Barley
(Hordeum 
vulgare L.)

Haider-93
Haider-91
Jou-87
Jou-85

13
30
34
44

Wahid
(2006b)

Pakistan
(urban 
fringe)

FCs-5
NCFs-15

FCs-10
NCFs-28

FCs-6
NCFs-72

Wheat
(Triticum 
aestivum L.)

Inqilab-91
Punjab-96
Pasban-90

43
39
18

Wahid and 
others 
(1995a)

Pakistan
(sub-urban)

- FCs-5.3
NCFs-12.6

FCs-5
NCFs-35.6

Rice
(Oryza sativa L.)

Basmati 385
IRRI-6

38
34

Wahid and 
others 
(1995b)

Pakistan
(sub-urban)

- FCs-8.2
NCFs-23.3

FCs-5.3
NCFs-35.6

Wheat
(Triticum 
aestivum L.)

Pak-81
Chakwal-86

47
35

Ishii and 
others
(2004)

Malaysia
(peri-
urban)

FCs- 4.3
NCFs-
11.9

FCs-6.2
NCFs-9.5

FCs-15
NCFs-32.5

Rice 
(Oryza sativa L.) 

MR-84
MR-185 

3
6

Maggs 
and 
Ashmore
(1998)

Pakistan
(sub-urban)

- FCs-5.3
NCFs-23

FCs-5
NCFs-42

Rice 
(Oryza sativa L.)

IRRI-6 57

Rai and 
others
(2007)

India
(suburban)

FCs- 2.2
NCFs-8.8

FCs-6.1
NCFs-39.8

FCs-3.2
NCFs-40.1

Wheat 
(Triticum 
aestivum L.)

HUW-234 21

Agrawal
(2006)

India
(sub-urban)

FCs-2
NCFs-7.7

FCs-2.2
NCFs-14.5

FCs-3.1
NCFs-38.5

Rice 
(Oryza sativa L.) 

Saurabh- 
950

11

Agrawal
(2007)

India
(rural)

FCs-2
NCFs-6.1

FCs-2.1
NCFs-13.4

FCs-4.6
NCFs-47.9

Mustard  
(Brassica 
campestris L.) 

Kranti 16



181 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

cultivars as compared to wheat cultivars. 
Yield reductions at 70 and 100 ppb O3, 
respectively, were recorded at 13 and 33 
per cent for PK472, 10 and 25 per cent for 
Bragg cultivars of  soybean and 5 and 16 per 
cent for M234 and 8 and 17 per cent for HP 
1209 cultivars of  wheat (Agrawal 2005).

iii. Chemical Protectant Studies

A common chemical protectant study 
available for investigating O3 effects on 
crops is the anti-oxidant EDU ((N-[2-(2-oxo-
1-imidazolidinyl) ethyl]-N-phenylurea)). EDU 
provides protection against O3 when applied 
as a soil drench in appropriate quantities 
(which depend upon species and cultivar) 
at frequent intervals during the crop growth 
period. This method has the advantage 
of  not requiring technical experimental 
facilities and hence can be easily applied by 
researchers at little cost. Crop responses 
of  protected plants can be compared with 
unprotected plants grown under ambient air 
pollutant concentrations.

EDU is known to suppress acute and chronic 
O3 injury on a variety of  plants. Bambawale 

(1986) first used EDU in India to confirm 
that leaf  injury on Solanum tuberosum in 
a rural location near Jalandhar in Northern 
India was due to the prevalence of  high 
O3 concentrations. The study showed that 
application of  EDU reduced the foliar injury 
symptoms in plants as compared to non-
EDU treated ones.Wahid and others (2001) 
conducted experiments with two local 
cultivars of  soybean (Glycine max L. cv. 
NARC-1 and NARC-2) using three sites (sub-
urban, rural and rural-road site) around the 
city of  Lahore, Pakistan to assess the role 
of  EDU in protecting O3-induced yield losses 
(Table 5.3). EDU treatment protected the 
plants against reductions in various growth 
parameters and yield components. Greater 
increments in yield due to EDU treatment 
occurred at both rural sites compared to 
the sub-urban site in pre- as well as post-
monsoon experiments.  Furthermore, larger 
differences in yield between EDU-treated 
and non-EDU treated plants were observed 
during the pre-monsoon period when O3 
concentrations were also greater (Wahid and 
others 2001).



182Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

Table 5.3 EDU studies on assessing the effects of  O3 on cereal and legume crops in South Asia.

Reference
Country/
Land use

Mean Pollutant 
Conc.(ppb) EDU 

Conc. 
(ppm)

Crops Cultivars

Reductions in non-EDU 
Treated Plants (%)

SO2 NO2 O3

yield Test 
Weight

harvest 
Index

Agrawal 
and others 
(2003a)

India
(sub-urban)

13 36 42 400 Mung bean
(Vigna radiata 
L.)

Malviya 
Jagriti

12 12

Agrawal 
and others 
(2005)

India
(sub-urban)

- - 42 300 Wheat
(Triticum 
aestivum L.)

M 533
M234

13
19

- 3
32

Agrawal 
and others 
(2004) 

India
(sub-urban)

22.4 25.3 56 500 Wheat
(Triticum 
aestivum L.)

HD2329 
HUW234
HUW468

35
46
14

14
15
15

15
15
12

Agrawal 
and others 
(2005)

India
(sub-urban)

- - 34 500 Mung bean
(Vigna 
radiata L.)

Malviya 
Jyoti

27 22 18

Singh and 
others 
(2008)

India
(sub-urban)

- - 58.7 400 Mung bean
(Vigna 
radiata L.)  

Malviya 
Janpriya

33 - 11

Wahid and 
others 
(2001)

Pakistan
(sub-urban)

roadside 
rural

remote 
rural

-

-

-

40*
63**

27*
34**

2*
1**

14*
26**

48*
70**

44*
75**

400 Soybean 
(Glycine 
max L.)

NARC- I 32
53

62
74

49
64

1
3

14
25

7
14

-
-

-
-

-
-

* Post monsoon ** Pre monsoon
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Mung bean plants (V. radiata cv Malviya 
jyoti) grown at different sites around 
Varanasi, India showed that the maximum 
protection for various parameters from the 
EDU treatment occurred at the site with 
the highest O3 concentration (Agrawal and 
others 2003a). Singh and others (2007) 
found that yield reduced by 33 per cent in 
mung bean cv. Malviya Janpriya in non-EDU 
treated plants, as compared to the 400 ppm 
EDU-treated ones. The harvest index also 
reduced by 11 per cent in non-EDU treated 
plants (Table 5.3).

Three concentrations of  EDU application 
(0, 150, 300 and 450 ppm) were used to 
assess the impact of  ambient O3 on growth 
and productivity of  wheat cultivars M533 
and M234 at a sub-urban site near Varanasi 
(Table 5.3). Seed yield was significantly 
higher for M 533 at 150 ppm EDU, while 
yield increments for M234 were observed 
at 300 and 400 ppm EDU (Tiwari and 
others 2005). The study suggested that 
M533 appeared to be more resistant to O3 
than M234 and therefore EDU treatments 
provided a greater magnitude of  protection 
to the sensitive variety. M234, the sensitive 
wheat cultivar, was suggested for use as a 
bio-indicator for assessing O3 injury in India. 
The study further suggested that under 
field conditions, ambient O3 concentrations 
are variable; hence, it may be possible that 
even when no significant effects are found 
during the vegetative period due to low O3 
concentrations, yield reductions may be 
greater due to higher O3 concentrations 
during grain settling and filling periods.

Field experiments with EDU conducted at 
Allahabad, India have also indicated that 
O3 can cause significant increments in yield 
of  wheat cultivars HUW 234, HUW 468 and 
HD 2329 (Agrawal and others 2004) and 
mung bean (Agrawal and others 2005). 
Wang and others (2007) also assessed the 
impact of  ambient O3 on growth and yield 
of  rice and a wheat cultivar grown in the 
Yangtze Delta, China, using three rates of  

EDU application. For wheat, yield increased 
significantly by 13 per cent at 300 ppm EDU, 
while for rice no statistically significant effect 
was observed between EDU-treated and 
non-EDU treated plants. The study suggested 
that the wheat cultivar is more sensitive and 
hence demonstrates the effectiveness of  EDU 
protection. Thus, cultivar sensitivity is an 
important factor to consider when using EDU 
to assess O3 effects. Using EDU to assess O3 
injury is successful only when concentrations 
of  O3 are high enough to cause adverse effects 
on plants. However, the dose of  EDU needs to 
be standardized and species sensitivity needs 
to be ascertained.

This review of  published literature has clearly 
indicated wide variability in the response of  
crops and cultivars to O3. In general, legumes 
tend to be most sensitive to ozone followed 
by wheat, with least sensitivity being recorded 
for rice. Even the oil crop mustard has shown 
significant reductions at a rural site with high 
O3 concentrations.

A recent review by Emberson and others 
(2008) collated O3 response data (specifically 
selected for their comparability) for wheat, rice 
and legume species from studies conducted 
across Asia, using fumigation, filtration and 
chemical protectant experimental methods. 
This study pooled yield responses of  these 
different crops and crop types in relation to 
O3 exposures at 4- to 8-hour growing season 
mean concentrations.  The aim of  this review 
was to assess the potential of  using data 
taken from different studies, using different 
experimental methods, performed under 
different years and climates and investigating 
different cultivars, to provide information on 
the relative sensitivity of  Asian crops and 
cultivars in relation to existing dose-response 
relationships derived from North American 
studies (for example, Mauzerall and Wang 
2001). The investigation clearly showed that 
experimental studies of  wheat and rice in 
Asia show a far greater sensitivity to O3 than 
that predicted from the North American 
dose-response relationships.Under ambient 
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O3 concentrations (determined according 
to study site conditions as between 30 
to 80 ppb 4-8 hr growing season mean) 
yield losses ranged from  5 to 48 per cent, 
3 to 47 per cent and 10 to 74 per cent, 
for wheat, rice and legumes respectively 
with associated median yield losses of  
approximately 32 per cent, 16 per cent 
and 47 per cent, respectively. As such, it 
was concluded that due to factors, such as 
the variability in crops, cultivars, climate 
and pollution mix, it would be preferable 
to use locally derived crop cultivar dose-
response relationships for Asian regional 
risk assessments. An understanding of  
cultivar sensitivity is especially important 
since a recent study by Biswas and others 
(2008) has shown that the sensitivity to O3 
of  20 different cultivars of  winter wheat has 
tended to increase with the year of  release, 
that is, more recently released cultivars are 
more sensitive to O3. 

The collation of  these data also identified 
the following key points:  i) different cultivars 
of  the same species show large variability 
in sensitivity to the same O3 concentrations 
under the same environmental and 
experimental conditions; ii) the data 
suggest an effect of  the type of  experiment 
used to determine sensitivity; fumigation 
experiments tend to describe lower species’ 
sensitivity to equivalent O3 exposures 
compared to filtration or EDU experiments; 
iii) cultivar and crop sensitivity varies with 
study location, due may be to differences 
in the experimental design (even when the 
type of  experiment used is the same) and 
differences in prevailing environmental 
conditions that can strongly influence plant 
sensitivity to equivalent O3 exposures. 

5.4 MODELLING Of OzONE
      IMPACTS TO AGRICULTURAL
      CROPS

To our knowledge, only a few risk assessment 
studies on the impact of  O3 on agriculture 

have been performed in Asia, and these 
have been confined to East Asia. Wang and 
Mauzerall (2004) estimated economic losses 
for wheat, rice, maize and soybean for China, 
South Korea and Japan at US$ 5 billion, 
using 7 and 12 hour mean O3 dose-response 
relationships derived in North America. 
These losses were represented by percentage 
yield losses of  up to 9 per cent for cereal 
crops and 23 to 27 per cent for soybean 
(a species recognized as very sensitive to 
O3). The magnitude of  these losses was in 
agreement with a similar study (which only 
estimated yield rather than economic losses) 
conducted by Aunan and others (2000), 
where yield losses of  1 to 4 per cent were 
estimated for wheat, rice and corn in China.

Given the experimental evidence of  the 
extent and magnitude of  O3 impacts on 
important crop species across Asia under 
current conditions and the projected 
increase in O3 concentrations in the future, 
it seems imperative that risk assessments 
specifically developed for Asian conditions 
be performed. This section reviews methods 
that have been most commonly used to 
assess O3 impacts to agriculture in recent 
years. It discusses how these methods have 
evolved, and describes those methods that 
are currently viewed as state-of-the-art in 
relation to their potential application to 
Asian conditions. 

5.4.1 Introduction to ozone risk 
        assessment modelling for crops

A common method for conducting regional 
scale risk assessments of  air pollution 
impacts on crop losses is given in Figure 
5.7. This method combines pollution 
concentration data (derived either from 
spatial knowledge of  emissions and 
modelled using an appropriate chemical 
transfer model or interpolated from 
monitoring data), with data describing the 
spatial and temporal (that is, growth period) 
distribution of  receptors (for example, 
particular crop species). The combination 
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of  these data is made using either a critical 
level (to show where exceedance of  a defined 
pollutant concentration may result in yield 
loss) or a dose-response relationship (which 
can provide a quantification of  actual 
yield losses), to provide an indication of  
the geographically-distributed risk to crop 
production. It should be emphasized that 
these methods estimate only the direct 
consequence of  the biological (crop yield 
loss) response to ozone. They do not attempt 
to incorporate farmer responses to such 
crop losses, which could be to switch to less 
sensitive crops and cultivars or to introduce 
management practices that lessen the 
impacts on agricultural production (Spash 
1997).

In Asia, the paucity of  observed O3 
concentration data means that currently the 
only option for risk assessment is the use of  
modelled data. As described earlier, there is 
still significant uncertainty associated with 
modelled O3 concentrations primarily due to 
a lack of  appropriate emission inventories 
and extremely limited opportunity for 
model evaluation. Assuming realistic O3 
concentrations can be estimated, these 
have to be characterized according to an 
appropriate index (referring to that used 
to define critical levels or dose-response 
relationships).

Figure 5.7 Datasets 
required for regional 
application of the critical 
level or dose-response 
approaches. 
(Source: Emberson 
and others 2003).
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The flux-based method that is now 
recommended for risk assessment in 
Europe relies predominantly on estimating 
stomatal conductance (gsto) with stomatal 
O3 flux (Fst) calculated as a function of  O3 
concentration at canopy height and gsto.The 
flux-based approach is conceptually similar 
to the concentration-based AOT40 index that 
it replaces, in that it is the accumulation 
of  flux (AFst) over a phenologically defined 
O3 sensitive part of  the growth period that 
is the index used to relate O3 exposure 
to crop damage. In addition, statistical 
analysis of  flux-response data in relation 
to damage (yield loss) has shown that a 
stronger correlation exists between Fst and 
damage when the former is accumulated 
above a species-specific flux threshold (Y). 
This threshold represents the plants’ innate 
detoxification capacity (Pleijel and others 
2007). This is estimated as shown in [1] 
where n is the number of  hours within the 
accumulation period

 [1] 

To assess O3 damage (such as crop yield 
loss) from estimates of  AFstY requires flux-
response relationships for the vegetation 
type being investigated. In Europe, flux-
response relationships have been derived for 
two crops, wheat and potato, by re-analyzing 
OTC data (Figure 5.8, Pleijel and others 
2007). Importantly, the use of  the flux-based 
O3 exposure index leads to improved linear 
regressions between relative yields than had 
previously been obtained using the AOT40 
concentration based method (UNECE 2004).

Another important advantage of  the flux-
based method is that it is more readily 
transferable to different regions and climates 
since it incorporates an assessment of  
environmental conditions into calculations 
to estimate flux. An important shortcoming 
of  concentration-based approaches (such 
as, AOT40, SUM06 and W126) is that they 

The existence of  reliable and regionally 
representative dose-response relationships 
is integral to any attempt to perform a 
regional scale risk assessment of  O3 impacts 
on agricultural production. Existing dose-
response relationships tend to use O3 
characterization methods that relate crop 
damage to ambient O3 concentrations and as 
such have been termed concentration-based 
risk assessment methods. More recently in 
Europe, a new flux-based index has been 
developed and is now recommended for 
agricultural crop risk assessments (UNECE 
2004). 

5.4.2 flux-based risk assessments
Flux-based risk assessments differ from 
the more traditional concentration-based 
approaches since they attempt to estimate 
the vegetation damage, such as crop yield 
loss, according to the O3 dose received by 
a plant (that is, the O3 concentration taken 
up by the plant via the stomata or leaf  
pores that allow gas exchange between 
the plant and atmosphere (Ashmore and 
others 2004). The primary driver for the 
development of  this new index is based on 
the knowledge that prevailing environmental 
conditions (in particular atmospheric and 
soil water status) are strong determinants of  
sensitivity to O3 (Grünhage and others 2000, 
Musselman and others 2006). This is due to 
the fact that drought and low atmospheric 
humidity affect plant physiology by closing 
the stomata to minimize water loss. This 
reduction in stomatal conductance will also 
reduce exchange of  other gases, including 
atmospheric pollutants. O3 primarily causes 
damage only once it has been taken up via 
the stomata. Since O3 is also a photochemical 
oxidant (that is, formed under hot, sunny, 
dry conditions), it is common for O3 episodes 
to co-occur with environmental conditions 
likely to reduce stomatal O3 uptake or flux. As 
such, the development of  a risk assessment 
approach that takes account of  environmental 
conditions is seen to be especially important 
for O3 (Ashmore and others 2004). 

 AFstY  =  ∑
=

−
n

i
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are unable to take account of  the influence 
of  prevailing environmental conditions in 
O3 sensitivity. Such a failing is not an issue 
for the AFstY index. This is important both 
when using methods developed in Europe for 
application in other regions of  the world (for 
example, Asia) as well as methods developed 
for future climate conditions (that is, for 
assessments of  the influence of  O3 under 
climate change conditions). For both these 
reasons, the AFstY approach can be viewed 
as more flexible than other concentration-
based method (Harmens and others 2007a).

A common criticism of  the flux-based 
method is that it is relatively data intensive 
(Paoletti and Manning 2007). In truth 
this may cause problems when applying 
the method with data collected from 
individual site locations where the full data 
complement may not have been collected. 
However, this method does lend itself  to 
regional scale modelling since the input data 
(meteorological and O3 concentration) are 
all available from photochemical transfer 
modelling. The reason for this is partly due 
to the fact that this flux-based method co-
evolved with methods to improve estimates 
of  O3 deposition for use in chemical transfer 
models (Emberson and others 2001).

Application of  such a combined total and 
stomatal deposition scheme for Europe 
(the DO3SE model: Deposition of  O3 for 
Stomatal Exchange) is shown in Figure 5.9, 
which compares risk assessments using 
concentration (AOT40) and flux-based 
(AFstY) methods for Europe in the year 2000 
(Simpson and others 2007).

Figure 5.9 clearly shows that AOT40 and 
AFstY have very different spatial patterns 
across Europe. The wider coverage of  
flux-based risk suggests that crops are 

Figure 5.8 Flux-response relationships between relative yield and the modelled AFst6 for wheat and potato 
(Pleijel and others 2007).

at significant risk of  O3 across much of  
the European continent. This agrees with 
observations in the field that provide 
numerous evidences of  damage to crops in 
the northern parts of  Europe (Harmens and 
others 2007b).

As stated previously, this method is also 
suitable for application under future climate 
change conditions. A recent study by Sitch 
and others (2007) has applied this flux-
based method at a global scale for current 
and projected future conditions to estimate 
the impact of  projected changes in O3 
levels on the land-carbon sink. The study 
found a significant suppression of  the 
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global terrestrial carbon sequestration as 
increases in O3 concentrations decreased 
plant productivity. In consequence, more CO2 
accumulates in the atmosphere suggesting 
that indirect radiative forcing by O3 effects 
on plants could contribute more to global 
warming than the direct radiative forcing due 
to tropospheric O3 increases. A similar study 
was conducted for China although in this 
case the carbon sink potential was limited 
to an investigation of  grassland ecosystems 
(Ren and others 2007). It was also found 
that surface O3 (in combination with climate 
and CO2) played a significant role in limiting 
net primary productivity (NPP), and that an 
improvement in air quality could significantly 
increase productivity and carbon storage in 
China’s grassland ecosystems.

and management practices).  Its application 
would make significant advances in our 
contextual understanding of  the impacts of  
ABCs in relation to agricultural production.

5.5 RECOMMENDATIONS
This chapter has described the current state 
of  knowledge in Asia in relation to surface 
O3 and its potential impacts on agricultural 
productivity. The potential to perform such 
impact assessments has been viewed 
based on knowledge of  current O3 climate 
across the region, knowledge gathered from 
experimental studies on impacts of  O3 on 
crops, and eventually the means by which 
this information could be consolidated 
using modelling methods to perform O3 risk 
assessments for agricultural production. 

As such, the benefit of  the flux-based 
approach as a powerful tool for developing 
an improved integrated understanding of  
ABCs should not be underestimated. As 
well as providing information on the direct 
impacts of  O3 on agricultural production, 
it can also be applied to develop our 
understanding of  the interplay of  a range of  
different environmental, physical and socio-
economic conditions (including climate, CO2 

This section will take each of  these three 
components in turn and discuss how existing 
knowledge and infrastructure may be 
developed in the future to provide improved 
risk assessments of  the effects of  the O3 
component of  ABCs on agriculture.

i. Monitoring
The monitoring of  O3 concentrations 
is crucial to the performance of  risk 

Figure 5.9 Critical level (CL) concentration (AOT40) and flux-based (AFst6) risk assessments performed for 
crops in Europe for the year 2000. (Simpson and others 2007).
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assessments through provision of  data 
describing variations in O3 concentrations 
in relation to geographical location and the 
development and evaluation of  O3 chemical 
transfer modelling. Some limitations with the 
current O3 monitoring regime across Asia 
have been identified. Suggestions detailed 
below can help to address these limitations. 
• Increase spatial resolution of  monitoring

sites (especially in South Asia) to ensure 
adequate spatial coverage and monitoring 
network density. The sites should be 
located to encompass the range of  climatic 
conditions found across agricultural regions 
in Asia.

• All monitoring should use comparable
or standardized procedures for the 
establishment of  monitoring stations and 
subsequent monitoring.

• The monitoring of  air quality should be
conducted in parallel with the monitoring 
of  additional physio-chemical parameters, 
some of  which may be particularly pertinent 
to ABC assessment (for example, solar 
radiation and aerosol load at the surface). 

• The monitoring should be long-term to
allow the identification of  trends in pollutant 
concentrations and deposition.

• The monitoring methods selected should
be affordable or at least allow comparison 
in methods. For example, passive samplers 
could be used at all sites with more 
sophisticated methods (such as, continuous 
electrical monitors) at selected sites only. 
To this end, it may be useful to develop 
a hierarchal monitoring network with 

different sites capable of  different levels of  
monitoring.

ii. Experimental
This review of  existing experimental 
studies describing O3 impacts on crops 
highlights gaps in our knowledge including 
the following: i) limited number of  
different crops and cultivars studied; ii) 
limited number of  locations (and hence 
meteorological and pollution climate 
conditions) under which these studies have 
been conducted; and iii) inconsistency in the 
use of  experimental methods and protocols, 
making it difficult to pool data. 

To overcome the issue of  standardization 
it would seem logical to suggest the 
development of  an experimental study 
similar to the OTC Programmes conducted 
in North America and Europe (Mauzerall and 
Wang 2001). This could make use of  existing 
experimental infrastructure, significantly 
reducing the “start-up” resources required. 
One obvious route to achieving this 
would be to build upon existing scientific 
networks, such as the Air Pollution Crop 
Effect Network (APCEN) and the Malé 
Declaration Network. APCEN is a scientific 
network of  air pollution practitioners that 
has been developing standardized methods 
for the risk assessment of  O3 impacts 
on agriculture. Figure 5.10 describes the 
geographical distribution of  this network 
across Asia along with the networks’ access 
to experimental infrastructure.



190Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

Figure 5.10 Map showing the geographical distribution of APCEN members across Asia (A) and which 
members are involved in crop activities. (B) shows the distribution of key experimental facilities: free-air 
concentration enrichment (FACE) field chambers, O3 generators and O3 monitors. Also shown are Malé 
sites currently in involved in crop bio-monitoring activities under the Malé Declaration. 

A

B

It is apparent from Figure 5.10 that 
substantial capacity already exists in Asia 
to perform a variety of  experiments using a 
range of  different methods. Many members 
have access to OTCs, growth chambers, 
O3 generators and electrical pollutant 

monitors. There even exists a FACE (free-
air concentration enrichment) facility in 
New Delhi, India. As such, the potential 
for developing an Asian experimental 
programme at reasonable cost is a very real 
and exciting prospect. 
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• The Malé Declaration has already 
established a bio-monitoring network, with 
the primary aim of  assessing the impacts 
of  O3 on agriculture. This network has 
applied chemical protectant and active bio-
monitoring methods at six sites across South 
Asia (see Figure 5.10). Minimal additions 
to the experimental infrastructure of  this 
network could provide information valuable 
for a more complete assessment of  the 
impacts of  ABCs on agriculture.

iii. Modelling 
The risk assessment sections earlier in this 
report have described the evolution of  new 
flux-based methods for O3 risk assessments 
for agriculture in Europe. The reliance of  
these methods on meteorological input 
and crop-specific parameterisation make 
them easier to modify so as to be suitable 
for application under different climatic 
conditions (that is, modified to suit Asian 
conditions). As such, it is recommended that 
capacity be built to apply these new methods 
across Asia. To achieve this would require 
implementation of  the following steps:

• Re-parameterisation of  flux models 
(for example, DO3SE model) for Asian 
crops and cultivars. This could be 
achieved by making simple physiological 
(such as stomatal conductance and 
photosynthesis), crop structural (canopy 
height, leaf  area index) and environmental 
(irradiance, temperature, relative humidity) 
measurements over growing seasons for 
key Asian crops.

• Introduction of  a flux-based deposition
model into a suitable chemical 
transformation model to ensure 
consistency in modelled estimates 
of  total deposition (for estimation of  
O3 concentration fields) and stomatal 
deposition (to estimate effects and 
subsequent yield losses).

• Development of  flux-based dose-response
relationships for key Asian crops and 

cultivars. These could be derived from OTC 
fumigation studies.

• Incorporation of  flux-based modelling 
methods with agricultural crop 
growth models. This would initiate the 
development of  methods to assess O3 
impacts in the context of  indirect ABC 
impacts on agriculture resulting from 
aerosol-induced alterations in irradiance 
(mediating photosynthetic-related crop 
productivity) and precipitation (and hence 
water availability).

• The added value of  developing robust 
risk assessment modelling methodologies 
would enable both backcasting (for 
evaluation) and forecasting (for projection) 
of  O3-related impacts on agriculture. This 
will be particularly valuable when trying 
to develop policy options to mediate the 
impacts of  ABC and O3 pollution

Finally, the importance of  an overseeing 
body to co-ordinate these assessment 
activities should not be underestimated. 
This would ensure the development of  
appropriate policy interventions that 
consider O3 impacts in the context of  
ABCs and other environmental stresses 
(such as, climate change). In South Asia, 
such a body has been developed under the 
Malé Declaration that aims to engender 
international support and mandates to 
control and prevent air pollution. The 
establishment of  international agreements 
similar to the Malé Declaration that 
encompass the whole of  Asia is a huge 
challenge for the future, but one that could 
provide great benefits through the co-
ordination, management and interpretation 
of  integrated research studies from which to 
develop mitigation and adaptation options 
for both ABCs and climate change. 
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6.1 INTRODUCTION
The research presented in previous 
chapters indicates that atmospheric brown 
clouds (ABCs) can affect the climate in 
multiple ways. In South Asia, for example, 
ABCs have evidently already reduced the 
monsoon rainfall, partially offset increases 
in surface temperature caused by global 
warming, and reduced the amount of  solar 
radiation reaching the surface (also known 
as dimming). These simultaneous changes 
create challenges for research on the 
agricultural impacts of  ABCs. Consider the 
impact of  dimming. One way to study this 
would be to conduct an experiment in which 
a crop of  interest was grown in a test field 
that included a mix of  unshaded control 
plots and artificially shaded treatment plots. 
Suppose further that, when the results of  
the experiment were analyzed, the yield 
was found to be significantly lower in the 
treatment plots than in the control plots. 
Would this be sufficient evidence that ABCs 
reduce yields in actual, as opposed to 
experimental, farm fields? Not necessarily. 
In the real world, ABC-induced dimming 
would not occur in isolation. It would be 
accompanied by other climate changes, such 
as drying or cooling, which could potentially 
either accentuate or offset the effects 
of  dimming. A study that predicted the 
agricultural impacts of  ABCs from just the 
results of  the shading experiment could thus 
either understate or overstate the impacts.

Agricultural experiments on individual 
characteristics of  climate thus provide a weak 
basis for ABC impact studies. Multivariate 
analysis is needed (Krupa 2003).

Factorial experiments, in which multiple 
climate characteristics are varied, can 
generate the data for multivariate analysis. 
Even sophisticated factorial experiments 
are inadequate, however, because they only 
address crop responses to climate changes. 
Agriculture is a coupled natural-human 
system. To measure the impacts of  ABCs on 
it, one must account for farmer responses 
too. For example, farmers in historically 
rainfed areas would likely mitigate the 
impacts of  ABC-induced drying by investing 
in new irrigation systems (or pressuring 
their governments to do so). Or they might 
adapt by switching to more drought-resistant 
varieties of  traditional crops or to different, 
less water-intensive crops altogether. Less 
direct responses can also occur. For example, 
the application of  nitrogen fertilizer can 
evidently reduce the impact of  water stress 
during certain growth stages of  rice (Castillo 
and others 2006). Another possible response 
would be to change planting and harvesting 
dates (Mall and others 2006). The possibility 
of  shifting to different varieties appears 
to be an especially important adaptation 
mechanism for a crop like rice, which is 
currently grown in a wide range of  climatic 
regions, from the tropics to the temperate 
zone, and in very different topographies, 
from lowlands to uplands. Existing rice 
varieties vary in their sensitivity to water 
stress (Lilley and Fukai 1994, Jearakongman 
and others 1995), submergence (Keith and 
others 1986, Singh 2004, Sarkar and others 
2006), and shading (Murchie and others 
2002), and new cultivars are being developed 
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to deal with specific environmental stresses, 
as for example, submergence (Xu and 
others 2006a).  Studies on the impacts of  
environmental factors other than climate 
indicate that impact estimates can be 
substantially biased if  researchers ignore 
farmer responses. The best-known example 
is probably ozone damage to crops in the 
United States, where research has long 
revealed that farmers attempt to reduce 
damage by adjusting farm inputs, such 
as labour and fertilizer (Garcia and others 
1986) and the mix of  crops grown (Brown 
and Smith 1984, Kopp and others 1985). 
Brown and Smith (1984) estimated the 
benefits of  ozone reduction, both with and 
without allowance for adjustments to the 
crop mix. They found that ignoring this 
response led to benefit estimates that were 
underestimated by up to 19 per cent.  

This chapter reviews evidence of  the 
agricultural impacts of  ABCs in Asia. It 
considers only indirect impacts that occur 
as a result of  the effects of  ABCs on the 
climate. Another chapter considers the 
direct impact of  ABCs due to pollution 
damage. The chapter is in two parts. The 
first part focuses on rice, which is the 
most important and most studied crop in 
Asia, and it considers impacts related to 
rainfall, temperature and solar radiation. 
It reviews evidence from statistical agro-
economic models. In these models, one 
uses multivariate regression methods to 
determine a mathematical relationship 
between an agricultural outcome of  
interest, such as yield, harvest, farm 
profits or farmland values (the dependent 
variables), and variables which influence 
that outcome (the explanatory variables). 
The latter includes two important categories 
of  variables. The first consists of  climate 
variables, which can be allowed to have non-

linear impacts on agricultural outcomes. 
For example, the impact of  a given climate 
variable might intensify if  it exceeds 
particular values (a threshold effect) or 
might depend on the levels of  other climate 
variables (an interaction effect). The second 
category consists of  variables that are 
subject to farmer control, such as area 
planted, choice of  crops, and use of  labour, 
fertilizer and other inputs. The inclusion 
of  these latter variables enables statistical 
models to account for farmer responses. 

The second part of  the chapter presents 
evidence from a new study conducted using 
crop simulation models.1  In such models, 
physiological relationships are explicitly 
modeled, with parameters drawn from 
scientific literature. In addition to rice, the 
study examines two other important crops, 
wheat and sugar cane. The focus is on the 
impacts of  an aerosol event that affected 
India in January-March 1999. High aerosol 
concentrations reduced the amount of  solar 
radiation reaching the surface during this 
period. In measuring the resulting impacts 
on the three crops, attention is paid to not 
only the reduction in surface solar radiation 
but also the associated reduction in 
temperature.

The chapter concludes with a recap of  
the main points and recommendations for 
future research, along with a discussion 
of  a fundamental conceptual issue that is 
pertinent to any impact study, regardless 
of  methodology, that is, whether to define 
impacts in terms of  damage caused by 
ABCs or damage avoided by reducing ABCs. 
Each of  these two definitions runs the risk 
of  biased impact estimates, which stem 
from the different ways that they reflect the 
consequences of  farmer responses.

1 Mall and others (2006) provide a recent review of studies that have used crop-response simulation models to 
analyze the impacts of climate change on agriculture in India, but not specifically climate change due to ABCs.
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An important limitation of  this chapter 
must be acknowledged up front: most of  the 
information presented pertains to just rice 
in South Asia. Additional research on other 
crops and other areas with significant ABCs, 
such as China, is needed before the indirect 
impacts of  ABCs on Asian agriculture can be 
comprehensively assessed. This chapter is 
best viewed as an initial, incomplete step.

6.2 EVIDENCE fROM STATISTICAL
      MODELS

6.2.1 Introduction 
Statistical agro-economic models are rooted 
in reality by being based on actual farm 
outcomes, with data coming from individual 
farms or aggregations of  farms at the 
district, state, provincial or national levels. 
For this reason, and because they include 
both climate and farm variables, the models 
can be used to measure in a realistic and 
internally consistent way the sensitivity of  
farmers’ decisions that have to do with the 
climate. These features enable the models 
to generate predictions of  the agricultural 
impacts of  climate change that account 
for farmer responses. This is one of  their 
principal advantages over those models 
that account only for crop responses, and 
it is one of  the prime reasons why they 
have been used so extensively to measure 
the agricultural impacts of  global warming 
(Mendelsohn and others 1994, Dinar and 
others 1998, Mendelsohn and others 2004, 
Kelly and others 2005, Schlenker and others 
2005, Deschenes and Greenstone 2007). 

Most of  the studies reviewed below were 
conducted to understand the impacts of  
global warming, not ABCs. They nevertheless 
provide useful information on the potential 
impacts of  the drying, cooling and dimming 
effects of  ABCs on rice harvests. Some use 
statistical models that include both climate 

and farmer variables; others, mostly earlier 
studies, use only climate variables. Only a 
single study, a recent one by Auffhammer 
and others (2006) on rice in India, is 
known to have developed a statistical agro-
economic model specifically to assess the 
impacts of  ABCs. This chapter presents 
that study in some detail after reviewing 
other literature. Most of  the studies focus 
on impacts related to rice harvest or yield, 
while a few examine broader measures of  
agricultural output, such as sales revenue 
aggregated across major crops.

Appendix A contains a technical description 
of  statistical models, including a discussion 
of  their limitations. The latter focuses on 
limitations specifically related to climate 
considerations. Some of  these limitations 
are also discussed as part of  the review of  
specific studies below.

6.2.2 Climate sensitivity of rice
         production2 

The International Rice Research Institute 
(IRRI) and other organizations have 
conducted decades of  research on the 
impacts of  rainfall, temperature and solar 
radiation on rice production. These studies 
have typically used yield (harvest per unit 
area) as the measure of  production, but 
some have used total harvest (yield times 
area). Early studies were based on controlled 
experiments conducted in greenhouses 
or test plots. Statistical models trace 
back to the 1980s. The first statistical 
models tended to relate production to just 
one climate variable, rarely two, without 
considering other climate variables or 
non-climate variables. Moreover, the data 
for these models were often drawn from 
experiments. For both reasons, these models 
were not statistical agro-economic models 
of  the sort described in the introduction, 
that is, models that rely on observed values 

2 This section draws heavily on a literature review conducted by Matthew J. Forrest during 2006-2007.  The 
authors express their appreciation to Forrest and to the University of California’s Institute on Global Conflict and 
Cooperation, which funded Forrest’s research.
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of  actual (not experimental) farm outcomes 
and that include not only climate and other 
biophysical variables but also variables 
related to farmers’ crop-management 
decisions. 

These traits made the models vulnerable 
to omitted variables bias - estimated 
coefficients on the one or two variables 
included in the models could be picking up 
the effects of  other variables that happened 
to be correlated with them but were left out 
of  the models (see “Limitations of  statistical 
models” in Appendix A) - and limited their 
applicability to the modelling of  crop 
responses, not farmer responses. Some 
recent models have included a broader range 
of  climate and non-climate variables.

This section draws on the findings of  
more than 30 studies. The studies vary in 
numerous ways, not least in terms of  how 
they define climate variables. Some use 
monthly or annual measures of  current 
weather, whereas others use means or 
variances of  weather variables calculated 
over several years or decades (“climate 
normals”). Some use levels of  variables; 
others explicitly or implicitly use deviations 
from means or trends (“anomalies”). Some 
use data for a given year across sites (cross-
sectional data), some use data over time for 
a given site (time-series data), others use 
data that vary in both dimensions (panel 
data). Despite these variations, a consistent 
picture emerges with clear implications of  
the impacts of  ABCs:
 
• Up to a point, increased rainfall raises 

rice production. Drying caused by ABCs 
should thus tend to harm production.

• Increased temperature, especially 
increased minimum (night time) 
temperature, reduces production. Cooling 
caused by ABCs should thus tend to 
benefit production by offsetting warming 
caused by GHGs.

• Increased solar radiation, especially 
those increases later in the growing 

season, raises production. Dimming 
caused by ABCs should thus tend to harm 
production.

Two of  the apparent climatic consequences 
of  ABCs (that is, drying and dimming) 
are thus harmful, while a third (cooling) is 
beneficial. The net impact is thus uncertain 
and depends on the relative magnitudes of  
the three climate changes and the sensitivity 
of  rice to each. The study by Auffhammer 
and others (2006), which is reviewed in 
section 6.2.3, aimed at determining the net 
impact.

The sub-sections below review evidence on 
the sensitivity of  rice production to rainfall, 
temperature and solar radiation, in that 
order. Although the main focus is on findings 
from statistical models, some information 
from controlled experiments is presented at 
the start of  each sub-section.

I. Rainfall

If  ABCs reduce rainfall, then the impacts on 
water-intensive crops, such as rice, would 
appear to be straightforward, that is, drying 
due to ABCs must surely reduce harvests. 
Although experiments and statistical 
models provide abundant support for this 
contention, they also indicate that the 
impact of  rainfall on rice is not a purely 
proportional one, with more rainfall always 
leading to more rice. This is obvious if  one 
considers the case of  heavy rains that cause 
flood damage. Experiments indicate that 
flood damage is greatest if  submergence 
occurs early in the growing season (Jackson 
and Ram 2003, Sarkar and others 2006). 
Even short of  this extreme, the benefits of  
increasing rainfall can diminish because 
other factors might start limiting crop 
growth as water stress is alleviated.  

The distribution of  rainfall during the 
growing season also matters. Experiments 
indicate that rice yield is more sensitive to 
water stress during the reproductive stage 
than the vegetative stage (Lilley and Fukai 
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1994, Castillo and others 2006), with the 
impact of  the timing of  the stress during 
the reproductive stage not being clear. Some 
experimental work indicates greater impact 
if  stress occurs during the flowering period 
(Castillo and others 2006), while another 
work indicates greater impact if  stress 
occurs during panicle initiation (Tsubo and 
others 2006).

Univariate studies: rainfall is the only 
explanatory variable
Parthasarathy and others (1988) conducted 
one of  the earliest statistical analyses on the 
impact of  rainfall on Indian agriculture. They 
studied the impact of  the all-India monsoon 
rainfall (that is, rainfall during June-
September) on annual aggregate food grain 
production (not just rice) during 1961-1984. 
They detrended the food grain production 
series and expressed it as a percentage of  
the trend value, and they similarly expressed 
rainfall as the per cent deviation from the 
sample mean. They found that the two 
series were positively and highly correlated 
(r = +0.82, P < 0.001). They also regressed 
the production variable on the rainfall 
variable, obtaining a positive and highly 
significant regression coefficient of  +0.58 
(P < 0.001). This value implies that a 10 
per cent positive deviation in rainfall results 
roughly in a 6 per cent positive deviation in 
food grain production.A decade later, in the 
introduction to a paper on the predictability 
of  monsoons, Webster and others (1998) 
reported a correlation coefficient specifically 
for rice in India. They also examined a longer 
period, 1960-1996. They constructed the 
“anomalies” in annual rice production and 
the all-India monsoon rainfall by detrending 
and demeaning the two series. They found 
that the anomalies were positively correlated, 
although their estimate of  the correlation 
coefficient (r = +0.61) was somewhat lower 
than the earlier estimate by Parthasarathy 
and others (1988) for food grains. They 
did not report a significance level, but an 

examination of  Figure 1(c) suggested that 
their estimate was significant at P < 0.05 or 
better.

Kumar and others (2004) is a third study 
that calculated simple correlation coefficients 
between crop production and rainfall in 
India. They analyzed an even longer period, 
crop years 1949-1950 to 1997-1998. They 
studied several crops in addition to rice and 
also examined impacts during the dry season 
(rabi ) in addition to the wet season (kharif  ). 
They calculated proportional changes in crop 
production and rainfall variables by taking 
the first difference between a successive pair 
of  observations and then dividing it by the 
earlier observation.  For rice, they found that 
the correlation coefficient was significant only 
for the wet season (r = +0.80, P < 0.01). This 
estimate is larger than that of  Webster and 
others (1998), probably because the latter 
did not define the production and rainfall 
variables as consistently as Kumar and others 
(2004) did. The rainfall variable in Webster 
and others (1998) referred to the wet season, 
while the production variable included not 
only the wet season but also the dry season, 
when irrigation, not current rainfall, was the 
principal water source. 

From Figure 4(c) in Kumar and others (2004), 
the impact of  rainfall on production appears 
to be less than perfectly proportional: a 10 
per cent increase in rainfall was associated 
with approximately a 6 per cent increase in 
production, which is the same as in the much 
earlier study by Parthasarathy and others 
(1988).

A study by Selvaraju (2003) contained features 
similar to the previous three. Like the study by 
Parthasarathy and others (1988), it examined 
aggregate annual food grain production, 
but like Kumar and others (2004), it also 
examined rice and other individual crops and 
seasons. Like the studies by Parthasarathy and 
others (1988) and Webster and others (1998), 
it transformed the food grain and rainfall 
variables into anomalies, although to detrend 
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the former it used a moving-median/moving-
average filtering method. The time period 
covered crop years 1950-1951 to 1999-
2000. Selvaraju (2003) found that monsoon 
rainfall was highly correlated with annual 
aggregate food grain production (r = +0.71), 
and that the correlation was higher during 
the wet season (r = +0.80) than the dry 
season (r = +0.41). For individual crops, the 
highest correlation was for rice (r = +0.66), 
although correlations were also high for 
wheat (r = +0.49) and chickpea (r = +0.49). 
All these correlations were significant at the 
1 per cent level.

Three other recent studies have examined 
the impact of  rainfall on rice in Indonesia. 
Levine and Yang (2006) compiled panel data 
for Indonesian districts during the period 
1993-1999. Their dependent variable was 
annual rice production and their explanatory 
variable was the deviation of  current annual 
rainfall from the norm. 

They also included dummy variables (“fixed 
effects”) for districts and years to control 
for unobserved factors that varied across 
districts or over time (see “Limitations of  
statistical models” in Appendix A). A dummy 
variable has a value of  1 if  an observation 
has a particular characteristic (for example, 
it is from a particular year) and 0 if  it does 
not. They found that rainfall had a positive 
impact on production (P < 0.05) in rural 
but not in urban districts. However, the 
magnitude was small, that is, a 10 per 
cent increase in the rainfall deviation was 
associated with just a 0.42 per cent increase 
in production.

Naylor and others (2001) analyzed the 
impact of  rainfall on rice production in 
Java during the period 1971-1998. Like 
Levine and Yang (2006), they estimated 
univariate models, with rainfall as the sole 
explanatory variable, but they analyzed more 
disaggregated dependent variables: yield, 
area planted and area harvested. They also 
differed by converting all the variables to 

first differences (variables minus their values 
in the previous period) to obtain better 
statistical properties. They found that rainfall 
did not affect yield but had a large and 
positive impact on area, explaining 84 per 
cent of  the variation in area planted and 81 
per cent of  the variation in area harvested.

In a subsequent study, Naylor and others 
(2007) also reported a large impact for a 
different rainfall characteristic, that is, the 
onset date of  the monsoon in Indonesia. 
They analyzed data at the provincial level 
during the 1982-1983 to 2003-2004 crop 
years. They regressed detrended rice 
production on two variables, the number of  
days that the monsoon was late (defined as 
the number of  days after the average onset 
date) and the square of  the number of  
days late. The regression results imply that 
a 30-day delay causes rice harvest during 
January-April to fall by 6.5-11 per cent.  

This impact evidently reflects the fact that 
total rainfall is lower when the monsoon 
arrives later. They reported a large negative 
correlation between the onset date and 
the amount of  monsoon rainfall (r = -0.94 
to -0.95, depending on the region within 
the country. The authors did not report P-
values).

Significant positive correlations between rice 
production anomalies and monsoon rainfall 
anomalies have also been reported in Sri 
Lanka for both the wet season (r = +0.28, 
+0.46, depending on the months used to 
define rainfall; P < 0.05, 0.01, respectively) 
and the subsequent dry season (r = +0.61, P 
< 0.01) during the period 1952-1997 (Zubair 
2002).  For the Philippines, Roberts and 
others (2007) reported a positive correlation 
(r = +0.52, P < 0.01) between the January-
June rice production, expressed as the per 
cent deviation from trend, and the October-
December rainfall. They also reported that 
the effect was mainly due to an impact on 
area, not yield.
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Multivariate studies: rainfall is one of 
several explanatory variables
Kanwar (2004) considered the impact of  
two characteristics of  rainfall on rice yield 
in India: total annual rainfall, and, as a 
measure of  climate risk facing farmers, the 
three-year variance in rainfall. His model 
also differed from previous ones in two 
important ways. He considered the impact 
not only on yield but also on area harvested, 
and he included non-climate variables in 
the regressions for both yield and area. The 
non-climate variables included the ones 
related to the use of  fertilizer and high-
yielding varieties. His regression equations 
were in the spirit of  output-supply and 
input-demand functions derived from a profit 
function (see “Profit and cost functions” and 
“Modelling farmer responses” in Appendix 
A). He analyzed panel data at the level of  
Indian states for crop years 1967-1968 
to 1999-2000. He found that “by far the 
most important variable determining area 
allocations over time seems to be rainfall”, 
as a 10 per cent increase in rainfall was 
associated with a 4.6 per cent increase 
in area harvested. He reached a similar 
conclusion for yield, though the magnitude 
of  the impact was much smaller: a 10 per 
cent increase in rainfall was associated with 
a 0.84 per cent increase in yield. The rainfall 
risk variable did not have a significant 
impact on either yield or area.

Hossain (1997) reported results from a 
production function model by Dey and 
Hossain (1995). Like Kanwar (2004), Dey 
and Hossain (1995) included a non-climate 
variable (nitrogen fertilizer in their case), 
but unlike him they included two climate 
variables in addition to total rainfall: average 
minimum temperature and sunny days per 
week. They also included squares of  the 
variables and some interaction terms. They 
applied their model to data on yields from 
field trials of  IRRI’s International Network 
for Genetic Evaluation of  Rice (INGER), 
not to data from non-experimental fields. 

The database was very large as it included 
15 492 trials for irrigated rice varieties 
and 3 286 trials for rainfed varieties (both 
upland and lowland). Rainfall did not have 
a significant impact on yields at either 
irrigated or rainfed sites. The result for 
rainfed sites is surprising in view of  results 
from studies reviewed above, but Hossain 
(1997) noted that “in experimental plots, 
supplementary irrigation is often provided 
whenever there is a moisture stress even for 
rainfed crops”. Rainfall was thus less likely to 
be a limiting factor at the INGER sites than 
in non-experimental fields. This serves as a 
caution about the dangers of  extrapolating 
from experiments to actual farms.

Several studies have analyzed Indian 
agricultural data at the district level, which 
is a scale intermediate between the state-
level analysis by Kanwar (2004) and the 
field-level analysis by Dey and Hossain 
(1995). Two were sponsored by the World 
Bank and were motivated by concern about 
the impacts of  global warming on Indian 
agriculture. As in Dey and Hossain (1995), 
the statistical models in these studies 
included temperature in addition to rainfall. 
They differed from all the studies reviewed 
so far in that they used a Ricardian model 
(see “Modelling farmer responses” in 
Appendix A). In such a model, statistical 
methods are used to decompose the value 
of  agricultural land into contributions made 
by its characteristics, much as the value of  
a house can be related to its size, number of  
bedrooms, neighbourhood characteristics, 
and so on. Climate is a key characteristic 
of  agricultural land, and most Ricardian 
models measure it by using mean values of  
weather variables over two to three decades. 
Because they attempt to explain land values, 
Ricardian models do not focus on specific 
crops. Their data are typically drawn from 
large geographic areas (as for example, 
entire countries) where a wide range of  
crops are grown. One of  their merits is that 
they can provide predictions of  how climate 
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change will influence the farmers’ choice 
of  crops, which is one of  the most basic 
forms of  adjustment available to farmers. 
In the case of  the World Bank studies, data 
on land values in India were not available, 
so the researchers instead analyzed annual 
net revenue (that is, short-run profit) per 
hectare, measured at the district level and 
aggregated across all crops.  The first of  the 
two studies, which was by Dinar and others 
(1998) actually presented several statistical 
models, including production functions, but 
the Ricardian model was their preferred one. 
They applied it to panel data for the period 
1966-1986,3  with dummy variables for year 
but not districts. They excluded dummy 
variables for districts because the climate 
variables in their model were 30-year (1930-
1960) means of  weather variables instead of  
annual observations. District dummies would 
absorb the full effect of  the 30-year means 
and thus prevent the identification of  climate 
impacts.  On the other hand, by leaving 
out the district dummies, Dinar and others 
(1998) left their model prone to omitted 
variables bias, as the climate variables 
might have been correlated with unobserved 
district characteristics (see “Limitations 
of  statistical models” in Appendix A). They 
included 20 climate variables: monthly 
rainfall and mean monthly temperature 
for four months (January, April, June, 
October), along with squared values of  those 
eight variables and rainfall x temperature 
interaction terms for each month. They also 
included non-climate explanatory variables.

Consistent with the rice-specific studies, 
Dinar and others (1998) found that rainfall 
had a beneficial impact overall. The impact 
was not beneficial in every month, however. 
Oddly, it was small in July which is a 
summer monsoon month. One possible 
explanation is that July alone does not 
adequately represent monsoon rainfall, 
which is conventionally measured by the 

June-September rainfall. Another is that 
their model was mis-specified because it 
excluded annual weather variables, which 
surely influenced year to year production of  
the different crops and thus year to year net 
revenues.

The same research team updated this study 
in Mendelsohn and others (2004). They 
examined district-level net revenue in 1997 
(the model was purely a cross-sectional one, 
not a panel model), with 1988-2002 data 
used to calculate the means of  the weather 
variables. The weather variables were the 
same as in Dinar and others (1998), with 
three exceptions: (i) satellite-based measures 
of  the weather variables were used instead 
of  data from weather stations, and for that 
reason they measured surface wetness 
instead of  rainfall; (ii) variables measuring 
the 1988-2002 variance of  surface wetness 
and temperature for each of  the four months 
were included in addition to the means; and 
(iii) interactions between surface wetness 
and temperature were excluded. Their 
surface wetness variable might be more 
highly correlated with soil moisture than 
the rainfall variables used in other studies. 
Soil moisture is the most direct measure of  
water availability for rainfed crops, but it has 
not been well incorporated into statistical 
models due to the lack of  geographically 
specific time series data. The study also 
differed by including an analysis of  factors 
affecting the percentage of  each district’s 
area that was in cropland.  

Mendelsohn and others (2004) found that 
the mean of  surface wetness had a positive 
impact on net revenue, while the variance 
had a negative impact. In effect, net revenue 
was larger in districts where rainfall was not 
only higher but also more predictable. July 
surface wetness had the expected large, 
positive impact, in contrast to the small 
impact of  July rainfall in the Dinar and 
others’ study (1998). None of  the surface 

3 They also applied the model to annual cross-sections.   



200Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

wetness variables affected the cropland area, 
however. The authors speculated that this 
result, which contrasted from the finding 
of  Kanwar (2004) on the effect of  rainfall 
on rice area, was related to the exclusion 
of  variables related to irrigation from their 
model.Mendelsohn and others (2004) 
presented the results of  a Ricardian model 
for Sri Lanka. It differed from the models for 
India by being based on data from individual 
farm households instead of  districts. Like 
the India study in Mendelsohn and others 
(2004), it was a cross-sectional study 
for crop year 1999-2000. Like Dinar and 
others (1998), the weather data were drawn 
from ground level observations instead of  
satellites, and they were included in the 
model as the 1960-1995 means. Rainfall 
was measured on a quarterly basis, while 
temperature was measured annually. Rainfall 
was found to have a large, positive effect on 
net revenue per hectare.

Two recent studies by Guiteras (2007) and 
Duflo and Pande (2007) extended the Indian 
district level panel data set used by Dinar 
and others (1998) to 1999. Following Dinar 
and others (1998), their dependent variables 
were annual monetary values aggregated 
across major crops. Guiteras (2007) used 
1960-1999 data on gross revenue per hectare 
for 218 districts, while Duflo and Pande 
(2007) used 1971-1999 data on total (not 
per hectare) gross (not net) revenue for 271 
districts. Like Dinar and others (1998), both 
studies included explanatory variables in 
addition to climate variables. Unlike Dinar 
and others (1998), their climate variables 
were annual weather variables instead of  
multi-decade means, which enabled them to 
reduce the risk of  omitted variables bias by 
including district dummies. Guiteras (2007) 
included temperature variables in addition 
to the June-September rainfall variables 
(sometimes separately by month, sometimes 
summed).

Duflo and Pande (2007), whose study 
focused on the impacts of  dams and not 

climate change, included only annual 
rainfall, measured as deviations from the 
1971-1999 district mean.  Guiteras’s results 
mirrored that of  Dinar and others (1998), 
that is rainfall had a beneficial impact 
overall, although not necessarily in every 
month. Duflo and Pande (2007) also found 
that rainfall had a positive and significant (P 
< 0.05) impact.

II. Temperature
The agricultural impacts of  increased 
temperature have been a special focus 
of  studies on global warming for obvious 
reasons. Results of  experiments generally 
indicate that higher temperatures reduce 
rice yields (Tashiro and Wardlaw 1989, Sinha 
and Swaminathan 1991, Yoshida 1981). 
There is some evidence that a negative 
impact does not occur until temperature 
exceeds a threshold (Tashiro and Wardlaw 
1989, Ziska and Manalo 1996). Higher 
minimum temperature appears to be 
more damaging than higher maximum 
temperature (Seshu and Cady 1984, Morita 
and others 2005). Damage might be 
especially severe if  the temperature increase 
occurs 30 days after flowering (Seshu and 
Cady 1984). In temperate climates, warming 
may be beneficial for certain crops, since 
it extends the growing season. Interactions 
with rainfall are obviously important, as 
warming in the absence of  increased rainfall 
would be expected to worsen water stress 
due to increased evaporation.

Pathak and others (2003) observed that 
stagnant or declining rice yields have been 
reported at several long-term field study 
sites throughout Asia. They presented 
simulation results indicating that rising 
temperature and declining solar radiation 
could be responsible for this trend at sites 
in India. Other studies have investigated the 
impacts of  temperature and radiation on 
rice yields at long-term study sites directly 
by statistically analyzing the trends. Findings 
on temperature are reported in this section, 
while findings on radiation are reported in 
the next section.
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Studies based on data from field trials

Seshu and Cady (1984) analyzed yields from 
40 irrigated IRRI field test sites, mostly in 
Asia.  According to them, all sites had “good 
water control,” good control measures for 
diseases and insects, and agronomically 
optimal fertilizer applications. By reducing the 
effects of  other potentially limiting factors, 
the experiments might have made yields more 
sensitive to temperature and radiation than 
would be the case on actual farms. Seshu 
and Cady (1984) estimated several regression 
models. They set the dependent variable equal 
to yield in all the models, but they varied the 
explanatory variables from just radiation (a 
single variable), to radiation and temperature 
(two variables), to radiation, temperature, and 
temperature squared (three variables, to allow 
for a non-linear impact of  temperature). They 
measured temperature alternatively by mean 
temperature and minimum temperature. They 
did not include any non-climate variables. 
They found that an increase in temperature 
had a negative impact on yield over most of  
the observed temperature range and that 
models with minimum temperature had higher 
explanatory power than models with mean 
temperature.  

As discussed in the rainfall section, Dey 
and Hossain (1995) analyzed yields from a 
broader range of  IRRI test sites, including 
rainfed sites, and they considered among 
their explanatory variables not only 
temperature and radiation but also rainfall 
and fertilizer. They found that higher minimum 
temperatures significantly reduced yields in 
both irrigated and rainfed sites.  
Peng and others (2004) reached the same 
conclusion for irrigated field trials at the IRRI 
farm in the Philippines during the period 
1992-2003. Unlike Dey and Hossain (1995) 
and Seshu and Cady (1984), they did not 
conduct a multivariate analysis. Instead, they 
calculated correlation coefficients and ran 
regressions that included only a single climate 
variable at a time, either temperature or 

radiation. The experimental fields were very 
well-managed in terms of  the application 
of  water, fertilizers, and pesticides; 
according to Peng and others (2004), “crop-
management practices were optimized to 
achieve the highest possible yields,” not to 
mimic the practices of  actual farmers. One 
must therefore be cautious in extrapolating 
the findings to non-experimental fields. 
Peng and others (2004) did not find any 
relationship between yield and maximum 
temperature, but this might simply be due 
to the fact that maximum temperature did 
not change much over time at the IRRI farm. 
On the other hand, annual mean minimum 
temperature rose over time (1979-2003) 
at a significant rate (P < 0.05). Peng and 
others (2004) found that it had a significant 
negative impact on yield, with a 1°C increase 
reducing rice yield by 10 per cent. 

Sheehy and others (2006) argued that the 
magnitude of  this temperature impact is 
overstated by a factor of  about 2. They 
criticized Peng and others (2004) for failing 
to distinguish the impact of  temperature 
from the impacts of  other environmental 
factors, in particular solar radiation. They 
noted that minimum temperature was 
negatively correlated with solar radiation 
at the sites (r = -0.64, P < 0.05), and 
they concluded that the reduction in yield 
observed by Peng and others (2004) was due 
more to a decline in solar radiation than to a 
rise in minimum temperature. 

They correctly noted that “separating 
the contributions of  solar irradiance 
and temperature to yield during those 
years cannot be achieved using simple 
correlation.” Instead, Peng and others 
(2004) needed to run a multivariate 
regression that included both minimum 
temperature and solar radiation as 
explanatory variables, instead of  separate 
regressions that included these variables 
on their own. By doing the latter, Peng 
and others (2004) created an omitted 
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variables problem. Their estimated impact 
of  minimum temperature was probably also 
overstated due to the agronomically optimal 
management of  the IRRI farm, which caused 
fertilizer and other inputs to be less limiting 
than they would be on actual irrigated farms, 
and irrigation water to be less limiting than 
it would be in parts of  Asia, where irrigation 
systems have not been well maintained or 
where water shortages occur.

Studies based on 
non-experimental data

In their Ricardian studies, Dinar and others 
(1998) and Mendelsohn and others (2004) 
found that higher temperatures were harmful 
to net farm revenues (all crops, not just rice) 
in India overall, although not necessarily 
in every month included in their models 
(January, April, July, October). Dinar and 
others (1998) concluded that the impact 
of  a temperature rise from global warming 
would dominate the impact of  an assumed 
increase in rainfall, with a simultaneous 
2.0°C increase in temperature and 7 per cent 
increase in rainfall, reducing net revenue by 
12.3 per cent. For Sri Lanka, Mendelsohn 
and others (2004) concluded instead 
that the impact of  temperature would be 
less than the impact of  rainfall. For India, 
Mendelsohn and others (2004) concluded 
that an increase in temperature would also 
reduce the area cropped.Guiteras (2007) 
modelled temperature using a very flexible 
specification which allowed for highly non-
linear effects. Consistent with Dinar and 
others (1998) and Mendelsohn and others 
(2004), he found that higher temperatures 
were harmful to gross farm revenue per 
hectare in India.

III. Solar radiation
Stanhill and Cohen (2001) provide an 
excellent review of  the impacts of  reductions 
in solar radiation on agriculture. (See also 
Section 6.3) Results from experiments 
indicate that reductions in solar radiation 

reduce rice yields, with the impact being 
greater during the reproductive stages than 
the vegetative stages. The impact has been 
reported variously as being at its greatest 30 
days after flowering (Seshu and Cady 1984), 
during the grain-filling period (Kobata and 
others 2000), 45 days before maturity (De 
Datta and Zarata 1970, Evans and De Datta 
1979), and in order of  greatest to lowest, 
during flowering to harvest, panicle initiation 
to flowering, and transplanting to panicle 
initiation (Praba and others 2004).  

There is also evidence of  thresholds, with 
shading not having an impact unless it 
reaches 20 per cent (Evans 1993) or 25 per 
cent (Kobata and others 2000) of  normal 
radiation, and evidence of  interactions with 
water, with shading not having an impact 
when plants are water stressed (Stanhill 
and Cohen 2001). The distinction between 
direct and diffuse radiation appears to be 
important, with Stanhill and Cohen (2001) 
reporting that “experimental studies indicate 
that where or when crop productivity is 
limited by water, small decreases in solar 
radiation, especially if  accompanied by 
increases in the diffuse radiation component, 
will either have no impact on productivity 
or may actually increase it.” Apparently few 
studies have examined this issue carefully.
Two of  the earliest statistical studies in the 
literature were analyses of  experimental 
data from IRRI field test sites. Flinn and De 
Datta (1984) analyzed data from four sites, 
all in the Philippines. They posited that 
yields were determined by nitrogen fertilizer 
and environmental factors, including solar 
radiation, measured as mean daily sunshine-
hours during the 45 days prior to maturity. 
For each site, they formed a panel dataset by 
combining data across experiments and over 
time (1968-1980), and they applied various 
panel estimators. They found that radiation 
did not have a significant impact on yield at 
most sites. They concluded, however, that 
“this does not imply that this parameter 
is not an important determinant of  rice 
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yields. Rather the lack of  variability in the 
radiation parameter, possible errors in its 
construction, and the influence of  other 
yield-limiting factors probably prevented the 
parameter from appearing significant”. 

Seshu and Cady (1984) analyzed a larger 
dataset, based on 40 IRRI test sites, and 
they found that radiation had a positive and 
significant impact on yields. Interestingly, 
they found that the regression coefficient 
on radiation fell by about a third when 
they added minimum temperature as an 
explanatory variable. This supports the 
point by Sheehy and others (2006) that a 
simple correlation analysis can exaggerate 
the impacts of  climate variables. However, 
Seshu and Cady (1984) also found that the 
coefficient went back up when they included 
squared minimum temperature in addition 
to minimum temperature. Dey and Hossain 
(1995), in their analysis of  a much larger 
set of  IRRI field trials, similarly found that 
radiation had a significant positive impact on 
yields (although only for irrigated rice and 
rainfed upland rice, not for rainfed lowland 
rice), as did Peng and others (2004) in their 
analysis of  irrigated field trials at the IRRI 
Farm. 

Peng and others (2004) concluded that 
radiation has less explanatory power than 
minimum temperature. The Ricardian 
models discussed earlier did not include 
solar radiation as an explanatory variable. 
Statistical analyses of  agricultural outcomes 
on actual as opposed to experimental farms 
have not placed as much emphasis on the 
impacts of  solar radiation as on the impacts 
of  temperature and rainfall, presumably 
because of  their focus on the impacts of  
climate change due to greenhouse gases 
(GHGs), instead of  impacts due to the 
combination of  GHGs and ABCs.

6.2.3 Impacts of ABCs and GhGs on
         rice in India 
The objective of  the study by Auffhammer 
and others (2006) was to determine whether 

reducing ABCs would have a net positive or 
a net negative impact on rice harvests in 
India. The opposing impacts of  drying and 
dimming on the one hand, and cooling, on 
the other, made the answer to this question 
unclear in advance of  research. In addition 
to determining the net impact of  ABC 
reductions, Auffhammer and others (2006) 
also examined the combined net impacts of  
reducing GHGs along with ABCs.

The study involved two stages. In the first 
stage, multivariate statistical methods were 
applied to historical, state level panel data 
and used to develop a mathematical model 
relating annual rice harvests to climate and 
other variables. In the second stage, output 
from runs of  a climate model was used to 
predict the values that climate variables 
would have had if  ABCs and GHGs had been 
reduced. These counterfactual values were 
then inserted into the mathematical model in 
place of  the actual values, in order to predict 
harvests under alternative conditions. 

I. Structure of the model
Auffhammer and others (2006) integrated 
a statistical model with the parallel climate 
model (PCM) of  the United States National 
Center for Atmospheric Research. Their 
statistical model was similar to Kanwar and 
others (2004) in three ways: (i) it was based 
on annual state level data drawn primarily 
from official Government of  India sources, 
(ii) it included not only an equation for 
rice output but also one for rice area, and 
(iii) both equations included non-climate 
variables in addition to climate variables, 
with area being a key variable in the output 
equation. The data were for harvest during 
kharif  (the monsoon season) in nine major 
rice-producing states where production 
during that season was predominantly 
rainfed. Rainfed rice production is generally 
characterized by smaller farms and a larger 
share for subsistence farmers. About half  
the annual area planted to rice in India is 
rainfed. This is a much larger share than 
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for wheat, only about a tenth of  which is 
irrigated. Auffhammer and others (2006) 
compiled data for crop years 1966-1967 to 
1998-1999, roughly the same as Kanwar and 
others (2004).

Auffhammer and others’ (2006) model 
differed from that of  Kanwar and others 
(2004) in having total harvest instead 
of  yield as the dependent variable in the 
output equation and, more importantly, in 
linking area more formally to harvest. The 
output equation in Auffhammer and others 
(2006) was a production function, which, 
as discussed in Appendix A, is subject 
to a statistical problem, endogeneity. 
Auffhammer and others (2006) focused 
on endogeneity related to the area 
variable in that function. They addressed 
the endogeneity of  this variable by first 
estimating the area equation, which they 
structured as an input-demand function, 
a function that relates use of  an input to 
economic and environmental factors (see 
“Modelling farmer responses” in Appendix 
A), and then using the predicted values 
from that equation in place of  the area 
variable when they estimated the production 
function.

Auffhammer and others (2006) not only 
solved a statistical problem by linking the 
production function and the area demand 
function in this way. They also rendered 
their model able to predict area adjustments 
made by farmers in response to climate 
change (for example, reducing the rice 
area in response to progressive drying). 
Predictions based solely on the production 
function would have captured only crop 
responses, not farmer responses.

II. Statistical significance of climate
    variables
Kharif  rice is planted from July to August 
and harvested from November to January, 
depending on the region within India and 
year to year variations in the onset and 

strength of  the monsoon (Kumar and 
others 2004). In consideration of  this crop 
calendar, the growth stages of  the rice plant, 
and the findings of  several of  the studies 
reviewed above, Auffhammer and others 
(2006) hypothesized that the following seven 
climate variables would affect production 
and area:
• Rainfall: March-May
• Rainfall: June-September
• Rainfall: October-November
• Minimum temperature: June-September
• Minimum temperature:October-November
• Solar radiation: October-November
• Solar radiation: December
   They found that only two were statistically    
   significant in their multivariate models:
• Rainfall: June-September  — in both the 
   production function (P < 0.01) and the 
   area demand function (P < 0.01)
• Minimum temperature: October-November 
   - only in the production function (P < 0.05).

Figure 6.1 illustrates the impact of  the June-
September rainfall on harvest. To generate 
this figure, rainfall was averaged across the 
nine states and harvest was aggregated 
across them.  Both variables were converted 
to logarithms and then detrended and 
normalized, so that their means equaled 
zero and their standard deviations equaled 
one. Each point shows the harvest-rainfall 
combination for a particular year during 
the period 1966-1967 to 1998-1999. A 
simple regression of  harvest on rainfall 
yields the dashed line. The slope of  this 
line, +0.64, suggests that a 10 per cent 
increase in rainfall results in a 6.4 percent 
increase in harvest, virtually the same as in 
Parthasarathy and others (1988) and Kumar 
and others (2004). This unconditional slope 
estimate probably overstates the impact 
of  rainfall, however. The solid line shows 
the conditional slope from the production 
function (“conditional” because the effects 
of  other variables are being controlled for), 
and it is only half  as large. A 10 per cent 
increase in rainfall results in just a 3.2 per 
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cent increase in harvest.  The reason for the 
discrepancy in the slopes is that the simple 
regression suffers from omitted variables 
bias. Some of  the other variables that affect 
harvest are either positively correlated 
with both rainfall and harvest or negatively 
correlated with both. In either case, the 
omission of  these variables biases the 
coefficient on the rainfall variable upward 
because the rainfall variable is picking up the 
effects of  these variables and not just 
rainfall as such. The large discrepancy 
highlights the dangers of  using unconditional 
correlations to measure the impact of  a 
climate variable on crop production. 

Figure 6.2 illustrates the impact of  the 
October-November minimum temperature 
on harvest. It was generated in the same 
way as Figure 6.1. It shows the opposite 
result: the unconditional slope understates 
the conditional slope, with a 10 per cent 
increase in minimum temperature resulting 
in a conditional reduction of  8.7 per cent, 
much larger than the unconditional reduction 
of  3.2 per cent. Again the reason for the 
discrepancy is that the simple regression 
ignores the effects of  other variables that 
affect harvest. Now, however, the omitted 
variables are either positively correlated 
with harvest and negatively correlated with 
minimum temperature or vice versa, thus 
biasing the simple regression coefficient 
toward zero. One candidate variable is the 
June-September rainfall, which is positively 
correlated with harvest (Figure 6.1) and 
weakly, negatively correlated with the 
temperature variable. 

A further interesting speculation is that the 
omission of  a CO2 fertilization effect could 
be playing a role in the discrepancy between 
the unconditional and conditional slopes in 
Figure 2. Crop simulation models predict 
that CO2 fertilization generally offsets the 
negative impact of  rising temperature on 
rice yields in India (Mall and others 2006). 
Although Auffhammer and others (2006) 

did not include a CO2 concentration variable 
in the production function, they did include 
time effects (dummy variables for years; 
see “Limitations of  statistical models” in 
Appendix A). The latter could be implicitly 
controlling for the effects of  year to year 
changes in CO2 concentrations and thus 
for CO2 fertilization. Consistent with this 
explanation, the conditional slope fell from 
–0.87 (the value shown in Figure 6.2) to 
–0.66 when they excluded the time effects. 
The fact that the slope did not fall all the way 
to –0.32 is also consistent with recent results 
from free-air concentration enrichment 
(FACE) studies, which indicate that the CO2 
fertilization effect in rice is not as strong as 
earlier research suggested (Long and others 
2005). Although seemingly consistent with 
literature on the CO2 fertilization effect, 
these speculations have not been evaluated 
by relating the observed change in ambient 
CO2 concentrations during the period to 
published estimates of  the magnitude of  
the effect, though this could be done. The 
insignificance of  the solar radiation variables 
is surprising and probably resulted from 
a combination of  omitted variables bias, 
insufficient variation, and measurement 
error (see “Limitations of  statistical models” 
in Appendix A). Auffhammer and others 
(2006) lacked state level data on rural ozone 
concentrations. The radiation variables 
might have been insignificant because the 
indirect, negative impact of  these variables 
on harvest through the formation of  ozone 
offset their direct, positive impact.
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Figure 6.1 Kharif rice harvest anomalies plotted against June-September rainfall anomalies. Anomalies are for 
nine Indian states in the aggregate, not individually, and are shown for 1966-1998. They were constructed by 
converting the data to logarithmic form and then detrending and normalizing.  “Unconditional correlation” refers 
to the bivariate relationship between the harvest anomalies and the rainfall anomalies, and the slope is from 
a linear regression of the former on the latter. “Conditional correlation” refers to the multivariate relationship 
between harvest and the full set of explanatory variables included in the production function, not rainfall on its 
own; the slope is the regression coefficient on rainfall in the production function.

Figure 6.2 Kharif rice harvest anomalies plotted against October-November minimum temperature anomalies.  
See explanatory note for Figure 6.1.
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4 Mean values of output from these runs over 1961-1998 were 567 mm (±58 mm) for the June-September 
rainfall and 18.4°C (±0.58°C) for the October-November minimum temperature. 
5 Mean values from these runs were 597 mm (±28 mm) for rainfall and 18.5°C (±0.34°C) for temperature. 

Auffhammer and others (2006) also lacked 
state level data on radiation. They instead 
compiled data from ten radiation-monitoring 
stations in India (Gilgen and Ohmura 1999). 
They divided India into two regions, north 
and south, and set the monthly values of  
the radiation variables for a region equal 
to the means of  the data from the stations 
in it. With nine states aggregated into just 
two regions, the time effects absorbed more 
of  the variation in the radiation variables 
than for the other climate variables; and 
with the data for each region coming from 
just a handful of  stations, much of  the 
variation was probably noise. As evidence of  
the former, Auffhammer and others (2006) 
found that the December solar radiation 
variable became significant in the area 
demand function (P < 0.05) and nearly so 
in the production function (P < 0.1) when 
they excluded the time effects. The impact 
in the production function was substantial: 
a 10 per cent increase in December solar 
radiation was associated with a 4.5 per cent 
increase in harvest. The impact on the area 
demand function was smaller, a 1.6 per cent 
increase. 

III. Simulated impacts of reducing 
    ABCs and GhGs during 1966-1998
To err on the conservative side, Auffhammer 
and others (2006) omitted these possible 
radiation effects when they predicted the net 
impacts of  reducing ABCs. Their predictions 
were historical. They asked, “How would 
kharif  harvests have changed during the 
period 1966-1998 if  the climatic effects of  
ABCs had not occurred?” That is, if  the June-
September rainfall had been higher (reduced 
drying) and the October-November minimum 
temperature had also been higher (reduced 
cooling). They used annual output from PCM 
runs to predict the impacts of  reduced ABCs 

on rainfall and temperature, and then they 
ran these counterfactual climate variables 
through their two-equation statistical 
model.4  They used annual output from 
other PCM runs to predict the impacts of  
adding GHG reductions to ABC reductions.5  
Because they used annual output instead 
of  output averaged across the entire time 
period, they allowed for variation in the 
impacts of  ABCs (and GHGs) from year to 
year, with the only seasonal effects being 
due to the June-September rainfall and the 
October-November temperature variables. 
Given the greater precision of  climate 
model predictions at larger spatial scales, 
Auffhammer and others (2006) conducted 
the simulations for a representative rainfed 
rice-growing region in India, not for the 
nine states individually. As climate models’ 
predictions improve at a finer geographic 
scale, one could examine in future studies 
the potentially important impacts of  a 
changing spatial distribution of  rainfall, 
temperature and solar radiation.

Auffhammer and others (2006) concluded 
that kharif  harvests would have been nearly 
11 per cent higher on average, during 1985-
1998, if  the drying and cooling effects 
of  ABCs had not occurred. This estimate 
accounts for impacts via both the production 
function and the area demand function (that 
is, it reflects area adjustments by farmers). 

The fact that the net impact is positive 
indicates that the impacts of  higher rainfall, 
which benefits rice, thus outweigh the 
impacts of  higher minimum temperature, 
which harms it. The increase would have 
been even larger, more than 14 per cent 
on average if  GHGs had been reduced too, 
because the minimum temperature would 
not have risen. The mean increase in harvest 
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during 1985-1998 exceeded the mean 
increase during 1966-1984 for both climate 
scenarios. This difference implies that ABCs 
and GHGs have contributed to the slowdown 
in the growth of  rice harvests since the mid-
1980s (Pingali and others 1997, Barker and 
Dawe 2002). Table 6.1 summarizes these 
findings.

Figure 6.3 shows the predicted annual 
change in harvest due to combined 
reductions in ABCs and GHGs (that is, the 
bottom line in Table 6.1). It sheds light on 
the relative importance of  higher rainfall and 
lower minimum temperature. It decomposes 
harvest change into three parts: 
(i) the impact of  higher rainfall on area 

(farmer response - the dotted line); 
(ii) the impact of  higher rainfall on both 

area and yield (farmer and crop 
responses - the dashed line); and 

(iii) the impact of  higher rainfall and 
lower temperature on both area and 
yield (farmer and crop responses - the 
solid line).

Table 6.1 Predicted mean annual change in kharif  rice harvest in India if  historical impacts 
of  ABCs and GHGs on June-September rainfall and October-November minimum temperature 
had not occurred.

The increase in rainfall had a greater impact 
than the decrease in temperature in most 
years (the difference between the solid line 
and the dashed line was smaller than the 
height of  the dashed line). One can also 
see that most of  the rainfall impact was 
due to a behavioural response by farmers 
(increased area), not to a biophysical 
response by the crop (increased yield). Given 
that the model includes only a single farmer 
response (area adjustment), the predicted 
impact of  reducing ABCs and GHGs likely 
understates the increase in rice harvest 
that actually would have occurred. To put 
the overall simulated impact in perspective, 
without ABCs and GHGs, average annual rice 
output for these states during 1985-1998 
would have been roughly 6.2 million tonnes 
higher, which is equal to the total annual 
consumption of  72 million people.

Climate Scenario
Predicted Mean Annual Change during:

1985-1998 1966-1984

Only ABCs reduced +10.6% +3.9%

Only GHGs reduced +3.8% +2.2%

Both ABCs and GHGs reduced +14.4% +6.2%

Note: Estimates account for impacts on both yield and area and refer to a representative rice-growing area in 
India.



209 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

Figure 6.3 Predicted annual changes in kharif rice harvest in India, if historical impacts of ABCs and GHGs on 
climate had not occurred: decomposition into effects of rainfall (June-September) versus temperature (October-
November), and effects of area vs. yield.  Note: Estimates refer to a representative rice-growing area in India. 

On the other hand, the relative output 
changes shown in Figure 6.3 likely overstate 
the increase in total agricultural output, 
that is, harvest aggregated across all crops 
as opposed to rice. The increase in rice 
area induced by a reduction in ABCs would 
likely have led to a decrease in area, and 
thus harvest of  some other crops. Because 
it focuses solely on rice, the study by 
Auffhammer and others (2006) does not 
provide information on area changes across 
crops.  The percentage impacts shown in 
Table 6.1 and Figure 6.3 therefore should not 
be applied to total agricultural output.
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6.3 EVIDENCE fROM CROP 
      RESPONSE MODELS
6.3.1 Aerosol influence on crop 
         production and its simulation

The radiative effects of  aerosols are likely 
to influence agricultural production. Plants 
utilize the wavelength band of  400-700 
nm from the solar spectrum, known as 
PAR or photosynthetically active radiation, 
to produce plant biomass. Therefore, the 
radiation within this waveband is considered 
for biomass production with sufficient 
accuracy for all practical purposes. Although 
the atmosphere is relatively transparent 
to the PAR range of  solar spectrum, the 
absorption and scattering of  light by 
atmospheric aerosols (dust, VOCs, smog, 
water vapour and droplets or clouds) change 
the amount of  radiation available to plants. 
Attenuation due to aerosols changes the 
fraction of  radiation which is diffuse. 

Leaves on top of  the canopy absorb direct 
radiation. However, diffuse radiation is able 
to penetrate into the canopy and expose 
shaded leaves underneath. This has the 
effect of  increasing the radiation use 
efficiency (RUE), which is higher for C3 than 
C4 plants (Figure 6.4). At very high levels of  
radiation, as is the case with direct radiation, 
additional increases do not necessarily 
cause increased photosynthesis. It does not 
matter how much more radiation is added, 
the plant is not going to absorb more CO2. 
But at lower levels of  radiation, as is the 
case with diffuse radiation, any increase 
in radiation gets translated into additional 
photosynthesis.

The diffuse fraction (diffuse and/or total 
irradiance) increases with aerosol optical 
depth (AOD) under both clear-sky and cloudy 
conditions (Figure 6.5).

Figure 6.4 Change in radiation use efficiency (RUE) as a function of diffuse fraction of 
radiation.Based on observations and theoretical calculations from Sinclar and others 
1992, Rochette and others 1996, and Greenwald and others 2006.
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The aerosol influence on crops is mediated 
through its effect on radiation changes. 
To study such influences, process-based 
crop simulation models have been used 
under different scenarios. Greenwald and 
others (2006) used a Crop Environment 
Resource Synthesis (CERES) v3.5-crop 
model to find the effects of  various aerosol 
optical depths (AOD) on corn and wheat 
under three scenarios: clear-sky with AOD 
as 0.05, cloudy sky with AOD as 5.0 and 

variable cloudiness. The radiation levels 
and diffuse fractions were estimated using 
a tropospheric ultraviolet and visible (TUV) 
radiation model. The crop model CERES v3.5 
was run assuming AOD was constant for the 
entire growing season in the above scenarios. 
Changes in maize yields with increasing 
AODs are simulated for the three scenarios 
and are shown in Figure 6.6. Changes in 
wheat yields are presented in Figure 6.7 for 
similar scenarios.

Figure 6.5 Change in diffuse fraction of radiation with increasing aerosol optical depth. 
(Source: Greenwald and others 2006).
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Figure 6.6 Change in maize yield under (a) 
clear-sky, (b) cloudy sky and (c) variable cloud 
conditions. (Source: Greenwald and others 2006).

(a)

(b)

(c)

(a)

(b)

(c)

Figure 6.7 Change in wheat yield under (a) 
clear-sky, (b) cloudy sky, and (c) variable cloud 
conditions. (Source: Greenwald and others 2006).



213 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

Moderate aerosol loadings increased 
biomass production in both the crops, under 
clear-sky conditions. The model outputs 
indicate that under moderate aerosol 
loadings, the yields may increase slightly but 
they decrease under heavy aerosol loadings. 
This was observed under both clear- and 
cloudy sky conditions.

High aerosol loading causes substantial 
decrease in sunlight reaching the surface, 
thereby affecting vegetation, which depends 
on sunlight for its growth. The impact of  
Indo-Asian aerosols on radiative forcing 
causes negative forcing (cooling) at the 
surface and positive effect (warming) at the 
top-of-the atmosphere (Ramanathan and 
others 2001b, Kaufman and others 2002).

In India, a study was conducted by the 
authors to assess the effects of  inter- and 
intra-seasonal climatic variability (including 
aerosol and surface ozone) on the yield 
of  major crops in the country. The impact 
of  pollutants was assessed by generating 
technical coefficients which were coupled 
with crop growth models for simulating such 
an impact. The results are discussed in the 
following sections.

6.3.2. Radiation forcing during high
          aerosol event
A specific aerosol event occurred during 
January-March 1999 throughout the country 
when high aerosol concentration was 
observed, resulting in significant reduction 
in radiation. The values of  radiation reaching 
the earth’s surface during this period, with 
or without aerosols (filter=500 nm), were 
used to evaluate the per cent reduction in 
the radiation due to aerosols. The extent of  
reduction in radiation during this extreme 
event ranged from 5-12 per cent all over 
India. 
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Figure 6.8 Reduction in radiation amounts due to 
aerosol (January- March 1999) at three locations.

An impact analysis on yields was carried 
out for three locations in India as follows: 
Punjab (30.07°N, 75.08°E), Maharashtra 
(20°N, 76°E) and Tamil Nadu (11°N, 78°E). 
Radiation reaching the earth decreased by 
about 10-15 per cent at these three locations 
as shown in Figure 6.8.

The high concentration of  aerosol during 
January-March 1999 also affected the two 
weather parameters, namely precipitation 
and temperature (Figure 6.9). The highest 
reduction in maximum temperature due 
to this aerosol event was observed in the 
northern most state of  Punjab, whereas 
its influence decreased towards the 
southern states of  Maharashtra and Tamil 
Nadu. Nevertheless, the effect was still 
significant. However an increase in minimum 
temperature was observed in Punjab which 
also showed an increase in precipitation.
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Figure 6.9 Effect of aerosol forcing on changes in weather parameters at different 
locations and times. 
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6.3.3. Aerosol influence on crop yield 
          through simulation

The use of  satellite data as input to a crop 
model combined with a climate model is 
the current methodology being investigated 

SATELLITE

Radiative
Forcin g

Tem perature SW Direct/DiffuseSW Radiation

Climate Model

Crop Simulation 
Model

Modules for Direct & 
Diffuse Radiation 

Interce ption & Use 

Model Sensitivity 
to Radiation 

Chan ge

Crop Growth & 
Yield

Crop Experiment for 
Cal Val 

to assess the impact of  radiation forcing 
on crop growth and yield. A flow diagram 
showing the steps involved is presented in 
Figure 6.10.

Figure 6.10 Methodology for coupling satellite data, climate model and crop model.

An impact assessment for various crops was 
done using this procedure and manually 
inputting the values. 

I. Wheat crop 
The wheat growth simulator (WTGROWS), 
developed at IARI in New Delhi (Aggarwal 
and others 1994), has been extensively 
validated for Indian environments. This 
model was used to evaluate the effect 
of  radiation reduction, from the normal 
values during the entire growing period of  
wheat, on growth and yield under adequate 
amounts of  resource inputs. 

The presence of  aerosol decreased the 
hours of  sunshine and the amount of  

radiation received. The WTGROWS model 
was used for the specific event (January-
March 1999) mentioned earlier. It was 
run with and without aerosols for different 
wheat-growing met-subdivisions under two 
production systems, that is, climate-driven 
and adequately-irrigated conditions. In both 
production systems, the reduction in growth 
and yield values was observed by including 
the aerosol effects (radiation reduction only). 
The results indicated that the yield reduced 
with the level of  radiation reduction, slowly 
in the beginning but sharply as the radiation 
reduced appreciably. Wheat was not sensitive 
to radiation reduction - up to 13 per cent 
during this specific event (Figure 6.11). 



216Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

0

30

60

90

0 20 40 60 80

Per cent Radiation Reduction

Pe
r 

ce
n

t 
Yi

e
ld

 
Re

d
u

ct
io

n
 

(a)

0

1

2

Bi ha r

Ea
s

te
r n  U

P

W
e s te

rn
 UP

Ha r y ana

Punjab

Rajas th
an

W
e s te

rn
 M

P

Ea
s

te
r n  M

P

Pe
r 

ce
n

t 
in

cr
e

as
e

Gr ain yie ld Biom as s

(b)

0

1

2

3

4

Bi ha r

Ea
s te

rn
 U

P

W
es te

r
n  U

P

Har yan
a

Punjab

Ra ja
s th

an

W
e s te

rn
 M

P

Eas te
rn

 M
P

Pe
r 

ce
n

t 
re

d
u

ct
io

n

Gr ain yie ld Biom as s

Figure 6.12 Effect of radiation reduction on biomass and yield of irrigated wheat, 
(a) without aerosol, and (b) without aerosol plus coupled weather changes

Figure 6.12 shows the percent increase in 
yield or biomass had the January-March 
1999 aerosol event not occurred. The level 
of  reduction was relatively low in the case 
of  total biomass (Figure 6.12). It was more 

Figure 6.11 Effect of radiation change on yield of wheat.

pronounced in Northwest India, which is 
the country’s prime area for wheat crop 
production (Figure 6.12). Of  the three major 
crops grown during this period, the reduction 
in case of  wheat was relatively larger.
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When the coupled weather changes, 
that is, when the effect of  radiation on 
photosynthesis along with its associated 
effects on temperatures are included, the 
crop growth duration increases and the 
interaction effects of  radiation-temperature 
nullify the negative effects of  the radiation 
reduction taken alone. Usually the coupled 
weather change phenomenon occurs 

Figure   : Radiation and temperature change interaction on 
growth  and yield of wheat at New Delhi environment

3700

4100

4500

4900

5300

5700

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Fraction of normal solar radiation

Gr
ai

n 
yi

el
d 

(k
g/

ha
)

T0 T1.0 T2.0
T3.0 T-1.0 T-2.0 8000

9000

10000

11000

12000

0.5 0.7 0.9 1.1 1.3

Fraction of normal solar radiation

Ab
ov

e 
gr

ou
nd

 b
io

m
as

s 
(k

g/
ha

)

T0 T1.0 T2.0
T3.0 T-1.0 T-2.0

simultaneously. Figure 6.13 shows the 
interactive effects of  radiation changes 
associated with temperature changes 
on wheat yield and biomass through a 
simulation technique. The effects of  a 16-18 
per cent radiation reduction on wheat yield 
are nullified when coupled temperatures 
changes are up to +20C.

Figure 6.13 Radiation and temperature change interaction on biomass and yield of wheat.

II. Rice crop
In the present study, the CERES-rice 
model in the Decision Support System for 
Agrotechnology Transfer (DSSAT) shell was 
used for simulating crop behaviour under 
different scenarios of  climatic change. 
The DSSAT shell was developed by the 
organizers of  the International Benchmark 
Sites Network for Agrotechnology Transfer 
(IBSNAT) Project. This programme-shell 
links three major elements, namely crop 
simulation models, a database management 
system and a management and/or risk 
assessment programme. The CERES-rice 
model (V 3.5) developed by Singh and others 
(1993) simulates the effects of  weather, soil, 
water, cultivar, and nitrogen dynamics on the 
soil and on the crop, in order to predict crop 
growth and yield on a daily time step basis.  

During the winter season, rice is generally 
grown in South India, where the annual 
range of  variation in temperature is small, 
and temperatures are generally high. 
Two locations, that is, Hyderabad and 
Coimbatore, were chosen for evaluating 
temperature-CO2-radiation interaction. 

Changes in these parameters were assumed 
for the entire growing season In general, the 
rise in temperature reduced the duration 
of  the crop-growing period, which in turn 
may have resulted in reduced yields. 
However, the increased radiation and/or CO2 
concentration compensated for the yield 
reduction. 

The specific event, that is, aerosol presence 
during January-March 1999, was evaluated 
in these two locations with two dates for 
sowing. Water and fertilizer application was 
assumed to be at optimal rates, which is a 
justified assumption as farmers generally 
grow winter rice under optimal input 
conditions in these locations. Due to the 
large range in the date of  sowing and/or 
transplanting, the two dates were assumed 
to simulate the impact of  aerosol presence 
on growth and yield. Actual radiation, with 
and without aerosol, in the Tamil Nadu 
location was used for the purpose. If  the 
aerosol layer had not existed, the result 
might have been an enhanced yield in the 
order of  6-8 per cent for the two sowing 
dates. However, the effect was more 
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pronounced in the second sowing date 
because it went through critical growth 
phases during periods of  high aerosol 
presence in the atmosphere (Figure 6.14). 
The effects were relatively less severe in 
Hyderabad. Since radiation reduction does 
not take place in isolation, the coupled 
weather change phenomenon would nullify 

the reduction of  yields through the cooling 
of  the temperature, enhancing the duration 
of  crop growth and increasing the yield. 

Chameides and others (1999) estimated 
the aerosol optical depths from a coupled, 
regional air quality model for China which 
resulted in 5-30 per cent decrease in 

Figure 6.14 Per cent change in biomass and yield of rice (winter season) without 
aerosol effects (with and without associated weather changes) at two locations.

radiation. Crop-response model simulations 
suggested a 1:1 relationship between a 
percentage increase (decrease) in total 
surface solar irradiance and a percentage 
increase (decrease) in the yields of  rice 
and wheat, indicating a 5-30 per cent yield 
reduction in China due to regional haze. 

III. Sugar cane crop
Sugar cane is the second most important 
cash crop in India. It grows in diverse agro-
environments, both as a sub-tropical and 
a tropical crop, and occupies an area of  

about 4.1 million hectares. Uttar Pradesh, 
Bihar, Haryana and Punjab are the major 
sugar cane-growing zones in the sub-tropical 
region, where sugar cane is grown in three 
main seasons, namely autumn, spring and 
summer. The crop in this zone is grown 
for about a year or so, compared to 12-18 
months in the tropical belt. Spring is the 
main season for growing the crop, although 
the autumn crop gives a higher yield. The 
sugar cane harvest in North India is about 
60 tonnes per hectare, compared with 
105 tonnes per hectare in South India. 
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Untimely sowing, improper management 
of  irrigation water and fertilizer, and insect 
and/or pest infestation are the major causes 
for low productivity. The harvest of  sugar 
cane is mainly forced harvesting, which 
is dictated by the demand and supply 
situation. The trash is generally burnt in 
the field, while the by-product of  the sugar 
cane industry is used as fertilizer. Being 
a C4 crop, its radiation use efficiency is 
high, but the reduction in the radiation, at 
the tillering and grand growth phase, can 
considerably decrease the final harvest. In 
an agro-forestry system, where sugar cane 
is grown along with Popular, the shading of  
sugarcane by Popular caused a 10 per cent 
decrease in yield. The fact that temperature 
is generally compensated by an increase 
in carbon dioxide concentration has also 
been observed in this crop. In general, 
the rise in temperature reduces the crop 
duration, which would have resulted in 
lesser yields, but the increased radiation 
or CO2 concentration compensates for this 
reduction. This type of  interaction effect 
is clearly noticed in most of  the modelling 
exercises.

The specific event, that is, aerosol 
presence during January-March 1999, 
was evaluated for Delhi, Lucknow and 
Coimbatore, representing three diverse agro-
climatic regions for this crop. Agronomic 
management practices were assumed as 
per these regions, which became inputs in 
the model. The effect of  three months of  
aerosol presence was not significant in terms 
of  cane yield (January sown) reduction, as 
without aerosol a higher yield of  around 1 
per cent in all the locations would have been 
achieved (Figure 6.15). The effects were 
relatively more pronounced at Lucknow. For 
the October-November sown sugar cane, 
the increase in cane yield, without aerosol 
effect, would have been around 1.5 per cent. 
The decrease in total biomass was relatively 
lower as compared to cane yields at all the 
locations. Since the radiation reduction 
alone does not take place in isolation and 
the coupled weather change phenomenon 
would nullify the reduction of  yields 
through cooling of  the temperature, which 
would enhance the duration of  the crop as 
mentioned earlier.

Figure 6.15 Per cent change in cane yield without aerosol (with or without 
associated weather changes) at different locations.
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6.4 Conclusions
ABCs can affect agricultural output both 
directly and indirectly. This chapter has 
focused on indirect impacts related 
to climate change: decreased rainfall 
(drying), decreased minimum (night time) 
temperatures (cooling), and decreased solar 
radiation (dimming). Quantifying the net 
impacts of  ABCs on agricultural production 
poses several challenges. Since ABCs affect 
multiple climate characteristics, researchers 
need to model the joint effects of  these 
changes on plant growth, not the effects in 
isolation. In the case of  rice, a substantial 
body of  research indicates that reductions in 
rainfall and radiation decrease crop growth, 
while reductions in night time temperatures 
increase it. The overall net impact therefore 
depends on the relative strengths of  these 
effects. 

In addition, researchers must recognize that 
agricultural production is a coupled human-
natural system and they must develop 
models that reflect this. Farmers choose 
how much area to plant to each crop and 
how to manage crops to maximize profit 
given available resources. Weather has a 
crucial impact on yields but so do inputs, 
such as labour, fertilizer, pesticides and 
irrigation water. Farmers who face negative 
weather outcomes can undertake actions 
to offset reduced yields. For example, 
if  climate becomes drier over time, the 
farmers can adjust by investing in irrigation 
infrastructure or by shifting to crops that 
are less water-intensive. Impact studies that 
ignore farmers’ adaptations to changing 
climate will thus tend to overestimate losses 
from deleterious climate changes and 
underestimate gains from beneficial climate 
changes.

Climate-change impact studies by 
economists have tended to rely on statistical 
models, which were reviewed in the first 
part of  the chapter. These models involve 
the application of  multivariate regression 

methods to observed historical data. The 
principal advantages of  statistical models 
are that they permit the analysis of  joint 
impacts of  multiple, simultaneously 
occurring changes in climate and, depending 
on how they are structured, can account 
for farmer behaviour. To generate credible 
impact estimates, however, they must be 
based on data that exhibit a large degree of  
variability and are reasonably well-measured.  
Furthermore, great care must be taken in 
specifying statistical models, to ensure that 
relevant variables that are correlated with 
weather are not omitted. Data availability 
can be a serious limitation here. For 
example, data on rural ozone concentrations 
are virtually non-existent for much of  Asia, 
which is a serious problem because the 
omission of  ozone from statistical models 
could bias the estimates of  coefficients on 
temperature and radiation variables. Finally, 
since these models are parameterised using 
observed data, their out-of-sample predictive 
ability must be carefully examined.   

To our knowledge, the only example of  a 
statistical model being used to measure 
the agricultural impacts of  reducing ABCs 
in Asia is the study by Auffhammer and 
others (2006), which analyzed kharif  (wet 
season) rice harvests and rice areas in 
nine states in India. The study linked a 
hybrid economic model (a combination of  
a production function for harvest and an 
input-demand function for area) to a climate 
model, which furnished predictions of  how 
the climate during 1966-1998 would have 
differed if  ABCs and GHGs had been lower 
than their actual values. Among the various 
climate variables tested, the study found 
that the June-September rainfall and the 
October-November minimum temperature 
were the only statistically significant ones, 
although the insignificance of  solar radiation 
probably reflected problems with the data. 
It also found that the net historical impact 
of  reduced ABCs would have been positive, 
that is, rice harvest would have increased. 
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Gains from reducing the drying effects of  
ABCs would have outweighed the losses 
from reducing their cooling effects. Harvest 
would have increased even more if  GHGs had 
been reduced along with the ABCs. Thus, 
there was not a significant trade-off  between 
reducing ABCs and reducing GHGs. 

The second part of  the chapter presented 
evidence from a new study conducted 
using crop simulation models. The impact 
of  a high aerosol event, which occurred in 
India during January-March 1999, on the 
yields of  major crops in the country was 
studied. The effect of  aerosols on crop 
yields was mediated through radiative 
forcing which modified weather parameters, 
such as radiation, maximum and minimum 
temperatures and rainfall. Radiative forcing 
by aerosols affects agricultural production 
in two ways. It increases the diffuse 
fraction of  radiation and decreases direct 
radiation to the earth’s surface, producing 
a cooling effect as a result. Any change 
in direct radiation, which is normally at a 
high level, does not have much effect on 
the leaves’ radiation use efficiency (RUE). 
However, changes in diffuse radiation, which 
is of  a lower intensity, leads to increased 
photosynthesis and biomass production, 
since it can penetrate the plant canopy 
more deeply and provide the shaded leaves 
underneath with radiation needed for 
photosynthesis. This effect is more enhanced 
in C3 than C4 plants. 

The differential response of  three crops, 
namely wheat, rice and sugar cane, under 
changed proportions of  direct and diffused 
radiation due to haze was seen by using 
crop simulation models (WTGROWS for 
wheat and DSSAT for rice and sugar cane). 
The regions chosen for the simulations were 
Punjab (30.07oN, 75.08oE), Maharashtra 
(20oN, 76oE) and Tamil Nadu (11oN, 78oE). 
The analysis of  radiation reduction during 
the extreme event indicated that it ranged 

from 5-20 per cent in Punjab, 5-15 per cent 
in Maharashtra and 4-16 per cent in Tamil 
Nadu over the three-month period of  aerosol 
presence. The average radiation reduction 
for Punjab and Maharashtra were about 12 
per cent and about 10 per cent for Tamil 
Nadu. This led to a decrease in maximum 
temperature, which was highest (more than 
6oC) in the northernmost state of  Punjab 
and decreasing towards the southern states 
of  Maharashtra (3.5oC) and Tamil Nadu 
(1.8oC), but the effect was still significant. 
The minimum temperature and rainfall also 
showed decreasing trends in Maharashtra 
and Tamil Nadu, but Punjab exhibited 
increasing trends in both these weather 
variables.

The assessment of  growth and yield of  
wheat, rice and sugar cane under the 
influence of  the high aerosol event was 
done using simulation models, namely 
WTGROWS for wheat and DSSAT for rice and 
sugarcane. In the case of  wheat, the model 
outputs of  the WTGROWS run for the specific 
event (January-March 1999), with aerosols, 
resulted in reduced growth and yield values 
than those obtained from the run without 
aerosol, when only radiation reduction was 
considered. The degree of  reduction was 
more pronounced in Northwest India, which 
happens to be the country’s prime area for 
wheat production. But when the coupled 
weather changes were considered along with 
radiation reduction, the crop growth duration 
increased and the interaction effects of  
radiation-temperature nullified the negative 
effects of  radiation reduction when taken 
alone. Usually the coupled weather change 
phenomenon occurs simultaneously. The 
interactive effects of  radiation changes, 
along with temperature changes on wheat 
yield and biomass through a simulation 
technique, indicated that 16-18 per cent 
radiation reduction effects on wheat yield are 
nullified when coupled temperatures changes 
are up to +20C.
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In rice, the influence of  aerosol presence 
during January-March 1999 was evaluated 
using the crop estimation through resource 
and environment synthesis (CERES)-RICE 
model for Hyderabad and Coimbatore in 
Tamil Nadu state, with two dates for sowing. 
The actual radiation of  Tamil Nadu, with 
and without aerosol, was used for the 
purpose. The presence of  aerosols, reducing 
the radiation by 5-12 per cent, decreased 
the rice yield by 6-8 per cent, when only 
radiation effects were considered since this 
period coincided with the most important 
vegetative and reproductive phases of  the 
crop. When the coupled cooling effects of  
radiation reduction were incorporated in the 
model, they nullified the yield reduction due 
to enhanced crop duration effect.
The impact of  the aerosol event on sugar 
cane was evaluated for three locations, 
namely Delhi, Lucknow and Coimbatore, 
representing three diverse agro-climatic 
regions for this crop, using the CANEGRO 
module of  DSSAT. The effect of  the three-
month aerosol presence was not significant 
in terms of  cane yield reduction (January 
sown), as without the adverse effect of  the 
presence of  aerosol, the yield at all locations 
would have been about 1 per cent higher. For 
the October-November sown sugar cane, the 
increase in cane yield would be around 1.5 
per cent over the aerosol-effected yields. The 
simulation techniques led to the conclusion 
that the impact of  radiation reduction on 
sugar cane yield was not significant.

The crop simulation models at present 
do not differentiate between diffuse and 
direct fractions of  radiation. They require 
only total radiation as input to the model. 
Diffuse radiation is more responsive to 
crop yields than direct radiation because it 
can penetrate crop canopies much deeper 
than direct radiation and can increase the 
radiation use of  shaded leaves, resulting 
in higher biomass production. Therefore, 
to assess aerosol impacts on crop growth 

through increased diffuse radiation, the crop 
models need to be made sensitive to diffuse 
radiation. This feature is yet to be included 
in most of  the existing crop growth models. 
The scope of  coupling remote sensing 
models for assessing the haze layer (spatial 
and temporal extent) to the crop simulation 
models could be explored for the regional 
impact analysis of  air pollutants.

As indicated in the preceding discussion, 
Auffhammer and others (2006) defined the 
agricultural impact of  ABCs as the answer 
to the question, “How much better off  would 
agriculture be if  ABCs were decreased?”, 
whereas the crop-simulation study in the 
second part of  the chapter instead asked, 
“How much worse off  would agriculture 
be if  ABCs were increased?” The former 
question implies that there could be a 
change in the policy environment, with new 
policies implemented to reduce ABCs. Most 
economic studies on the impacts of  ozone 
on crops in the United States have used this 
“gains from reducing pollution” perspective. 
Climate change studies tend to define 
impacts differently, that is, as prospective 
future damages. From this standpoint, the 
latter question is the pertinent one.  This 
question implies that the status-quo policy 
environment will continue, with no new 
policies implemented to reduce ABCs. 
A leading recent review article on ozone 
impacts also adopts this “losses from 
pollution” perspective (Ashmore 2005).  

It is important to recognize that both 
definitions result in biased impact estimates, 
and that the biases reflect the inability of  
researchers to completely anticipate farmer 
responses. The intuition is straightforward; 
Appendix B provides technical details. 
A researcher can never be sure that an 
impact model includes all the possible ways 
that a farmer might adjust to a changed 
climate. If  the impacts are defined as gains 
from reducing ABCs, as in the study by 
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Auffhammer and others (2006), then the 
omission of  possible adjustments makes a 
study prone to understating gains. Actual 
gains will be even greater than projected 
because farmers will attempt to exploit the 
improved climate in unforeseen ways. As 
noted in the introduction, in the case of  
US agriculture, this bias might be as large 
as a fifth of  the actual benefits of  reducing 
ozone. If  the impacts are instead defined 
as losses, as in the study in the second 
part of  this chapter, then the omission of  
possible adjustments makes a study prone 
to overstating losses. Actual losses probably 
will not be as large as predicted, because 
farmers will attempt to reduce them in ways 
unforeseen by the researcher.

These biases create opposite risks for policy 
analysis. Suppose that a government is 
considering a policy to reduce ABCs. The 
policy will generate costs because industries 
and households will be required to switch to 
energy sources that are less polluting but are 
more expensive, and to invest in technologies 
that reduce particulate emissions. The 
government wants to determine whether 
the policy will generate agricultural benefits 
that at least match, and preferably exceed, 
these costs. If  it defines the benefits as 
avoided losses, then a finding that the 
avoided losses exceed the costs of  the policy 
does not provide assurance that the actual 
benefits exceed the costs: avoided losses 
might exceed the costs only because the 
former are exaggerated. On the other hand, 
if  the government defines benefits as gains 
from reducing ABCs, then a finding that the 
gains fall short of  the costs does not provide 
assurance either: the unknown discrepancy 
between actual benefits and estimated gains 
could conceivably be large enough to make 
up the difference. There is thus both a risk 
of  accepting a pollution reduction policy that 
is unjustified and a risk of  rejecting one that 
is justified. The best way to deal with this 
situation is to attempt to reduce these risks 
by accounting as fully as possible for farmer 

responses, and to interpret impact estimates 
with explicit reference to these risks.
Future studies that will advance knowledge 
of  the agricultural impacts of  ABCs can 
be conducted at either an aggregate level, 
as in Auffhammer and others (2006), or 
at the farm level. At the aggregate level, 
the approach used in Auffhammer and 
others (2006) could be applied to data for 
other countries. Within India, the same 
approach could be applied to data at the 
district level instead of  the state level, 
which might reduce the measurement error 
related to improper aggregation. It could 
also be applied to crops other than rice. 
Given that changing the mix of  crops is 
an important way for farmers to adjust to 
climate change, and that a limitation of  the 
study by Auffhammer and others (2006) was 
its inability to account for the impacts of  
expanded rice production in areas of  other 
crops, future studies might usefully adopt a 
multi-output profit function approach instead 
of  the hybrid approach used by Auffhammer 
and others (2006).  

An underexplored issue at the aggregate 
level is the impact of  ABCs on the 
characteristics of  the monsoon other 
than total rainfall. Such characteristics, 
for example, the monsoon onset date and 
the distribution and intensity of  rainfall 
within the season, could conceivably have 
additional impacts on crops. In general, 
efforts to compile better data on all climate 
variables, perhaps especially solar radiation, 
will improve the accuracy and precision of  
predictions from statistical models. As noted 
earlier, little work has been done to relate 
the impacts of  ABCs on direct versus diffuse 
radiation to impacts on agriculture.

Studies at the farm level would be 
particularly valuable for two reasons: (i) for 
disentangling the indirect (climate-related) 
impacts of  ABCs from their direct impacts, 
such as deposition of  particles on leaf  
surfaces and ozone damage, which cannot 
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be done using existing data sources; and (ii) 
to better understand responses by farmers 
to the full range of  impacts. Such studies 
would require the coordinated collection 
of  data on agricultural variables, socio-
economic variables, and environmental 
variables from a carefully selected set of  
study sites.  The data would need to be 
collected for several years running. Such 
a study should include both irrigated and 
rainfed farms, as studies in the United 
States have demonstrated that ignoring the 
role of  irrigation can seriously bias estimates 
of  climate change impacts (Schlenker and 
others 2005). The inclusion of  both types of  
farms would also shed light on distributional 
issues. Rainfed farms are probably more 
heavily affected by negative climate changes, 
as they are typically smaller with less access 
to new technologies. Impact studies have 
not yet provided much information on the 
specific types of  farms and farmers that 
bear the brunt of  the damage caused by 
ABCs. 
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Appendix A

Statistical Models: Options and Limitations
The literature on statistical modelling of  
agricultural production processes is well-
developed (Chambers 1988, Mundlak 2001, 
Just and Pope 2001), so is the literature 
on modelling the impacts of  environmental 
change on production processes, including 
agricultural production processes (Freeman 
2003, McConnell and Bockstael 2005). 
The description in this appendix is highly 
simplified. Its main purpose is to highlight 
options that exist for the statistical 
modelling of  the agricultural impacts of  
ABCs and issues that must be considered in 
constructing (“estimating”) such models.  

Throughout the exposition, the maintained 
assumption is that the most important 
impacts are indirect ones related to 
the influence of  ABCs on climate (such 
as dimming, drying and cooling).  This 
assumption is primarily for convenience, and 
some reference will be made to impacts of  
pollutants, such as ozone, that are linked 
to ABCs via common emission sources or 
chemical reactions in the atmosphere.

Production functions
One can depict a simple statistical 
relationship between, say, yield (y) and 
two explanatory variables, one an input 
controlled by farmers, such as labour (x), 
and the other an environmental variable, 
such as rainfall (z), by the following linear 
function:

  

The subscripts i and t indicate that the data 
in this hypothetical example are drawn from 
different sites i, such as states in a country, 
and different points in time t, such as years.  
β0, β1, and β2 are parameters (“coefficients”) 
that are estimated by multivariate regression 
methods.  To estimate these coefficients, one 
would first compile data on yield, labour and 

rainfall for each state and year in the sample, 
and then use a statistical programme to run 
a linear regression. The programme would 
determine the set of  coefficient estimates 
that fit the data most closely. Of  course, no 
model will ever fit the data perfectly, and to 
account for this the model includes the error 
term e.

This particular model is an example of  
a production function: it refers to the 
relationship between a physical output 
measure, such as yield (tonnes per hectare), 
and explanatory variables that are also 
measured in physical terms (days of  
labour, metres of  rain). In such a model, 
the coefficient β2 indicates how a one unit-
change in the climate variable z affects the 
dependent variable y. For example, with 
yield measured in tonnes per hectare and 
rainfall measured in metres, an estimate 
of  β2 equal to +0.5 would indicate that an 
additional metre of  rainfall is associated 
with an increased yield of  0.5 tonnes per 
hectare. This estimated impact is conditional 
on the farmer-controlled input x being held 
at its observed level, which is not adjusted 
in response to the change in z. It thus 
represents purely a crop response. On their 
own, production functions are unable to 
account for farmer responses. To account 
for the latter in the simple example here, 
one would need to augment the production 
function by estimating an additional input-
demand function that modelled farmers’ use 
of  x. (Input-demand functions are further 
explained below). Auffhammer and others 
(2006) used this hybrid approach.

This simple model includes just a single 
explanatory variable of  each type, but 
in practice a production function should 
include additional measures of  agricultural 
inputs, such as fertilizer and irrigation 
water, and additional measures of  climate 
and other environmental variables, such 
as temperature, surface radiation and 
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soil type. Hence, an impact study based 
on a production function can account for 
multiple, simultaneous climate changes. 
The dependent variable could be harvest 
instead of  yield, in which case area would 
be added to the list of  inputs. The form of  
the model could be other than linear. For 
example, variables could be transformed into 
logarithms. Squares and higher order terms 
of  variables could also be added, as could 
interaction terms (one variable multiplied 
by another). Statistical models can thus 
provide very flexible representations of  the 
relationship between agricultural outcomes 
and climate.

Profit and Cost functions
Although the production function should 
include input variables, such as labour, 
fertilizer and area, the fact that these 
variables are under farmer control creates a 
well-known statistical problem, endogeneity, 
which can bias the statistical estimates of  
coefficients on these and other variables 
(Hoch 1958, Mundlak 2001). One way 
to address this problem is to use more 
advanced regression methods, such as 
instrumental variables (Murray 2006). 
Another is to estimate a profit function or 
a cost function instead of  a production 
function, which has the added bonus of  
incorporating the farmers’ adjustments to 
these inputs in response to environmental 
variables included in the model.

In a profit function, the dependent variable y 
is farm profit instead of  yield or harvest, and 
x includes the prices of  outputs (crops) and 
inputs instead of  the physical quantities of  
inputs.  z continues to include environmental 
variables. The endogeneity problem is 
avoided because farmers typically cannot 
affect prices of  crops or inputs. Although 
farmers are free to choose the amount of, 
say, fertilizer they apply, they are not free to 
choose the price, which is dictated by the 
market. If  profit is measured in rupees per 
hectare and the climate variable is again 

rainfall in metres, then an estimate of  β2 
equal to +1 000 would indicate that an 
additional metre of  rainfall is associated 
with an increased profit of  1 000 rupees per 
hectare. This increase implicitly reflects both 
changes in output (that is, a larger harvest) 
and changes in inputs (for example, less 
irrigation water used).

A cost function differs from a profit 
function in having the cost of  farming as 
the dependent variable and harvest as an 
additional explanatory variable. If  cost is 
measured in rupees per hectare, an estimate 
of  β2 equal to –500 would indicate that an 
additional metre of  rainfall reduces farming 
costs by 500 rupees per hectare for a given 
level of  harvest (for example, farmers spend 
less on irrigation water).

Note that profit and cost functions provide 
monetary estimates of  the impacts of  
weather variables, with the estimates from 
profit functions being more comprehensive 
because they reflect output changes and 
not just input changes. This is an important 
advantage compared to production 
functions. Monetary estimates of  impacts 
can be compared to the costs of  policies 
aimed at mitigating climate change, thus 
enabling one to determine whether the 
benefits of  such policies exceed the costs. 
If, as indicated here, impacts are defined 
as gains from mitigating climate change as 
opposed to losses from failing to mitigate 
it, then the benefits estimates will be 
conservative ones. 

Modelling farmer Responses
As noted above, an attractive feature of  profit 
and cost functions is that they implicitly 
embody input adjustments by farmers. 
These adjustments can also be modelled 
explicitly. One can do this by mathematically 
deriving from a profit or cost function a set 
of  input-demand functions for the priced 
inputs. For example, in the case of  a profit 
function, crop area, a, can be modeled by
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                                                  ,

where x is again a set of  variables for output 
and input prices, and z is again  a set of  
environmental variables.g0, g1, and g2 are 
coefficients and m is the error term. This 
model could be used to predict how farmers 
adjust area in response to changes in one or 
more of  the climate variables included in z. 
As noted above, a hybrid modeling approach 
that combines a production function with 
one or more input-demand functions can 
also do this.  

Although most studies based on production, 
profit or cost functions focus on a single 
crop, some have applied multiple-crop 
versions of  these models. In the literature on 
the agricultural impacts of  global warming, 
the Ricardian model has been an especially 
popular multiple-crop variant of  the profit 
function (Mendelsohn and others 1994, 
Dinar and others 1998, Mendelsohn and 
others 2004). In this model, the dependent 
variable is average farmland value (for 
example, rupees per hectare) in a relatively 
small spatial region, such as a district or 
a county. Farmland value is affected by the 
types of  crops grown, which might include 
many different ones within a single region, 
and the profitability of  those crops. Aside 
from the dependent variable being farmland 
value instead of  annual profit, the setup 
is much the same as in a profit function. 
In fact, when data on farmland value are 
not available, the dependent variable in a 
Ricardian model is typically short-run profit 
per hectare (that is, net revenue).

Because the dependent variable in a 
Ricardian model refers to a mix of  crops, 
proponents argue that the model provides 
estimates of  the economic impacts of  
climate change that are “net” in a very broad 
sense, as they account for adjustments to 
inputs as well as adjustments to the mix of  
crops grown. Consistent with this argument, 

Ricardian models typically predict that 
climate change will damage agriculture less 
than models that focus on single crops. As 
discussed below, however, confidence in 
the lower damage estimates from Ricardian 
models is undermined by omitted variables 
bias when, as is usually the case, the models 
are based either on cross-sectional data or 
panel data. If  they are based on panel data, 
they usually exclude controls for unobserved 
sources of  variation across sites.

Limitations of Statistical Models
Although statistical models offer important 
advantages compared to impact-modelling 
approaches that do not account for 
multiple, simultaneous changes in climate 
characteristics or farmer responses to such 
changes, they do have limitations. Five of  the 
most important ones are as follows:

1. Low power if  data do not vary much. 
Because statistical models rely on actual 
conditions to identify the impacts of  climate 
on agriculture, they have difficulty identifying 
the impacts if  the climate does not display 
much variability within the sample analyzed. 
For example, if  data were from a small, 
rainfed agricultural region in which, say, 
rainfall did not vary much from farm to 
farm during the year when the data were 
collected, then the coefficient estimate on 
rainfall in the regression model would likely 
be statistically insignificant, even though 
rainfall surely affected crop growth. Variation 
can be increased by expanding the sample to 
include more sites or more time periods.

2. Uncertain predictive accuracy outside the 
range of  data in the sample. This is similar 
to the preceding point. Prospective climate 
change might involve changes in particular 
weather variables that are outside the range 
of  the data used to estimate the model.  
Suppose that the observed difference in 
temperature across sites or over time is 
only 0.5oC, while the prospective change 
whose impact one wishes to measure is 1oC. 
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Suppose further that the impact of  warming 
is linear up to a threshold, say, at 0.75oC 
above the minimum temperature in the 
sample, beyond which crop losses increase 
exponentially. Because the data do not span 
a range that includes this much warming, 
the regression model would fail to detect the 
threshold and thus would underestimate the 
impact of  warming.

3. Measurement error. Measurement error 
usually has more serious consequences when 
it occurs in an explanatory variable instead 
of  a dependent variable. Measurement error 
can occur either during data collection (for 
example, measurements of  surface radiation 
might not reflect actual radiation received 
by crops because monitoring devices are 
not well-maintained, or because there are 
too few of  them to estimate mean radiation 
accurately) or during variable construction 
(for example, using a variable based on a 
mean measure when minimum or maximum 
values are what affect crop growth). If  an 
explanatory variable is measured with much 
error, then it might be too “noisy” for the 
“signal” of  its impact to be detected. If  so, 
then the regression model might falsely 
indicate that the variable does not have a 
statistically significant impact.

4.Multi-collinearity. Weather variables are 
typically highly correlated within a season. 
For example, rainfall is typically negatively 
correlated with surface radiation, as 
rainclouds reduce the amount of  sunlight 
reaching the ground. Such correlations 
can prevent regression methods from 
distinguishing the impact of  one weather 
variable from another. When this happens, 
regression results usually show the following 
two features: (i) few or none of  the highly 
correlated variables are statistically 
significant when they are included in the 
regression model together, even though 
in reality all might affect the dependent 
variable; and (ii) if  some of  the variables 
are removed from the regression, then the 

remaining ones become significant because 
they are “standing in” for the whole set. 
The problem is again one of  inadequate 
variation, in this case variation between 
variables. If  one of  a set of  highly correlated 
weather variables becomes statistically 
significant when the others are removed, 
then a researcher might be able to use the 
coefficient on that variable to predict the 
impact of  a change in the whole set as 
long as the change is consistent with the 
observed correlation in the sample. For 
example, if  climate change results in an 
increase in radiation that is proportional to 
a decrease in rainfall, then the coefficient 
on rainfall from a statistical model might 
do a good job of  predicting the combined 
effects of  increased radiation and decreased 
rainfall. The prediction would not be 
accurate, however, if  climate change alters 
the correlation between the variables. An 
example for ABCs is the combination of  
drying and dimming, which is a positive 
correlation (less rainfall, less radiation) 
instead of  the expected negative one (more 
rainfall, less radiation).

5. Omitted variables. Due to data 
limitations, a researcher can never include 
in a regression model all the explanatory 
variables that affect the dependent variable. 
This is to be expected and is one reason 
why the regression equation includes the 
error term e. Omitted variables become a 
problem when they are correlated with other 
explanatory variables that are included in 
the regression equation. Consider ground 
level ozone, which is generated by reactions 
involving solar radiation and precursor 
pollutants, nitrogen oxides and volatile 
organic compounds. If  ozone is positively 
correlated with radiation (as seems 
likely) but is omitted from a regression 
equation for crop yield, then the radiation 
variable might capture not only the direct 
impact of  radiation on yield but also the 
indirect impact via the formation of  ozone. 
Furthermore, if  radiation has a positive 
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direct impact (that is, it raises yield) but 
ozone has a negative impact, that is, it 
reduces yield (Ashmore 2005), then the 
coefficient on the radiation variable would be 
biased toward zero and might end up being 
statistically insignificant.

When the data include more than one 
observation over time for the same sites, 
then the addition of  dummy variables to 
the regression model can control for certain 
omitted variables problems. A dummy 
variable for, say, the year 1984 has a value 
of  1 for all observations recorded in that 
year and 0 for all observations recorded in 
other years. Similarly, a dummy variable for, 
say, the state of  Uttar Pradesh in India has a 
value of  1 for observations recorded in that 
state and 0 for all observations recorded in 
other states. These fixed effects implicitly de-
mean the data within sites (the state dummy 
in this example) and within time periods (the 
year dummy). By doing this, they absorb the 
impacts of  any omitted variables that vary 
either only across sites or only over time. (For 
time effects, another way of  saying this is 
that they detrend the data in a very flexible 
way.) While this reduces omitted variables 
bias, it can complicate inferences about 
the impacts of  climate change. Given that 
weather can vary from site to site or from 
year to year (indeed, as discussed above 
such variation is essential for a regression 
to identify the impact of  weather on a crop), 
the fixed effects can absorb part of  the 
impact of  the weather variables. In fact, 
one can interpret fixed effects for sites as 
capturing the impacts of  climate as such 
(along with other fixed characteristics of  
sites), in the sense of  mean weather during 
the sample period, and fixed effects for 
years as capturing the annual impacts of  
climate changes that are common to all 
sites. If  weather varies in a very similar 
way from year to year across the sites in a 
sample, then the weather variables might 
become insignificant when the fixed effects 
are added, thus preventing the use of  those 

variables to identify the impacts of  climate 
on agriculture.

Omitted variables bias has been highlighted 
as a concern with the Ricardian model, 
specifically with cross-sectional versions 
of  that model. The Ricardian approach 
exploits differences in values of  agricultural 
land and decomposes them into climate 
impacts and farm-specific characteristics. 
The advantage of  this approach is that in 
the presence of  functioning land markets, 
land prices incorporate the value of  current 
and expected future returns to the land. The 
disadvantage in the case of  cross-sectional 
versions is that if  one does not properly 
capture all relevant farm characteristics (for 
example, soil quality), then estimates of  the 
coefficients on climate variables, which are 
typically constructed as the mean values of  
weather observations over a two- to three-
decade period, can be biased because 
some of  the omitted characteristics might 
be correlated with climate. The coefficient 
estimates might thus reflect the effects of  
not only climate but also omitted factors that 
are correlated with climate. This concern 
was raised most recently by Deschenes and 
Greenstone (2007). Ricardian models based 
on panel data face the same problem, if  
they likewise attempt to identify the impacts 
of  climate on agriculture by using mean 
values of  weather variables, which forces 
them to exclude fixed effects for the sites. 
The rationale for using means of  weather 
variables instead of  observed values is to 
distinguish the long-run effects of  climate 
change from the short-run effects of  year 
to year weather variation, but the risk of  
omitted variables bias has led to skepticism 
about the ability of  Ricardian models to do 
this. 

Limitations of the Model in 
Auffhammer and Others (2006)

The statistical model in Auffhammer and 
others (2006) can be evaluated against these 
five limitations.
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1. Low power if  data do not vary much. As 
noted in section 6.2.3, this was probably 
a factor in the insignificance of  the solar 
radiation variables. Although the variables 
were statistically insignificant, they might 
have been agronomically significant. If  so, 
simulations by Auffhammer and others 
(2006) understated the benefits of  reducing 
ABCs because they excluded the reduction in 
dimming. 

2. Uncertain predictive accuracy outside 
the range of  data in the sample. The 
counterfactual rainfall amounts and 
minimum temperatures from the PCM 
runs were within the range of  the climate 
variables in the statistical model of  
Auffhammer and others (2006). Their results 
are therefore not subject to this criticism.

3. Measurement error. This was probably 
a second factor in the insignificance of  the 
solar radiation variables, as noted above.

4. Multi-collinearity.  The production and 
area demand functions include both rainfall 
and minimum temperature for June-
September, and only the June-September 
rainfall is statistically significant. Although 
multi-collinearity could explain the 
insignificance of  the temperature variable, 
previous research indicates that temperature 
might not affect harvest until later in the 
season (Seshu and Cady 1984). The two 
equations include even more variables, 
three, for October-November (that is, rainfall, 
minimum temperature and solar radiation). 
Multi-collinearity would appear to be a 
greater risk for these variables, especially 
for radiation. One would expect the October-
November radiation to be significant, 
given that the kharif  harvest occurs during 
November-January and that radiation has 
its greatest impact a month or so before 
harvest. This is a potential explanation for 
the insignificance of  this variable that has 
not been noted above. Note that it applies 
only to the October-November radiation, as 
December radiation is the only December 

climate variable in the model.

5. Omitted variables. As noted above, 
this is a third possible explanation for the 
insignificance of  radiation variables. Also as 
noted above, the inclusion of  time effects as 
a means of  controlling for omitted variables 
that vary over time but not across states (for 
example, CO2 concentration) could explain 
the steeper slope of  the October-November 
minimum temperature in the production 
function than in a simple bivariate 
regression. The inclusion of  fixed effects for 
the nine states serves to control for factors 
that vary across states but not across time, 
such as latitude, longitude, elevation and soil 
type.
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APPENDIx B

Defining Impacts: Losses due to ABCs, 
or Gains from Reducing ABCs?

Figure B.1 illustrates the difference between 
defining the impacts of  ABCs as losses 
(damage that occurs if  ABCs are unabated) 
or gains (damage that is avoided if  ABCs are 
abated). The top panel shows agricultural 
output (Q) as a function (f) of  inputs of  
farm labour (L). Output also depends on 
environmental quality (E). The relationship 
between output expressed in physical (as 
opposed to monetary) terms and inputs 
expressed in physical terms is known to 
economists as a production function (see 
“Production functions” in Appendix A). For 
a given amount of  labour, output is higher 
if  environmental quality is higher. The top 
panel thus includes two curves, one for a 
high level of  environmental quality (Ehigh) and 
one for a low level (Elow). The bottom panel 

shows agricultural labour demand. Labour 
is hired up to the point where its marginal 
product (fL) equals the ratio of  the wage rate 
to crop price (w/p). The marginal product 
gives the benefit of  an additional unit of  
labour to the farmer, expressed in physical 
terms (for example, additional kilogramme 
of  rice harvest per day of  labour), while the 
price ratio gives the cost of  that additional 
unit, also in physical terms (for example, 
if  w is in rupees per day and p is in rupees 
per kg of  rice, then w/p is in kg of  rice 
harvest per day of  labour). Note that there 
are two labour demand curves, distinguished 
by the level of  environmental quality: if  
environmental quality is higher, then labour 
is more productive, and so the farmer hires 
more. The overall set-up is similar to the 
model in Auffhammer and others (2006), the 
difference being the adjustable input in their 
model is area, not labour.

Figure B.1 Defining impacts as losses due to ABCs versus gains from reducing ABCs. The top panel shows 
crop output (Q in units, such as kg), which is determined by a production function (f) that relates output to an 
input that is controlled by farmers (here taken to be labour, L) and environmental quality (E). Environmental 
quality can be at either a high level (Ehigh) or a low level (Elow).  The bottom panel shows marginal product (the 
partial derivative of the production function with respect to L, fL) and the ratio of crop price to input price (w/p). 
(Units are, for example, kg per day of labour). Profit-maximizing use of L occurs where fL = w/p, which occurs at 
“a” when E = Elow and c when E = Ehigh.  For further explanation, see the text.
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Consider first the case of  an improvement 
in environmental quality. Environmental 
quality is initially at Elow. Labour is hired up 
to a, and output is at A. If  environmental 
quality improves to Ehigh, then, holding 
labour constant at a, output rises to B. In 
the simple model depicted in the figure, the 
change in farm profit is given by the area 
between the labour demand curves. Hence, 
with labour held constant at a, profit rises 
by area agb. But because the marginal 
product of  labour has risen, the farmer 
prefers to hire additional labour, not hold 
it constant. As a result of  this adjustment, 
labour rises to c, and so output rises to C. 
This adjustment causes profit to rise by an 
additional amount, area abc, for a net gain 
of  area agc, which is greater than area agb. 
Hence, if  we ignore the farmers’ response 
to the environmental improvement, then we 
understate the magnitude of  the net benefit 
of  the improvement.

Now consider the case of  deterioration in 
environmental quality. Environmental quality 
is initially at Ehigh. Labour is hired up to c, 
and output is at C. If  environmental quality 
deteriorates to Elow, then, without any labour 
adjustment, output falls to D and profit 
falls by area dgc. But because the marginal 
product of  labour has fallen, the farmer 
adjusts by reducing labour to a. Output falls 
more, to A, but the loss in profit is reduced 
by area dac, which is the avoided loss on 
labour that costs more than what it is worth. 
Following the adjustment, the farmer’s net 
loss is only area agc, which is less than 
area dgc. Hence, if  we ignore the farmer’s 
response to the environmental deterioration, 
then we overstate the magnitude of  the net 
cost of  the deterioration.
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TECHNICALSummAry
ABCs ARE lIkELY TO IMPACT 
HuMAN HEALTH
1.ABCs have several characteristics 

that determine their impact on human 
health, including: large geographical reach; 
long-range transport of  aerosols across 
continents and oceans; consistent and 
persistent exposure of  large populations, 
including high-risk populations; potential 
for physical, chemical and microbiological 
mixing and interactions of  the aerosols, 
and for exacerbating local air pollution 
when aerosols transported over long 
distances transfer to the lower atmosphere. 
These characteristics, together with 
the potential for the aerosols to act as 
transport mechanisms for pathogens, pose 
important challenges for public health, 
well-being and welfare. 

2.The focus of the section on Impacts 
of ABCs on Human Health will be on the 
exposure, epidemiology, toxicology, 
associated diseases, preliminary 
estimations of numbers of premature 
deaths and economic costs, and the 
science and characteristics of ABCs, which 
are important considerations for policy 
options. 

3.Part III draws upon knowledge of 
ABCs, in particular aerosol particles, which 
have potentially significant health effects 
because of their size and composition. 
Knowledge of  the physical, chemical, and 
microbial characteristics of  ABCs, and 
the potential for intermixing and inter-
reactions of  the anthropogenic aerosol 
mixture will be important in improving the 
assessment of  health risks and effects, 
whether they are direct through exposure 
to toxic agents, or indirect through climate 
change and global warming and their 

influence on life support systems. This 
knowledge will be important for supporting 
decisions on what research to undertake, 
what policy responses to formulate, and 
what technical and management options to 
implement.

ExPOSuRE ASSESSMENT IS 
ESSENTIAL
4.Assessment of exposure is essential 

to the estimation of risk associated with 
exposure to air pollution, as it is not 
possible to determine risk without some 
reliable measure of exposure. There 
is currently a lack of  critical exposure 
information as it pertains to ABCs. The 
information that is available is generally 
about ambient levels of  pollutants, which 
can be significantly different from levels 
that cross biological membranes, reach 
their target tissues, and exert their toxic 
effects. 

5.Molecular epidemiology is a potentially 
important tool for assessing exposure to 
ABCS, as well as the consequent effects 
from such exposure. The field involves 
assessing, at the molecular level the 
contribution of  environmental risk factors, 
with the influence of  genetics, to the 
etiology of  disease. One of  the main aims 
is to gain mechanistic information from 

Figure TS3.1 Toxicity, exposure and risk. (Adopted 
from Figure 8.2 of part III).
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epidemiological studies. Another important 
aim is to correlate exposure and effects 
data that are relevant to the exposure and/
or disease. Exposure assessment includes 
environmental monitoring, exposure 
modelling, and bio-monitoring.

6.Environmental monitoring studies 
should encompass ambient and personal 
monitoring of air pollutant exposures. 

7.Bio-monitoring of exposures and 
effects will include ABC-relevant pollutants 
and air pollution-associated health effects, 
such as asthma and cardiovascular effects. 
what ultimately need to be known are 
the ABC components to which human 
beings are being exposed, the magnitude 
and duration of  these exposures, and 
factors that may differentiate exposure 
levels or susceptibility among the exposed 
populations.

ABCs AND ADvERSE HEALTH 
OuTCOMES

8.There are many epidemiology 
studies that have addressed the direct 
health effects of ABC-relevant pollution 
sources, such as wildfire, indoor biomass 
and coal smoke and dust events. These 
studies have documented a variety of 
acute and chronic health effects, including 
premature deaths, hospital admissions and 
chronic respiratory disease. ABC-relevant 

Figure TS3.2 Exposure-disease paradigm. (Adopted from Figure 8.1 of Part III)

pollutant studies reviewed from available 
literature include studies of  health effects 
related to increased cardio-respiratory 
hospital admissions and mortalities in 
Malaysia, Indonesia, Singapore, Australia 
and Brazil from exposure to smoke from 
forest fires, bush fires, and agricultural 
burning; increased asthma and other 
respiratory effects, cardiovascular hospital 
admissions, and mortality in China and 
the Republic of  Korea related to dust 
storm events; increased acute respiratory 
infections, chronic obstructive pulmonary 
disease and lung cancer in Nepal, India 
and China, resulting from exposure to 
biomass and coal smoke; and reduced 
pulmonary function, bronchitis, wheezing, 
shortness of  breath, increased hospital 
admissions and mortality in India and 
China associated with exposure to urban 
and industrial air pollution.

9.Available information about adverse 
health effects of airborne fine particles 
from studies conducted in many areas 
of the world suggests that ABC exposure 
is very likely associated with significant 
adverse health effects. Key studies have 
shown small but consistent effects of  day 
to day variations in particulate matter 
(PM) pollution and non-accidental, 
cardiovascular and respiratory mortality. 
People living in communities with 
elevated fine PM concentrations have a 
higher risk of  dying over an associated 
follow-up period than subjects living in 
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cleaner communities. Several studies 
have indicated that there is no threshold 
for development of  health effects from 
exposure to PM. Exposure to PM induces 
serious cardiovascular effects, as is evident 
from increased cardiovascular deaths from 
both short- and long-term exposures, as 
well as increased cardiovascular hospital 
admissions after high pollution days. The 
biological plausibility of  the effects of  PM 
on cardiovascular and respiratory health 
has been supported by various lines of  
in vivo and in vitro toxicological research, 
including increased plaque formation 
from long-term exposures to PM2.5 in 
experimental mice and emerging human 

Figure TS3.3 Plaque formation after long-term exposure to concentrated ambient PM2.5 
in sensitive mice fed normal and high fat diets. The figure shows that mice exposed to 
concentrated ambient PM developed greater plaque size (Hematoxylin-eosin and Oil Red-
O stains) than air-exposed mice. CD68 staining, which identifies macrophage infiltration, 
indicates the inflammatory nature of the atherosclerotic plaques. (Adopted from Figure 9.11 
of Part III)

evidence of  increased atherosclerosis from 
exposures to elevated ambient PM2.5 levels.

10.Toxicity outcomes associated
with individual ABC-relevant pollutants 
include cardiovascular and respiratory 
disease, cancer, and reproductive and/or 
developmental alterations. 

11.Cardiovascular effects, including 
the up-regulation of cardiac factors 
associated with vascular remodelling, 

have been noted in mice exposed to 
gasoline emissions, while atherosclerotic 
lesions and other vascular changes 
were enhanced in animals with repeated 
exposure to concentrated particulate 
matter. In addition, serious cardiac 
outcomes have been observed in 
controlled human and experimental 
studies examining the effects of  biomass 
burning. 

12.Respiratory effects, such as 
pulmonary inflammation, have also been 
observed in response to ABC-relevant 
pollutants in controlled human studies, 

in response to inhaled diesel exhaust 
particles, as well as immune system 
alterations consistent with allergic 
asthma in exposed animals. Exposure 
to wood smoke produces extensive lung 
damage along with diminished immuno-
competence and increased susceptibility 
to pulmonary infection in exposed animal 
models. 

13.With regards to cancer outcomes, 
studies performed in vitro have 
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demonstrated the carcinogenic potential 
of gasoline emissions and while the 
cancer-causing ability of wood smoke 
is still being debated, the International 
Agency for Research on Cancer (IARC) has 
concluded that emissions from household 
combustion of biomass fuel are probably 
carcinogenic to humans. 

14.With regards to other health outcomes,
reproductive effects are less well known 
but some ABC-relevant pollutants have 
been shown to reduce testicular cell 
and sperm number in male rodent 
offspring and produce preterm birth 
and low birthweight in offspring exposed 
prenatally. In addition to these particular 
disease outcomes, exposure to many 
of  the ABC-relevant pollutants can 
compromise host immunity, leading 
ultimately to increased susceptibility of  
the host to infectious disease and/or 
cancer. 

15.As large human populations are 
exposed to ABCs for extended durations, 
and since particles (either alone or with 
adsorbed gases) likely underlie the 
majority of observed effects, the main 
emphasis of the toxicological studies 
should be on long-term inhalation 
exposure studies of diesel and motor 
vehicle exhaust, ambient particulate 
matter with emphasis on fine and ultra 
fine particles, coal combustion products, 
particularly fly ash, biomass emissions 
and dust.

16.The health impacts associated with 
exposure to ambient air pollution can be 
quantified through concentration-response 
(CR) functions that relate predicted 
changes in air pollution to increases in 
mortality and morbidity. The quantitative 
assessment is based on four components: 
(1) change in air pollution concentrations; 
(2) size and composition (for example, 

age profile) of  the population groups 
exposed to the current levels of  air 
pollution; (3) background incidence of  
mortality and morbidity, and (4) CR 
functions.

17.There are certain model 
assumptions and inputs that are used 
in the quantification of health impacts 
associated with exposure to ambient air 
pollution. Depending on the model, such 
as Adhikary and others (2008), Adhikary 
and others (2007), Ramanathan and 
others (2007), and Mayol-Bracero and 
others (2002), data, and assumptions 
used, the number of  deaths would change 
significantly. Changes in the exposure 
estimates used will have a proportional 
impact on the calculated excess 
mortalities.

18.The “willingness to pay” and “human
capital and/or cost of illness” approaches 
are considered as techniques available for 
conducting original economic valuation 
studies. The “benefits transfer” alternative 
(that is, the use of  health values 
estimated for one site and one particular 
policy context as a proxy for health values 
in another site and possibly another 
context) is a common approach in the 
analysis of  health policies, projects and 
programmes and will likely be important 
in the evaluation of  ABC control 
strategies.

19.While there is a relatively large 
value of statistical life (vOSL) literature for 
North America and Europe, there is a huge 
lack of evidence on the costs of premature 
mortality for developing countries in 
general, and China and India in particular. 
Because of  this gap in knowledge, 
many studies seeking to evaluate the 
local health impacts of  air pollution 
abatement strategies transfer estimates 
from developed countries for use in 
what are very different local conditions, 
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after simple income adjustments. This 
can largely affect the precision and 
robustness of  the values used and 
therefore compromise the analysis of  
policy efficiency.

20.An illustrative calculation of the
     magnitude of the health costs of the
     predicted excess mortality from ABC-   
     related PM2.5 increases found the  
     potential for very significant health costs 
     associated with ABCs in both China and 
     India that could amount to 3.6 and 2.2 
     percent of the GDP, respectively, even 
     when using mid-range mortality cost
     estimates, although these numbers should
     be interpreted with caution at this early
     stage. with more research data, some of
     the uncertainties inherent in the health
     impact assessment should be reduced,
     leading to greater precision in the
     estimates.

21.The Report gives a brief review of
typical values for air-pollution related 
morbidity impacts that may be relevant for 
evaluating ABC control policies. Although 
value estimates abound for many relevant 
health outcomes in developed countries, 
country-specific evidence for developing 
countries is minimal. Despite the lack 
of  ABC-specific morbidity data, previous 
evidence from other air pollution-related 
studies suggest that among all the health 
impacts potentially associated with 
ABCs, premature death is likely to play a 
dominant role in terms of  total economic 
costs. Among the morbidity endpoints, 
chronic bronchitis is expected to have a 
large contribution.

FuRTHER STuDIES ON ABCS AND 
HuMAN HEALTH

22.understanding the science and 
characteristics of ABCs is of significant 
importance to strategic and effective 
public policy on human health and welfare. 
The ABC characteristics that merit 
attention include:  
• wide spatial distribution, hence 
exposing very large populations;

• composition, which consists of  fine 
and ultra fine particles that can 
reach target tissues, exerting their 
toxicological effects and increasing 
environmental health risks and 
influencing the etiology of  diseases; 

• likelihood to transport bio-aerosols 
over long distances with significant 
consequences on human health and 
well-being, livestock and agricultural 
productivity and the quality of  drinking 
water.

• health outcomes are compounded 
by impacts on water, agriculture and 
ecosystems.
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chApter 7
the ABc phenomenon, humAn heAlth, 
well-Being And welFAre

7.1 INTRODuCTION

Part III provides a review of  current scientific 
knowledge of  the potential effects of  ABC-
relevant aerosol particles on human health 
and well-being. It discusses epidemiology, 
toxicology, exposure, associated diseases, 
and interpretation of  data, preliminary 
estimation of  economic costs and the 
science and characteristics of  ABCs that 
are important for policy considerations. 
These aspects are reviewed and discussed in 
greater detail in the chapters that make up 
Part III. 

The rapidly increasing emission of  ABCs 
from a number of  anthropogenic and 
natural sources, which are often intensified 
by expanding human activities, is of  
growing concern. Project ABC describes 
the characteristics of  ABCs to include the 
following: (a) large scale atmospheric haze 
composed of  aerosol particles that hover 
over large geographical areas; (b) long 
range transport over continents and oceans 
of  constituent aerosols; (c) potential for 
physical, chemical and microbiological 
mixing and interactions of  the aerosols; 
and, (d) potential for exacerbating local 
air pollution when aerosols transported 
over long distances transfer to the lower 
atmosphere. These characteristics would 
cause consistent and persistent exposure 
of  large populations, including high-risk 
populations, in urban and rural areas. The 
potential for the aerosol particles to act as 
transport mechanisms for micro-organisms 
and viruses could pose increased public 
health risks and effects on agriculture and 
water quality.

while there is a significant body of  literature 
on air pollution and its impacts, this report 
shows that there is currently a lack of  
information on health effects caused by the 
phenomenon of  the ABC, which only recent 
scientific studies, notably the Indian Ocean 
Experiment (INDOEX), have revealed. This 
has brought to our attention a new nexus 
involving the connections and interactions 
of  atmosphere, climate, air pollution, and, 
among other things, the effects of  aerosols 
and particles on human health, well-
being and welfare (especially in relation to 
agriculture and water supply).

7.2 HEALTH IMPACTS

Knowledge of  the physical, chemical, and 
microbial characteristics of  ABCs, and the 
potential for intermixing and inter-reactions 
of  the anthropogenic aerosol mixture, will be 
important to assess health risks and effects. 

Aerosol concentrations, characteristics and 
size distribution of  ABCs are of  particular 
importance in assessing health impacts. The 
following chapters present in greater detail 
these relationships. A brief  overview here 
illustrates and highlights the importance of  
these relationships. As most of  the inhaled 
particulate matter (PM) larger than PM2.5 
are exhaled or trapped in the upper areas 
of  the respiratory system and expelled, of  
health concern are the smallest respirable 
particulates that lodge in the lung alveoli. 
The exposure may lead to pro-inflammatory 
or inflammatory responses, which may 
enhance underlying health problems in 
individuals. The consequent health problems 
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may not manifest themselves for years.  In 
extreme cases, air pollution can trigger heart 
failure by triggering the release of  cytokines 
and other markers of  inflammation that 
enter the bloodstream and trigger reactions 
in other organs, such as the heart (Brook 
and others 2003).

Some particles may be toxic if  inhaled or 
absorbed and can damage remote organs 
like the kidneys or liver. Swallowed mucous 
containing particulate matter bound with 
toxicants may also damage the gastro-
intestinal system as well as other organ 
systems if  the particles and/or toxicants get 
into systemic circulation. Particles ranging 
from fine (PM2.5) to ultra fine particles 
(PM0.1) are of  great health concern as they 
can reach deep into the respiratory tract, 
deposit in the lungs, and even enter the 
bloodstream if  they are small enough. 

The wHO (2005) Air Quality Guidelines for 
PM2.5 particulates are as follows: 25 mg/m3 
for daily (24 hr) averages and 10 mg/m3 for 
annual averages. The EU-proposed annual 
average is 25 mg/m3.

The literature review by the Health Impact 
Study Group has so far found very little 
information pertaining specifically to ABC 
health impacts, as the issue is relatively new 
and there are only a few scientific papers 
on ABCs. There is, however, a significant 
body of  available literature on the effects of  
particulate matter on human health, mostly 
in urban areas. The potential impacts of  
ABC aerosols may be extrapolated from this 
knowledge, and these extrapolations should 
be followed up by further research studies in 
order to provide direct evidence that they are 
correct.

Overall, exposure to ABC is only one 
component, but a potentially highly 
significant one, of  a larger problem in 
estimating health risks. The degree to which 
ABCs exacerbate existing air pollution and 

compound health effects, as well as the 
possible role of  ABCs and their long-range 
transport on the spread of  pathogens, 
insects and pesticide residues, will be 
important knowledge for deciding policy and 
management response options.

Research (Goudie 2004) on the transport 
of  dust from Africa, which is deposited in 
Europe, has reported that the particulate 
matter contains insects, bacteria and 
pesticide residues. These studies estimated 
that 1-2 billion tonnes of  dust are deposited 
annually in Europe.

Following the changes in hydrological cycles 
associated with climate change and global 
warming, the IPCC (2007) reported that 
more region-specific information on the 
nature of  future impacts is now available. In 
Asia, there may be endemic morbidity and 
mortality due to the increased incidence 
of  diarrhea and vector-borne diseases, 
primarily from floods and droughts. There 
may also be cholera resulting from the rise 
in water temperatures. Increased risks of  
infectious, respiratory and skin diseases and 
migration-related health problems can also 
be expected.

It is important to determine the additional 
health burden that is likely to be contributed 
by ABCs. The United Kingdom’s Foresight 
Report (Foresight 2006) pointed out that 
climate change could favour increases in 
vector-borne infectious diseases affecting 
human beings, livestock and crops. Reviews 
of  health effects resulting from climate 
change (Epstein and Mills 2005) and 
particulate pollution (Dominici and others 
2006) have suggested that warming effects 
and extreme weather events may precipitate 
large outbreaks of  malaria. warming would 
increase the range of  mosquitoes that 
spread malaria. Malaria is the most deadly, 
disabling and economically damaging 
mosquito vector-borne disease worldwide. 
Urban-based mosquito-borne infections, 
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such as the west Nile virus, affect humans, 
horses and more than 138 species of  birds. 
warm weather and spring droughts play 
roles in amplifying these diseases. 

The current outbreak of  dengue fever in Asia 
is attributed to climate change and global 
warming.

Asthma is increasing in developed and 
developing countries. In the US, its 
prevalence has quadrupled since 1980. New 
drivers include increased levels of  carbon 
dioxide (CO2) which increases allergenic 
plant pollens and some soil fungi, and dust 
clouds containing particles and microbes, 
which compound the effects of  air pollution 
and smog from the burning of  fossil fuels.

The American Lung Association’s review 
of  selected research papers on the health 
effects of  particulate matter and ozone 
air pollution, published in 2005, included 
the following highlights: (a) a long-term 
study showing risk of  premature death 
attributable to PM being three times greater 
than previously reported; (b) daily exposures 
to PM linked with increased hospital 
admissions for stroke, congestive heart 
failure, heart attacks, chronic obstructive 
pulmonary disease (COPD) and other 
respiratory problems; (c) respiratory disease 
exacerbated by coarse particles; (d) need 
for strong annual and daily fine particle 
standards to protect susceptible groups; 
and, (e) provision of  equivalent levels 
of  protection for different regions in the 
country.

To be able to estimate ABC health risks, 
reliable exposure measurement is needed. 
No matter how toxic particulates may be, if  
there is no exposure, there is no risk. And if  
exposure is uncertain, the attributable risk 
will only be a rough estimate.

Integrating as much as possible toxicological 
and epidemiological studies and linking 

exposures with diseases are important for 
estimating health risks. Some biomarkers 
of  exposure, effects and susceptibility 
are now available for certain ABC-relevant 
pollutants (for example, polycyclic aromatic 
hydrocarbons, particulate matter and wood 
smoke), as well as for certain diseases, such 
as acute respiratory distress syndrome, 
asthma and cardiovascular diseases.

The emphasis with regard to the discussion 
and quantification of  health effects of  ABCs 
in Part III will be on outdoor air pollution, 
although it is has been noted in a recently 
updated wHO publication (wHO, 2007) that 
indoor air pollution also has very significant 
impacts on health. 

7.3 HEALTH, WELL-BEING AND  
      WELFARE

The people’s quality of  life or well-being is 
of  increasing relevance to public policies 
pertaining to health care, where monetary 
measures do not readily apply. The standard 
of  living, which can be measured by the 
amount of  money a person has and his 
or her access to goods and services, can 
give an indication of  the quality of  life.  If  
a person’s access to goods and services 
and their quality are decreased owing to air 
pollution, his or her well-being and/or quality 
of  life are affected.

The inter-dependence of  quality of  life 
and standard of  living can be seen in the 
UNDP Human Development Index (HDI). 
This measures the human development of  
a country in three basic dimensions: a long 
and healthy life (life expectancy at birth), 
decent standard of  living (GDP and people’s 
purchasing power-PPP), and knowledge 
(adult literacy rate and the combined 
primary, secondary and tertiary gross 
enrollment ratio).

An improved knowledge of  how ABCs 
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influence life support systems, particularly 
water, soil and forests, would enable better 
quantification of  the effects on agricultural 
yield and food security, as well as of  
the impacts on human health and well-
being. This knowledge will be important in 
improving decisions on identifying research 
to undertake, policy responses to formulate, 
and technical options to implement.

The wHO General Programme of  work 
2006-2015 (wHO 2006) emphasizes 
the inextricable linkage among health, 
environment and social, economic 
development. It also stresses that in 
order to respond effectively to health 
challenges, there is an imperative need to 
take this overarching inter-connectedness 
into account, as well as to link it with the 
Millennium Development Goals (MDGs).

The importance of  and commitment to 
reaching the eight MDGs and 19 targets 
by 2015, is underscored by the political 
commitment of  189 of  the world’s heads 
of  states and governments (Millennium 
Development Goals 2005). The goals that are 
of  relevance to ABCs are as follows:
[1] To eradicate extreme poverty and hunger, 
[4] To reduce child mortality, 
[5] To improve maternal health, 
[6] To combat HIV/AIDS, malaria and other
      diseases, and 
[7] To ensure environmental sustainability.

The inter-connectedness among climate, 
environment, ecosystems, human health, 
well-being, and welfare is increasingly 
recognized and is well-illustrated in the 
Millennium Ecosystem Assessment Report 
2005.

Together, the characteristics of  ABCs pose 
important direct challenges to public health. 
Specifically, these characteristics are as 
follows: (a) the concentrations of  fine and 
ultra fine particles; (b) transboundary 
transport of  these particles; (c) consistent 

and persistent exposure of  large populations, 
including those who are vulnerable and at 
high-risk; (d) persistent hovering presence 
in very large geographical areas; (e) 
long residence time that generates the 
possibility of  various chemical interactions; 
(f) existence of  micro-organisms; and, (g) 
exacerbation of  air pollution, However, 
there is also an urgent need to take into 
consideration the indirect effects. 

The following chapters in Part III, while 
providing a detailed first assessment of  
the problems to be faced, raise a number 
of  important issues and reveal gaps in 
knowledge that need to be filled by further 
consideration and research.

while the ABC phenomenon is only one 
component of  the overall atmospheric 
quality and integrity, it may well be a critical 
determinant of  human health and well-being. 
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chApter 8
the heAlth eFFects oF ABcs – 
Assessing exposures

8.1 INTRODuCTION

There is currently a lack of  critical exposure 
information as it pertains to atmospheric 
brown clouds (ABCs). The monitoring 
and modelling information available is for 
ambient levels of  pollutants only. These levels 
are considered to be “indirect” measures 
of  exposure that are approximations 
of  maximum possible levels (requiring 
exposure scenario evaluation) and that 
are invariably going to be different from 
concentrations measured in and around an 
individual’s personal space (point of  contact 
measurement). These levels will also be 
different from levels that cross biological 
membranes (giving the internal dose) and 
ultimately reach their target tissue (the 
biologically effective dose). Ambient, personal 
and internal exposure levels differ due to the 
physico-chemical properties of  pollutants, 
such as volatility and lipid solubility, and 
factors related to the potentially exposed 
individuals, such as behaviour and inter-
individual differences in physiology. Even 
personal exposure levels, measured from 
air samples collected by personal air-
sampling devices, often do not correlate 
well with internal measures of  exposure, 
that is, measurements made in biological 
samples, such as blood or urine, owing to the 
complexity of  biological systems. In order to 
correlate exposure to ABC-relevant pollutants 
more effectively with resultant health 
effects, accurate assessment of  exposure is 
required. This can be best accomplished by 
using currently available tools in the field of  
molecular epidemiology, for example. Table 
8.1 summarizes the types of  measurements 
that can be made to characterize exposure-
related media and parameters.

Molecular epidemiology involves molecular 
level assessment of  the contribution of  
environmental risk factors, along with genetic 
factors, to the etiology of  disease. One of  
the main aims is to use these advanced 
technologies, including measurement and 
analyses of  urinary metabolites and other 
biomarkers, to gain mechanistic information 
from epidemiological studies. Data that are 
often lacking in traditional epidemiological 
studies are in a so-called “black box” 
(Figure 8.1). By filling in this “black box” 
with information gained from molecular 
epidemiological studies, it is possible to 
correlate better exposure and effects data 
that are relevant to the exposure and/or 
disease.

8.2 ASSESSING ExPOSuRE AND 
      BIOLOGICAL EFFECTS

8.2.1 Exposure assessment
 
Exposure assessment is the measurement 
or estimation of  the magnitude, frequency, 
duration and route of  exposure as well as 
description of  the size and nature of  the 
exposed population. It is vitally important 
to risk assessment as it is not possible 
to determine risk without some reliable 
measure of  exposure (Figure 8.2). Exposure, 
referring to dose, duration, frequency and 
timing, is an important factor that needs 
to be considered and understood, and 
“exposure analysis” has emerged as an 
important field of  scientific investigation 
which complements the more traditional 
fields of  public health, that is, environmental 
epidemiology and toxicology. Both fields 
of  research are extremely important in 
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attempts to gain a better understanding of  
factors that lead from chemical exposure 
to disease manifestation. Yet, there are 
challenges inherent in both, and gaps 
between the two disciplines that could 
beneficially be bridged through molecular 
epidemiology, including the uncertainties 
inherent in extrapolating effects data from 
experimental animals in toxicological studies 
to human beings, as well as the challenges in 
proving cause and effect in epidemiological 
studies, taking into consideration the 
multitude of  confounding factors present, 
the issue of  low sensitivity when dealing 
with exposures that are assessed indirectly 
or from crude indicators, and that diseases 
detected today may be the result of  past 
exposures and not those that are actually 
being monitored today.

Exposure assessment may be carried out 
through direct and indirect approaches. 
Indirect methods estimate dose through the 
use of  validated models that incorporate 
toxicant concentration and distribution. 
This time-activity approach relies heavily on 
the subjects’ responses to questionnaires, 
information on activities, and micro-
environmental measurements (wHO 2000, 
Sampson and others 1994). Concern about 
data collection methods to ensure activity 
representativeness and data validity, as 
well as taking into account the implications 
of  intra- and inter-person variability in 
behaviour, places limits on the application 
of  time-activity data for human exposure 
assessment.

Table 8.1 Types of  measurements to characterize exposure-related media and parameters
               (US EPA 1992).

Type of measurement Characterizes Type of information needed

Exposure scenario evaluation:

1. Fixed location monitoring
Environmental medium; long-term 
trends Population location and activities 

relative to monitoring sites; fate of  
pollutants between monitoring and 
exposure locations.

2. Short-term media   
    monitoring

Environmental or ambient medium; 
short-term

3. Source monitoring Release rates from source

4. Breathing zone 
    measurements

Exposure to airborne particles
Location, activities and time spent relative 
to monitoring locations.

Point of contact measurement:

1. Air pump PM and vapours

Individual or population 
exposure via air medium

Direct measurement of  individual 
exposure during time sampled. To 
characterize population exposure, 
relationship between individuals and 
population must be established, for 
example, detailed activities of  sampled 
individuals compared to the population.

2. Passive vapour sampling

Internal measures of exposure:

1. Breath Total internal dose for individuals or 
population (recent exposures)

Relationship between individuals and 
population, and between breath content 
and body burden.

2. Blood, adipose, nails, hair, 
urine

Total internal dose for individuals 
or population (blood concentrations 
can be recent or long-term, adipose 
concentrations are long-term, nails 
and hair concentrations are in weeks 
to months range of  exposure, and 
urine concentrations are indicative of  
elimination rates

Relationships between individuals and 
population, and between concentration in 
respective media and body burden.
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Figure 8.1 Exposure-Disease Paradigm.

Figure 8.2 Toxicity, Exposure and Risk.

Alternatively, “direct” measurements may be 
made at the breathing zone of  an individual, 
or through collection of  biological samples, 
such as blood, urine, adipose tissue, hair, 
breast milk, saliva, sputum, semen or 
exhaled air, and analysis of  biomarkers. The 
choice of  biological index media will depend 
on exposure route, metabolism, chemical 
volatility, practicality and ethics, and which 
pollutants or their metabolites may be 
measured (Paustenbach and Galbraith 
2006). These direct measurements better 
reflect actual exposure.

Modelling efforts have been made for 
potentially ABC-relevant pollutants, such as 
benzene, carbon monoxide (CO), nitrogen 
oxides (NOx) and sulphur dioxide (SO2) 
to help predict dispersion patterns from 
traffic-related sources, for example in street 
canyons (Fu and others 2000, Raaschou-
Nielsen and others 2000). while direct 
exposure data are ideal, the cost and labour 

associated with large-scale measurements 
are sometimes prohibitive. Data from 
validated models allow for predictive 
estimates of  exposure that can sometimes 
be used for exposure assessments. The 
key to the use of  such models in exposure 
assessment for epidemiological studies, 
however, is verification of  model results.

Apart from exposure to chemicals, human 
beings are also exposed to biological 
components in air and dust. Through these 
exposures, human beings may be exposed 
to micro-organisms resulting in allergic, 
toxic and infectious disease. ABCs have the 
potential to act as a long-range transport 
mechanism for micro-organisms, such as 
bacteria, viruses and fungi, something that 
needs to be further explored and studied. 
Exposure assessment of  biological particles 
includes observational sampling, reservoir 
sampling (dust, surfaces, water), and air 
sampling (wHO 2000). Methods have 
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been developed to quantify endotoxins and 
lipopolysaccharide molecules that make 
up the outer membrane of  gram-negative 
bacteria that have been associated with 
respiratory disease and are found in airborne 
and settled dust samples (walters and 
others 1994, Douwes and others 1995). 

Developments in molecular and analytical 
technologies have provided new tools to 
advance science, focusing on the interface 
between exposures and human health. Using 
newer technologies, such as genomics, 
transcriptomics, proteomics, metabolomics, 
medical imaging, GIS technology, and 
sensor technology, researchers can advance 
the understanding of  disease etiology by 
providing quantitative methods to assess 
temporal and biological responses to 
multiple environmental exposures (Schwartz 
and others 2005, weis and others 2005).

The main problem with regard to assessing 
exposure to ABCs is that ABCs are (a) 
complex mixtures of  many pollutants, and 
(b) not an entity separate from local air 
pollution. The challenge in attempting to 
conduct exposure assessments will be how, 
if  possible, to differentiate between the two 
main sources of  pollutants, that is, local 
sources (indoor or outdoor) and ABCs. 

8.2.2 Biomarkers

Biomarkers may be defined as “indicators 
of  events in biological systems or samples 
that can be used to clarify the relationship, 
if  any, between exposure to a xenobiotic 
substance and disease” (NRC 1987, NRC 
1989). Therefore, a biomarker is any 
substance, structure or process that can be 
measured in the body or its products, and 
that can influence or predict the incidence of  
disease (wHO 2001a). This is the definition 
that will be used in this chapter although it is 
recognized that other definitions exist.

while there are difficulties in extrapolating 
from measurement of  biomarkers to assess 

human health, biomarkers are an available, 
and potentially powerful, tool in assessment 
of  exposure and possible effects. They can, 
to a certain extent, provide information that 
can aid in understanding what happens 
between exposure events and manifestation 
of  disease, as they can provide information 
regarding early biological changes, including 
those that may be linked with the disease. 
Biomarkers can also give further insight into 
inter-individual variability, as well as indicate 
an increased susceptibility to certain 
types of  diseases from exposure to certain 
compounds (wHO 2000). Comparing levels 
of  biomarkers measured in various different 
populations may also allow the identification 
of  individuals or groups at increased risk, 
owing to the observed response levels that 
are indicative of  either elevated exposures 
and/or risk of  manifestation of  disease. 
This information, taken together with other 
observations, can help in understanding 
better the risk associated with exposures 
to certain chemicals and which populations 
may be especially at risk (Grandjean 1995).

General classification
The NRC (1987) has classified biomarkers 
into groups, as follows:

(a) Biomarkers of exposure - exogenous 
substances or their metabolites, or the 
product of  an interaction between a 
xenobiotic agent and some target molecule 
or cell, that are measured in a compartment 
within an organism and whose presence 
confirms that the compound has entered the 
body by any route of  penetration. Examples 
include urinary metabolites, as well as DNA 
and protein adducts (Farmer and others 
2006, Peluso 2005, watson and Mutti 2004). 

(b) Biomarkers of effect - measurable 
biochemical, physiological, behavioural or 
other alteration within an organism that, 
depending upon the magnitude, can be 
recognized as associated with and possibly 
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predictive of  an established or possible 
health impairment or disease (Mutti 1991, 
Silbergeld 1993, wHO 2001a). Examples 
include DNA strand breaks, chromosomal 
damage and gene mutations for cancer.
 
(c) Biomarkers of susceptibility - indicators 
of  an inherent or acquired ability of  an 
organism to respond to the challenge of  
exposure to a specific xenobiotic substance. 
Examples include genetic polymorphisms, 
such as in some metabolic activation and/or 
deactivation enzymes, including Phase I and 
Phase II enzymes in the biotransformation 
process, as well as DNA repair genes (Au and 
others 2004, Nebert 1988a, Nebert 1988b). 
Individuals with decreased activity levels of  
DNA repair enzymes, for example, are going 
to be more susceptible to the effects of  
chemicals that damage DNA. Biomarkers of  
susceptibility will not be a main emphasis in 
this chapter.

Benefits and challenges
Biomarkers can improve the evaluation 
of  human health effects associated with 
environmental exposure to contaminants 
by reducing measurement error in 
environmental epidemiology, better 
predicting health effects than external 
measures of  exposure, and validating 
population exposure models (Schulte 1987, 
US NRC 1987, Hulka 1991, Hulka and 
Margolin 1992, Hulka and wilcosky 1988, 
Hatch and Thomas 1993, Georgopoulos and 
Lioy 1994). Biomarkers can also improve 
risk assessment by helping to reduce the 
aforementioned uncertainty in extrapolating 
from environmental exposure assessment 
and animal dose-response models to actual 
human health outcomes (Hattis 1986, wHO 
1993, Mercier and Robinson 1993). An 
additional strength of  biological monitoring 
is that it demonstrates that exposure to 
and absorption of  specific chemicals has 
actually taken place. Theoretically, this 
sometimes gives a good indication of  past 

exposure (US EPA 1992). Additional benefits 
include integration of  dose across all routes 
of  exposure, integration of  exposure over 
longer time periods, reduction of  error in 
respondent-provided exposure information, 
reduction in exposure-associated 
misclassification, description of  exposure-
dose-response relationships, identification of  
individuals or populations at risk, a measure 
of  exposure independent of  external 
measures, detection and recognition of  
early effects, and elucidation of  pathogenic 
mechanisms (Baselt 1988, Friberg 1985, 
Hulka and wilcosky 1988, Schulte 1993, 
Mayeux 2004, Sim and McNeil 1992).

The challenges associated with the use 
of  biomarkers include the following: (a) 
relatively few validated biomarkers are 
available; (b) most biomarkers do not 
identify the source and routes of  exposure; 
(c) kinetics and timing of  exposure have a 
significant influence on biomarker levels; 
(d) biological variability and confounding 
factors, including endogenous production, 
also have significant effects on biomarker 
levels; (e) altered responses may result from 
multiple exposures; (f) certain biomarkers 
require invasive sampling techniques; (g) 
human samples are not always readily 
available for analysis; (h) questions remain 
regarding the specificity and sensitivity 
of  many procedures; (i) there is a lack of  
reference values that would otherwise aid 
in data interpretation; (j) there are ethical 
issues involved with the use of  biomarkers 
and disclosure of  biomarker data; (k) certain 
biomarkers give only transient estimates 
of  exposure (Schwartz and others 2005); 
(l) there is a wide variability of  biomarker 
half-lives (Paustenbach and Galbraith 2006); 
and, (m) in general, collection and analysis 
of  biomarkers is time-consuming, labour-
intensive and expensive (US EPA 1992).
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Biomarker validation
The complexity of  biological systems and 
the variability in responses from system to 
system, not to mention the confounding 
factors that introduce or increase this 
variability, mean that biomarkers need to be 
validated for specific systems, taking into 
account the associated environmental factors 
in which they will be used. This validation 
can be accomplished in animal studies and 
using technologies such as toxicogenomics. 
It is important to have a comprehensive 
understanding of  the expected behaviour of  
biomarkers in response to exposure and/or 
as first steps leading to the manifestation 
of  disease. Important parameters that 
need to be understood in relation to each 
of  these biomarkers include sensitivity, 
specificity, accuracy and reproducibility. This 
will allow an assessment of  the strengths 
and weaknesses of  each biomarker. 
Correlation between biomarkers and 
disease manifestation should also be done 
in experimental animal models to establish 
the predictive value of  these biomarkers in 
humans.

8.2.3 Review of biomarkers used in 
         air pollution studies

It is important to keep in mind that there 
is currently very little health-related data 
specific to ABCs. As such, the authors 
of  this chapter have strived to present 
data from studies that have looked at 
pollutants that may be components of  
ABCs (as suggested by what is known of  the 
sources and composition) and the health 
effects associated with these toxicants. 
The biomarkers that will be discussed are 
biomarkers of  exposure to ABC-relevant 
air pollutants or those that are related to 
the type of  health effects associated with 
these types of  pollutants. However, very 
little of  currently available data in existing 
literature are useful beyond a very crude 
indication of  effects that may result from 
exposure to ABCs. The biomarkers that are 

presented are what are currently available. 
These will need to be further validated for 
ABC-relevant pollutants. It should also be 
kept in mind that the biomarkers listed are 
for early effects, preceding disease in the 
exposure-disease paradigm. This section 
is sub-divided into (a) biomarkers used in 
studies on air pollutants relevant to ABCs, 
and (b) biomarkers for diseases relevant to 
air pollutant exposures.

Biomarkers for ABC-relevant air 
pollutants
Personal exposures to ambient air pollution 
and biomarkers of  exposure have been 
qualitatively and quantitatively linked. 
However, biomarkers of  effects may not be 
specific for any given type of  pollutant. This 
sub-section will cover biomarkers for ABC-
relevant air pollutants, including polycyclic 
aromatic hydrocarbons (PAHs), particulate 
matter, and woodsmoke.

Polycyclic aromatic hydrocarbons (PAHs)

PAHs are ubiquitous in the environment. 
They result from incomplete combustion 
processes that are either natural or 
anthropogenic in origin. As combustion 
of  biomass and fossil fuels is a major 
contributor to ABCs, it is highly likely that 
there are PAHs present in these activities 
and that some of  these PAHs are associated 
with particles in the atmosphere. From a 
toxicological standpoint, PAHs mainly affect 
human health by inducing tumors, primarily 
in the lungs and bladder and on the skin. 
PAHs may also act as immune suppressants. 
The two main biological markers of  PAHs 
that have been widely studied are urinary 1-
hydroxypyrene (1-OHP) and adducts formed 
with DNA and protein. 1-OHP is a major 
metabolite of  pyrene that is eliminated in 
urine and feces (Jongeneelen and others 
1985). Urinary 1-OHP levels do not reflect 
carcinogenic risk as the parent compound, 
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pyrene, is not itself  genotoxic, while the 
concentration of  genotoxic PAHs in the 
mixture varies by industry and work site 
(Jongeneelen 2001).

Adducts form by reaction of  PAH 
epoxides and metabolites of  PAH with 
macromolecules, such as DNA and proteins. 
The DNA adducts may initiate a carcinogenic 
process by generating mutations in 

relevant genes. Adduct measurement is 
recommended in white blood cells.

Hydroxypyrene is a biomarker of  exposure 
to PAHs and its adducts may also be 
biomarkers of  effect. In both cases, there is 
good sensitivity to exposure as well as intra- 
and inter-individual variability. while 1-OHP 
reflects recent exposure, adducts possibly 
reflect chronic exposures.

cAse study 1 
Schoolchildren, traffic policemen and street vendors in Bangkok

Molecular epidemiological studies were conducted in Bangkok among groups 
of  individuals whose daily activities necessitate exposure to traffic-related PAHs 
(Ruchirawat and others 2002, Ruchirawat and others 2005, Ruchirawat and others 
2007). These included schoolchildren, traffic policemen and street vendors. Study 
endpoints included ambient and personal air monitoring, the urinary metabolite 1-
OHP, DNA adducts and DNA damage. Among Bangkok schoolchildren, personal 
exposure levels were approximately half  of  the ambient playground and classroom 
levels, and approximately four times the levels measured in children from schools 
outside Bangkok. Urinary 1-OHP levels were approximately two times higher among 
Bangkok schoolchildren, while the DNA adduct levels were approximately five times 
higher. DNA damage was also significantly higher among Bangkok schoolchildren. 
Personal exposures to PAHs among two types of  Bangkok street vendors (those selling 
clothes and those selling grilled meat) were measured and compared with levels 
measured among a control population. Different exposure levels were detected among 
clothes vendors whose exposure was approximately three times higher than the levels 
in the control population. Grilled meat vendors had exposure levels that were six times 
higher. Significant increases in urinary 1-OHP were also detected in both types of  
vendors compared with the control population. Personal exposure to PAHs and levels 
of  urinary 1-OHP and PAH albumin adducts were measured and compared among 
Bangkok traffic policemen and office policemen. Levels of  exposure as well as levels of  
both biomarkers were significantly higher among traffic policemen who were exposed 
to PAHs from traffic-related sources. These studies demonstrate the usefulness of  
biomarkers of  exposure and effects in the study of  PAHs in the air, and indicate their 
potential use in the study of  health effects of  PAHs as components of  ABCs.
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cAse study 2 
Traffic policemen in Prague represent sub-populations at increased genotoxic risk
Molecular epidemiological studies were conducted in Prague, one of  the most polluted 

cities in the Czech Republic (Binkova and others 2007, Novotna and others 2007, Sram and 

others 2007a, Sram and others 2007b, Topinka and others 2007). The hypothesis was that 

carcinogenic PAHs absorbed onto respirable particles would increase the levels of  DNA adducts, 

DNA damage and chromosomal aberrations among traffic policemen whose occupation 

necessitated prolonged exposure to contaminated air. Measurements taken included ambient 

levels of  particle-associated PAHs, personal exposure levels, DNA adduct levels, levels of  DNA 

damage measured by the Comet assay, and chromosomal aberrations analyzed by Fluorescent 

In Situ Hybridization (FISH) and conventional cytogenetic analysis. Potential modifying factors, 

such as urinary cotinine, plasma levels of  vitamins A, E, C and so on, and polymorphisms 

in metabolizing enzymes and DNA repair genes, were also monitored. Comparisons were 

made between exposed individuals (outdoor) and the controls (indoor), as well as between 

months with high pollution levels (winter) and those with lower levels (summer). Levels of  DNA 

damage were significantly higher among traffic policemen compared to the control group. 

Levels of  DNA adduct and chromosomal aberrations were also significantly higher in months 

with higher levels of  pollution (winter). There was also an indication that polymorphisms in 

genes encoding metabolizing (GSTM1) and DNA repair (XPD) enzymes affected levels of  DNA 

adducts. There was clear evidence that populations living in regions with heavy to moderate 

urban air pollution suffer increased genotoxic damage, which is detectable with techniques 

involving biomarkers.

cAse study 3 
Biomarkers for oxidative DNA damage in several urban locations in Cotonou, Benin

Biomarkers for exposure 

and oxidative DNA 

damage were measured 

in several urban locations 

in Cotonou, Benin, and 

compared with those 

measured among rural 

residents (Avogbe and others 2005, Ayi Fanou and others 2006). The main pollutants of  

concern were ultra fine particles, PAHs and benzene. Measurements made included ambient 

levels of  ultra fine particles, urinary metabolites of  benzene (S-phenylmercapturic acid) 

and PAHs (1-hydroxypyrene) as biomarkers of  exposure, DNA adducts, and biomarkers of  

DNA damage (8-hydroxy-2’-deoxyguanosine, strand breaks and formamidopyrimidine DNA 

glycosylase sensitive sites). Ambient ultrafine particles, S-phenylmercapturic acid, and DNA 

damage levels were greatest in taxi-motor drivers, followed by residents living near roads with 

intense traffic, followed by suburban residents and then by rural residents. Levels of  DNA 

adducts and 8-hydroxy-2’-deoxyguanosine were also higher in city residents as compared to 

rural village residents. These findings revealed that the biomarkers of  exposure and early 

effects used showed significant differences in levels between an exposed population (city 

residents) and the control population (rural village residents). within the group of  exposed 

individuals, the biomarkers were also showed a difference in levels among the sub-population, 

based on the level of  their exposure to polluted air associated with traffic-congestion. 
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Particulate matter 

Particulate matter (PM) is another major 
by-product of  biomass combustion. 
Exposure to PM has been associated with 
an increase in lung cancer (Pope and others 
2002). The composition of  PM is very 
complex and dependent on the source. A 
proposed mechanism of  action is induction 
of  oxidative stress mediated by a particle-
induced inflammation causing macrophages 
to release reactive oxygen species (ROS). 
There are several techniques available to 
measure oxidative damage. Seven-hydro-
8-oxo-2’-deoxyguanosine (8-oxodG) is a 
biomarker of  oxidative damage to DNA. 
Exposure to PM2.5 at modest levels can 
induce oxidative DNA damage in terms of  
8-oxodG in lymphocytes. Similar damage 
induced in the lung could be associated with 
an increased risk of  lung cancer (Sørensen 
and others 2003). Personal PM2.5 exposure 
was found to be a predictor of  8-oxodG 
concentrations in lymphocyte DNA (Sørensen 
and others 2003). It should be noted, 
however, that 8-oxodG is not a PM-specific 
marker. There is as yet no clear linkage 
between 8-oxodG levels and adverse health 
effects in humans, although there is an 
indication that there may be an association 
with lung cancer risk in never-smokers (Loft 
2006).

Wood smoke

One of  the major sources of  ABC pollutants 
is burning. The burning of  charcoal and 
wood is associated with health effects in 
many parts of  the world that rely on them 
for food and warmth. Other sources of  
wood smoke, to which significant numbers 
of  people are exposed each year, are 
agricultural and forest fires. wood smoke 
is a complex mixture of  pollutants that 
contains carbon monoxide, nitrogen oxides, 
PAHs and particulate matter, among other 
components, many of  which are associated 
with health effects (Naeher and others 
2007, Zelikoff  and others 2002). Several 

biomarkers have been used for measuring 
exposure to wood smoke, including the 
urinary metabolites of  some PAHs, such 
as 1-OHP and 2-naphthol (Yang and others 
1999, Kim and others 2001, Kato and others 
2004). The observed greater sensitivity 
of  2-naphthol (2-NAP) in discriminating 
between different levels of  exposure would 
seem to indicate that it was a better 
biomarker of  exposure than 1-OHP (Kato 
and others 2004). Urinary levels of  several 
methoxyphenols are also currently being 
developed as biomarkers for exposure to 
wood smoke (Dills and others 2001).

Biomarkers of diseases relevant to 
air pollution 
This sub-section will cover diseases relevant 
to air pollution, including respiratory 
disease, cardiovascular disease and cancer.

Respiratory disease

There is clear evidence that air pollution 
is associated with both acute and chronic 
respiratory symptoms. The lungs and 
conducting airways are the first organ 
system encountered by pollutants when 
air is inhaled. Toxicological studies have 
shown that both gaseous and particulate 
air pollutants can trigger local responses in 
terms of  inflammation and oxidative stress. 
There is increasing evidence that the most 
common air pollutants (PM, O3, NOx, and 
SO2) adversely affect the respiratory health 
of  human beings.

Inflammatory responses in the respiratory 
tract are one of  the early effects of  human 
exposure to air pollutants, for example, 
high concentrations of  particles. The 
release of  inflammatory mediators, that is, 
cytokines, is associated with both acute and 
chronic respiratory symptoms and allergic 
respiratory disease.
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Asthma

Asthma is a chronic respiratory 
disease manifested by bronchial hyper-
responsiveness, reversible bronchial 
constriction, and inflammation (Pandya 
and others 2002). Epidemiological 
studies have shown associations between 
asthma outcomes and exposure to 
criteria air pollutants regulated by the US 
Environmental Protection Agency (EPA), such 
as NO2 and PM2.5 (Delfino 2002). Growing 
experimental evidence suggests that PM 
and organic components, including PAHs, 
have adjuvant effects on cytokine-mediated 
airway inflammation as a result of  oxidative 
stress (Li and others 2003). Oxidative stress 
can have many detrimental effects on airway 
function, including airway smooth muscle 

Table 8.2 Biomarkers of  inflammation in asthma

a. Exhaled nitric oxide (Jones and others 2001)

b. Inflammatory cytokines in exhaled air, including tumor necrosis factor-<, 
    leukotrienes and prostaglandins

c. Markers of  oxidative stress, including 8-iso-PGF2a and malondialdehyde 
    in plasma

contraction, induction of  airway hyper-
responsiveness, mucus hyper-secretion, 
epithelial shedding, and vascular exudation 
(wood and others 2003). Biomarkers of  
inflammation in asthma are presented 
in Table 8.2. These are all biomarkers of  
effects, that is, inflammation.

Acute respiratory distress syndrome (ARDS)

The main characteristics of  the syndrome 
are diffused inflammation and increased 
micro-vascular permeability that cause dif-
fused interstitial and alveolar edema. A large 
variety of  inflammatory mediators, that is, 
markers of  effect, have been found to be el-
evated in the early phase of  ARDS and these 
are presented in Table 8.3.

Table 8.3 Biomarkers of  acute respiratory distress syndrome 
               (Tzouvelekis and others 2005a, Tzouvelekis and others 2005b)

a. Lung-specific proteins

b. Endotoxin-binding proteins

c. Tumor necrosis factor-alpha (TNFa)

d. Interleukins (IL-1, 2, 6, 8, 15)

e. Chemokines

f.  Ferritin

g. Markers of  endothelium activation (adhesive molecules and von-willebrand factor 
    antigen, VwF)

h. Markers of  neutrophil activation, such as matrix metalloproteinases (MMPs) and their
    inhibitors

i. Leukotrienes
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Interstitial lung diseases

Serum biomarkers in interstitial lung 
diseases include lung epithelium-specific 
proteins, and cytokines and other serological 
parameters, as presented in Table 8.4.

Other responses related to the lung 
epithelium
Markers for other responses related to 
the lung epithelium, for example, lung 
epithelium-specific proteins, cytokines and 
other serological parameters, are presented 
in Table 8.5. Surfactant-associated proteins 
reduce surface tension at the air-liquid 
interface of  the alveolus, thereby preventing 
alveolar collapse on expiration. The clara 
cell protein (CC16) is an important immuno-
suppressive and anti-inflammatory mediator 

Table 8.4 Serum biomarkers in interstitial lung diseases

a.  Lung epithelium-specific proteins, for example, surfactant-associated proteins, 
     mucin-associated antigens, and clara cell protein

b.  Cytokines and other serological parameters, for example, chemokines and cytokines, 
     anti-oxidant enzymes and collagen peptides, markers of  T-cell activation, and markers
     of  macrophage/monocyte activity

Table 8.5 Markers in lung epithelium

a. Surfactant-associated proteins

b. Mucin-associated antigens

c. Clara cell protein (CC16)

d. Monocyte chemoattractant protein (MCP)-1

e. Monocyte inflammatory protein (MIP)-1a

f.  IFN-inducible T cell-a chemoattractant-ITAC/CXCL-11

g. Inflammatory mediators, TNF and LDH

in the lungs (Hermans and Bernard 1999). 
Serum CC16 has been demonstrated to be 
elevated in several conditions known to be 
related with an impairment of  the air-blood 
barrier, including pulmonary fibrosis (Lesur 
and others 1995) or lung injury caused by fire 
smoke.

Cardiovascular disease
Particulate air pollution exposure has been 
associated with indicators of  autonomic 
function of  the heart, including increased 
heart rate, decreased heart rate variability, 
and increased cardiac arrhythmias. 
Biomarkers of  cardiovascular disease have 
been categorized by stages of  coronary 
syndrome (Dockery 2001). These are 
presented in Table 8.6. 
These are all biomarkers of  effect.

Table 8.6 Biomarkers of  cardiovascular disease grouped by stages of  coronary syndrome 
               (Dockery 2001)

a. Plaque LDL, oxidized low-density lipoprotein (ox LDL), C-reactive protein (CRP), 
IL-6, IL-10, IL-18, fibrinogen (Fbg), tumor necrosis factor (TNF)

b. Unstable matrix metalloproteinase (MMP-9), myeloperoxidase (MPO), intercellular 
adhesion molecule (ICAM), vascular cell adhesion molecule (VCAM)

c. Plaque rupture soluble CD40 ligand (sCD40L), placental growth factor (PIGF), 
pregnancy-associated plasma protein-A (PAPP-A), VCAM

d. Thrombosis plasminogen activator inhibitor (PAI-1), soluble CD40 ligand (sCD40L), 
von willebrand factor (VwF), D-dimer

e. Ischemia ischemia modified albumin (IMA), free fatty acid (FFA), Cholino, 
B-type natriuretic protein (BNP), IL-6/tissue factor (TF)

f. Necrosis troponin T (cTNT), troponin I (cTNI), CK-MB, myoglobin (Myg)

g. LV remodelling BNP, N-terminal proBNP (NT-ProBNP), matrix metalloproteinases (MMP)
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Cancer

Of  the diseases related to air pollution 
covered in this report, cancer is one for 
which biomarkers have been well developed. 
There are currently biomarkers available for 
exposure, biologically effective dose, early 
effects, and disease (Figure 8.3). These 
biomarkers allow us to follow the paradigm 
from exposure to early effects, and to 
potentially establish links to development 
of  the disease. Studies have shown, for 
example, that people with a high level of  
carcinogen-DNA adducts have a higher 
risk of  developing lung cancer (Peluso and 
others 2005, Tang and others 2001). These 
adducts arise when biologically active forms 
of  genotoxic air pollutants, for example, 
certain PAHs, such as benzo[a]pyrene, react 
with DNA. They are related to both exposure 
and early biological effects and can be 
measured in surrogate tissues, for example, 
lymphocytes. 

Large cohort studies in the US and in Europe 
suggest that air pollution may increase 
lung cancer risk. Biomarkers may be 
useful in understanding the mechanisms to 
characterize high-risk groups. An increase in 
lung cancer risk is associated with exposure 
to urban air pollutants, particularly PM10 

or PM2.5. Lung cancer develops through a 
series of  progressive pathological changes 
occurring in the respiratory epithelium. 
Molecular alterations, such as loss of  
heterozygosity, gene mutations, and 
aberrant gene promoter methylation, have 
emerged as potentially promising molecular 
biomarkers of  lung carcinogenesis. (Vineis 
and Husgafvel-Pursiainen 2005). Studies 
in different countries have shown that 
levels of  white blood cell DNA adducts 
are higher among subjects who are more 
heavily exposed to air pollutants. This 
observation has been made in different 
population categories, such as police 
officers in Italy and Thailand, residents in 
highly industrialized areas in Poland, bus 
drivers in Denmark, and school children in 
Thailand (Perera and others 1992, Peluso 
and others 1998, Nielsen and others 1996, 
Palli and others 2001, Georgiadis and 
others 2001, Ruchirawat and others 2002, 
Sorenson and others 2003, Tuntaviroon and 
others 2007). Several studies have been 
conducted to assess the possible association 
of  gene mutations and gene promoter 
hypermethylation with exposure to indoor 
and outdoor air pollution, as well as some of  
their major components, such as PAHs from 
cigarette smoke (Belinsky 2004).

Figure 8.3 Biomarkers available for the study of cancer.
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Table 8.7 Biomarkers of  exposure and effects for cancer and cancer-causing agents

a. Internal dose urinary metabolites (for example, 1-OHP, t,t-MA)

b. Biologically effective dose DNA adducts, protein adducts

c. Early biological effects DNA damage, chromosomal aberrations (for example, 
micronuclei, DNA base oxidation)

d. Disease (cancer) tumor incidence

8.3 FuTuRE CONSIDERATIONS
A risk assessment framework is proposed 
for the use of  biomarkers in assessing the 
health impacts of  ABCs. Basically, through 
the use of  biomarkers of  exposure and 
early effects in humans, and the correlation 
of  these biomarkers with disease in 
experimental animals, it should be possible 
to estimate the risk for disease, taking 
into account the corresponding biomarker 
levels in humans. The principle of  Sobel’s 
Parallelogram (Figure 8.4), as it pertains to 
the use of  biomarkers in risk assessment, 
is that some endpoint in humans, for 
example, cancer, can be estimated by 
measuring common indicative biomarkers 

in humans and experimental animals 
(including mutations, DNA adducts or DNA 
damage), and the corresponding endpoint 
in the experimental animal model, for 
example, tumor incidence. By establishing 
the correlation of  the biomarker of  early 
effect with the ultimate manifestation of  the 
disease in the experimental animal model, it 
should be possible to arrive at an evidence 
supporting the use of  that biomarker in 
predicting the risk of  disease manifestation 
in humans. Essentially, this principle 
proposes the experimental model to 
validate the use of  the biomarker(s) for the 
assessment of  risk for disease in humans.

Figure 8.4 Risk assessment framework for the use of biomarkers.
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One of  the main data gaps pertaining to 
the health impacts of  ABCs is the lack of  
data that is specific to ABC components. 
One way to generate information that may 
be more specific to ABCs is through a 
“finger-printing” approach. This could be 
in the form of  urinary metabolite profiles 
or gene expression profiles and will require 
comprehensive knowledge of  the sources 
and components of  ABCs. The use of  
recently advanced technologies such as 
toxicogenomics will allow generation of  
these profiles by giving a broad picture of  
effects, in this case at the level of  the gene. 
These technologies will also help to elucidate 
further the “black box” that represents the 
unseen and often undetected changes that 
occur between exposure to toxicants and 
manifestation of  resultant disease.

The information presented herein concerns 
what we know today about ABCs. As new 
information regarding sources and chemical 
components arise, the development of  
additional and better (for example, more 
specific, more sensitive) biomarkers will be 
required. For instance, potential additional 
chemical components that have not been 
discussed include arsenic (and other 
elements), benzene and dioxins. These are 
potential contaminants of  wood or by-
products of  combustion. It is envisioned that 
as work progresses on the assessment of  
health impacts of  ABCs, it will be important 
to keep in mind the impacts of  these 
possible contaminants.

8.4 GAPS IN kNOWLEDGE AND 
      FuTuRE RESEARCH NEEDED
Gaps in our knowledge include the lack of  
epidemiological data available specific to 
ABCs. Related data from scattered studies 
include those examining health effects 
in urban, rural and peri-urban settings. 
However, studies need to be designed to 
look specifically at the effects of  ABCs, 
and it remains to be resolved as to how 

to differentiate between the health effects 
of  ABCs and those attributed to other 
pollutants and sources, for example, indoor 
and urban sources. Ideally, biomarkers 
which are specific to ABC-type pollutants 
and exposures should be developed and 
validated.

Future studies that need to be conducted 
include exposure assessment studies 
(evaluating composition) for populations 
in areas affected by ABCs. There is also a 
need to explore the concept of  vulnerable 
populations as unique and differentiated 
from exposed populations. Some of  these 
potentially vulnerable populations may 
include children, the elderly, and people with 
pre-existing respiratory conditions, who may 
be more sensitive to levels of  pollutants in 
ABCs.

There is also a need to generate more 
ABC-specific toxicity data through, for 
example, simulation of  ABC-type exposures, 
including air pollutant mixtures, in inhalation 
toxicology studies. To be able to do this, real 
world exposures need to be characterized 
and simulated in the laboratory. ABCs are 
complex mixtures that require research 
specific to conditions and pollutants that 
make them up. As in other health impact 
studies, including epidemiological studies 
and risk assessments, exposure assessment, 
covering molecular epidemiology and the use 
of  applicable biomarkers, is an important 
part of  this research.

Further research is required to improve 
upon the use of  molecular epidemiology, 
including the use of  biomarkers, in 
exposure assessment. In general, there is 
a need to establish reliable exposure data, 
including reference data, which will help 
with future data interpretation (Sampson 
and others 1994). This could, in part, be 
done by placing emphasis on more direct 
measures of  exposure as opposed to indirect 
measures.
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Albertini and others (2006) have concluded 
that, in general, additional work with 
biomarkers is required to (a) improve the 
use of  predictive relationships between 
measures of  exposure, dose and effect, 
(b) validate more accurate biomarkers, (c) 
characterize baselines for biomarkers, (d) 
improve our understanding of  the origins of  
the biomarkers and their relationships to the 
disease process and/or individual, multiple, 
and exogenous, or endogenous, exposures, 
and, (e) improve study designs to assess 
better intra- and inter-individual variability 
related to measures of  exposure, dose, 
metabolism, and effects that would influence 
the likelihood of  observing predictive 
relationships among these variables, and aid 
in identifying sub-populations that might be 
at greater risk.

8.5 CONCLuSIONS
• Measurement and assessment of  human 

exposure to atmospheric brown clouds and 
their components are essential to establish 
conclusively the health effects for which 
they may be responsible. 

• Exposure assessment may include
indirect measures of  exposure, for 
example, ambient monitoring or modelling, 
or it may include direct measures of  
exposure and effects through the use of  
biomarkers.

• Biomarkers of  exposure and effects are 
currently available for many air pollutant-
related diseases and ABC-relevant 
pollutants. However, these need to be 
re-evaluated and validated in ABC-specific 
studies. 
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chApter 9
the heAlth eFFects oF ABcs – 
insights From epidemiology

9.1 INTRODuCTION
ABCs are largely man-made clouds of  fine 
airborne particulate matter (PM) that hovers 
in much of  Southern and Eastern Asia in 
the dry period of  the year. Such clouds 
exist in other parts of  the world as well, 
essentially everywhere downwind from large 
source areas. The chemical composition and 
concentrations measured at remote locations 
are roughly similar to the composition 
and concentrations of  airborne particle in 
western urban and sub-urban areas. The 
effects on human health may therefore be 
similar as well. It should be noted, however, 
that much of  the data collected originally 
on ABCs were from measurements made 
aboard ships and airplanes, and these 
by default do not necessarily represent 
exposure of  the Asian population to ABCs.

Previous chapters have given a detailed 
account of  latest research findings on the 
composition and concentration levels of  
ABCs in various parts of  Asia and elsewhere. 
ABCs were originally presented as more 
or less a homogenous phenomenon, but 
in reality their sources, composition and 
concentrations vary in different parts of  
Asia. Exposure to ABCs, which are largely 
anthropogenic in origin, rarely occurs in 
isolation, but always in combination with 
pollution produced locally. As human beings 
spend more time indoors than outdoors, 
indoor concentrations of  pollution also need 
to be considered. In Asia, large numbers 
of  people still make use of  various forms 
of  biomass for fuel, and often stoves are 
placed in poorly ventilated areas inside 
the house and/or dwellings. As a result, 
the very process that contributes to ABCs 

over large distances may cause exposure 
to combustion particles in excess of  the 
exposure contributed by ABCs themselves. 
How to disentangle health effects from 
ABC exposure itself  from effects that are 
attributable to locally generated indoor 
and outdoor pollution is therefore a major 
challenge that this chapter will only be able 
to meet partially.

This chapter reports findings from 
epidemiological studies. Epidemiology, the 
science of  public health, investigates the 
distribution of  exposures, health problems 
and diseases in human populations, and 
draws inferences on the causes of  ill 
health, largely from observational studies 
among human populations. As ethical 
reasons restrict experiments on human 
beings, studies in toxicology are used to 
complement observations on humans. 
Toxicological findings pertinent to the effects 
of  ABCs are discussed in the next chapter.

Air pollution enters the human body 
primarily through the respiratory tract. 
Effects on the respiratory system have, 
therefore, always been a major focus of  
air pollution research. However, it has 
become clearer that air pollution may also 
affect other organ systems, especially the 
cardiovascular system, and possibly the 
central nervous system. Fine particles have 
been shown to travel from the respiratory 
tract into the blood stream, causing 
observable inflammatory changes outside 
the lungs. Airborne particles have also 
been found to have carcinogenic properties, 
and many investigators have reported 
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associations between air pollution exposure 
and lung cancer. In addition, effects have 
been observed on the unborn fetus, leading 
to intra-uterine growth retardation and low 
birthweight in the offsprings of  women 
exposed to air pollution during pregnancy.

There exists vast epidemiological literature 
on the health effects of  air pollution, 
including thousands of  research papers. 
while a detailed assessment of  this body 
of  evidence is well beyond the scope of  this 
report, a literature list is provided at the 
end, showing links to authoritative reviews. 
Despite the large number of  papers that 
appear every month, very few studies are 
directly devoted to investigating the effects 
of  ABCs in isolation. This is due to some 
of  the reasons already mentioned. On the 
average in Asian cities, the people’s exposure 
to ABCs is always mixed with exposures 
contributed by local sources, such as traffic, 
industry, power generation and space 
heating. In rural areas in Asia, on the other 
hand, ABC exposure is often mixed with 
exposures to indoor particles and gases 
associated with inadequate ventilation of  
indoor areas where stoves are used. 

This chapter starts with a discussion of  
health effect studies conducted in some 
ABC sources (forest fires, dust storm and 
indoor biomass combustion), providing 
insights that differ from those focused on 
urban outdoor pollution. A much larger 
series of  studies have been devoted to 
health effects of  air pollution in Asian cities. 
whereas these studies by definition focus 
on the effects of  mixtures to which ABC 
is just one contributor, the composition 
of  these mixtures is likely to be roughly 
similar in many cases to the composition of  
ABCs, making it possible to obtain insights 
into the health effects of  ABC exposure 
in isolation. This chapter also discusses 
insights from studies conducted in other 
parts of  the world. Such studies may be 
relevant because, as found in western sub-

urban areas, the chemical composition of  
ABCs is not dramatically different from the 
composition of  particles that are also mostly 
anthropogenic in origin.

ABCs may have indirect health effects 
related to reductions in crop yields, climate 
change and so on. The current report 
does not discuss these indirect effects but 
acknowledges that these may be important.

9.2 STuDIES ON THE HEALTH 
      EFFECTS OF ABCS 

The primary source of  information for 
this chapter and the next is a literature 
compilation made by the Health Effects 
Institute (HEI), as part of  the HEI Public 
Health and Air Pollution in Asia Programme. 
A special report that reviewed 138 studies 
was published in April 2004. An update 
in June 2006 added another 39 studies 
to this compilation. Most of  these studies 
do not specifically provide information on 
ABC effects but some are worth discussing 
in more detail here. In fact, not one study 
was found to specifically address the health 
effects of  ABCs. The subject of  such a study 
on direct ABC health effects would be people 
living in areas remote from cities and in 
dwellings without major indoor sources of  
air pollution. For comparison, people living 
in areas not impacted by ABCs would need 
to be studied. Indeed, for such a study the 
challenge of  identifying suitable exposed and 
control populations would be great. Studying 
the health effects of  high pollution exposures 
related to indoor biomass burning and to 
pollution from industry, energy production 
and traffic in large cities is understandably a 
matter of  high priority, and it is these types 
of  studies that are most abundant. Yet, 
there are some studies that have addressed 
pollution effects other than those related 
to indoor biomass smoke or outdoor urban 
exposures. These are studies of  haze events 
related to forest fires, and studies of  dust 
events related to long-range transport of  
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windblown desert dust that contains many 
pollutants. whereas neither forest fire smoke 
nor polluted windblown dust is equivalent to 
ABCs, they both contribute to ABCs. Some 
examples of  these two types of  study will be 
examined in the following section.

9.2.1 Forest fire studies
A detailed analysis of  a forest fire smoke 
that covered a large area in Southeast Asia 
in 1997 showed that mortality increased in 
Malaysian cities on high pollution days that 
were attributed to the forest fires (Sastry 

2002). Effect estimates per mg/m3 PM were 
in the same order of  magnitude as found 
in studies from Europe and North America, 
suggesting that forest fire smoke had similar 
toxic characteristics as PM from combustion 
sources in the developed world. The figure 
(from Sastry 2002) showed the dramatic 
impact of  the forest fires on PM10 levels in 
Kuala Lumpur.

Figure 9.2 shows a satellite image of  forest 
fires in Sumatra, with the smoke making its 
way across to Malaysia.

Figure 9.1 Average daily PM10 concentrations for Kuala Lumpur, Malaysia, 1996-1997. (Source:
Sastry 2002)

Figure 9.2 Forest fires in Sumatra. 
(Source:http://images.paultan.org/Indonesia_TMO_2005176_lrg.jpg)
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Table 9.1 shows the mortality impact on a high 
pollution day, which follows a classic pattern 
of  increased mortality among infants and 
the elderly, and relatively increased mortality 
due to cardiovascular and respiratory causes 
(Sastry 2002).

Another study from Malaysia showed increased 
cardiorespiratory hospital admissions in the 
city of  Kuching due to forest fire smoke (Mott 
and others 2005). A longitudinal study from 
Indonesia suggested that forest fire smoke 
had an immediate, deleterious effect on 
the physical functioning of  the body and on 
coughing (Frankenberg and others 2005). An 
earlier report from Singapore showed that 
the forest fire haze in 1994 had increased 
respiratory hospital admissions of  children 
(Chew and others 1995).

Studies from other parts of  the world 
support the conclusion that wildfire smoke 
has deleterious health effects. One example 
is a study from Brisbane, Australia, showing 
increased hospital admissions on bush fire 
days. This relationship was observed at 
relatively low PM10 concentrations that were 
on average only 18 mg/m3 during bush fire 
days, with only two days above 50 mg/m3 
over a 3.5-year period (Chen and others 
2006). A study of  wildfires occurring in 
2003 in Southern California found increases 
in respiratory symptoms, visits to medical 
doctors, and school absenteeism among 
exposed children (Kunzli and others 2006). 
PM10 levels reached values of  up to 250 
mg/m3 during a five-day period in exposed 
communities. 

Table 9.1 Example of  the impact of  high pollution on mortality

Mortality Measure

Age group Total Nontraumatic Cardiovascular Respiratory Other

All 1.218
(0.086)

1.225
(0.092)

1.233
(0.163)

1.356
(0.376)

1.208
(0.115)

< 1 1.652
(0.373)

1.620
(0.369)

- - 1.575

1-64 1.107
(0.116)

1.121
(0.129)

1.112
(0.213)

0.785
(0.369)

1.165
(0.176)

65-74 1.685
(0.248)

1.737
(0.257)

2.016
(0.459)

1.929
(1.103)

1.527
(0.320)

≥ 75 0.925
(0.143)

0.908
(0.142)

0.881
(0.251)

1.660
(0.942)

0.872
(0.174)

Figure 9.3 Satellite image showing smoke originating from multiple fires 
(Source: Kunzli and others 2006).
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Studies from southern Brazil showed that 
in areas where sugarcane burning was a 
dominant source of  air pollution, hospital 
admission due to asthma increased on 
cane-burning days, which were frequently 
associated with PM10 levels in excess of  100 
mg/m3 (Cancado and others 2006). A study 
from washington documented personal 
exposure of  asthmatic subjects to PM2.5 that 
was almost two times higher on days when 
residues are burned in agricultural farms 
than on “non-burning” days, 19 vs. 11 mg/m3 
(wu and others 2006).

A recent review of  the health effects of  wood 
smoke concluded that wood smoke exposure 
is associated with multiple adverse health 
problems, and that there is no reason to 
assume that such effects are less than those 
reported for other combustion particles, on a 
per mass basis (Naeher and others 2007).

9.2.2 Asian dust storm event studies
Dust storm events, often originating in the 
Gobi desert in Northern China and Mongolia, 
are a regular occurrence in Asia. 

Figure 9.4 Satellite image of a dust storm event covering parts of Korea and Japan.
(Source:http://www.sciencedaily.com/images/2008/02/080228143540-large.jpg)

In Taiwan, dust storm events are a regular 
occurrence. Chen and others (2004) studied 
the effects of  39 such events between 1995 
and 2000, comparing total and cause-
specific mortality. PM10 levels were 126 
mg/m3 on event days as opposed to 58 mg/
m3 on non-event days, and there were non-
significant increases in total and respiratory 
mortalities of  4.9 per cent and 7.7 per cent, 
respectively. Significant effects on intra-
cerebral hemorrhagic stroke were reported in 
a similar analysis (Yang and others 2005a). 
A report from Seoul also noted a non-

significant increase in mortality associated 
with 28 dust storm events that occurred 
between 1995 and 1998 (Kwon and others 
2002). whereas the dust storms originated 
in the Gobi desert region in Northern China, 
the dust appeared to be mixed with noxious 
pollutants when passing highly populated 
and industrialized areas in Mainland China 
(Tsai and others 2006). Measurements 
conducted at a resort island in Northern 
China, remote from industrial or urban 
emissions, have confirmed that airborne 
PM transported from the continent is 
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indeed significantly mixed with combustion 
products from both coal and biomass 
burning (Feng and others 2007). 

9.2.3 Health effects of indoor 
         exposure to biomass and coal
         smoke
It has long been known that indoor exposure 
to biomass fuel combustion products may 
be very high in developing countries. Recent 
reviews include those written by Emellin and 
wall (2007) and wilkinson and others (2007) 
and the wHO Air Quality Guidelines 2005 
(wHO 2005). Pandey and others (1989) 
found increased respiratory infections in 
children living in rural Nepal due to indoor 
pollution caused by biomass burning. A 
recent report showed this as a persistent 
problem in Nepal (Shrestha and Shrestha 
2005) and likely elsewhere. Early reviews 
(Chen and others 1990a) drew attention 
to the fact that, at that time, more than 
half  of  the world population was probably 
exposed to high levels of  indoor pollution 
from biomass burning, resulting in severe 
consequences. The wHO Global Burden 
of  Disease Project recently estimated 
that in the developing world, 1 619 000 
young children die every year from acute 
respiratory infections worsened by indoor 
biomass smoke exposure (Ezzati and others 
2002). A small case control study from India 
has also suggested that indoor biomass fuel 
use may be related to lung cancer (Behera 
and Balamugesh 2005). A review focused 
on acute respiratory infections in children 
documented the high burden of  illness and 
death from this disease alone in relation 
to indoor biomass combustion product 
exposure in developing countries (Smith and 
others 2000). Measurements using state 
of  the art technology have confirmed that 
indoor PM levels can be extremely high in 
households using biomass for heating and 
cooking fuel. Levels of  many hundreds of  
mg/m3 have been observed regularly, and 
such levels are much higher than outdoor 

PM levels even in highly polluted mega-cities 
(Balakrishnan and others 2002).
Quite recently, it has been shown that rural 
women living in South China experience 
higher indoor PM exposures than urban 
women and, as a consequence, suffer more 
from chronic obstructive pulmonary disease 
(COPD) (Liu and others 2007).

Coal smoke exposure indoors may be 
particularly loaded with carcinogenic 
substances. A case control study in China 
found higher incidence of  lung cancer in 
households using coal for heating and 
cooking than in households using biomass 
fuels (Kleinerman and others 2002). A 
European multi-centre study also found 
increased risk of  lung cancer due to the use 
of  solid fuels (coal as well as biomass) for 
cooking (Lissowska and others 2005).

Exposure to pollutants generated from 
heating cooking oils to high temperatures 
has also been associated with lung cancer 
in non-smoking Chinese women (Zhong and 
others 1999). A meta-analysis of  Chinese 
studies confirms that both indoor coal 
smoke and cooking oil vapours increase the 
risk of  lung cancer (Zhao and others 2006).

9.2.4 Health effects of urban and
         industrial pollution
This section deals with studies that are 
more generally about the health effects of  
urban and industrial air pollution on urban 
populations. As mentioned earlier, the Health 
Effects Institute’s Public Health and Air 
Pollution in Asia Programme has reviewed 
a large number of  pertinent studies from 
Asia. Most of  these were conducted in China, 
India, South Korea and Japan. Generally, 
studies from Asia have documented adverse 
health effects of  air pollution that are similar 
to those documented by studies conducted 
in Europe and North America, despite 
large differences in pollution levels and 
demography. Some recent examples will be 
discussed below.
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Sharma and others (2004) conducted a 
panel study in the town of  Kanpur, India. 
Air PM10 levels ranged from about 100-500 
mg/m3 and were found to be associated with 
reduced peak flow on high pollution days. 
The graph below shows the relationship 
between lung function changes and the PM10 
level that was observed.

The same investigators compared the 
respiratory health of  adults from two small 
towns in Northern India, taking into account 
two different pollution levels (PM10 113 vs. 
76 mg/m3). The more polluted town had a 
thriving steel industry, while the less polluted 
town had only one seasonally operated 
sugarcane facility. Bronchitis, wheeze and 
shortness of  breath were higher in men 
and women living in the more polluted 
town. Airway obstruction was twice more 
common in the more polluted town. Mistry 
and others (2004) investigated children 
living in Galle, Sri Lanka and in Chandigarh, 
India. Galle was chosen as an example of  a 
town where outdoor air is polluted by traffic 
and industrial emissions. In the same town, 
indoor air is polluted by kerosene stoves and 
firewood burning. Chandigarh is a new town 
without industrial emissions, and gas is used 
universally for heating and cooking. There 

PM10 concentrations (mg/m3)

Figure 9.5 Effect of particulate matter with aerodynamic diameters less than or 
equal to 10 micrometres on peak expiratory flow. (Source: Sharma and others 
2004)

was a more than a two-fold difference in the 
reported incidence of  wheeze between Galle 
and Chandigarh (28.7 vs. 12.5 per cent).
In several early time-series studies covering 
the 1989-1990 period in Beijing, Xu and 
others (1994) documented increases in 
daily mortality and hospital admissions 
with increasing sulphur dioxide (SO2) and 
PM levels (measured as total suspended 
particulate matter - TSP), which ranged up 
to 400 mg/m3 and 900 mg/m3, respectively. 
A much more recent study from Shanghai, 
covering the March 2004-December 2005 
period, found evidence of  a relationship 
between daily fluctuations in PM2.5 and 
all-cause, cardiovascular and respiratory 
mortality (Kan and others 2007). PM2.5 levels 
were 56 mg/m3 on average and ranged from 
8-235 mg/m3. The authors also investigated 
the effect of  coarse particles with a size 
range between 2.5 and 10 mm but were 
not able to demonstrate any effect. This 
observation is in line with a recent review on 
the topic of  coarse PM effects (Brunekreef  
and Forsberg 2005). The following graph 
shows the relationship between daily PM2.5 
and all-cause mortality, with some evidence 
of  a threshold below 50 mg/m3 (Kan and 
others 2007).
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Figure 9.6  Relationship between daily PM2.5 and all-cause mortality. 
(Source: Kan and others 2007)

Kan and others (2005) compared exposure-
response relationships for PM10 between 
Chinese and western studies and found good 
agreement for acute effects on mortality, 
although there was poor comparability 
for estimates of  chronic effects. A direct 
comparison with results from North 
American cohort studies was not possible, in 
the absence of  cohort studies from China

Several studies from Taiwan concerning 
Asian dust events have already been 
discussed. Additional time-series and panel 
studies have shown that daily variations 
in levels of  air pollutants, including 
particulate matter, increase mortality, 
hospital admissions and respiratory and 
cardiovascular symptoms (Chang and 
others 2005). Cross-sectional studies have 
suggested that traffic-related pollution is 
associated with childhood respiratory and 
allergic diseases, as in other parts of  the 
world (Hwang and others 2005). These 
studies found relationships with nitrogen 
oxides as markers of  traffic pollution but not 
PM10, which may point to nitrogen oxides 
being a better indicator for traffic pollution 
than PM10.

In China, a study was conducted in the cities 
of  Lanzhou, wuhan and Guangzhou with 

different air pollution levels. Respiratory 
health parameters for parents and children 
were measured and significant and strong 
effects of  air pollution by district were found, 
based on prevalence rates of  cough, phlegm, 
persistent cough and phlegm, and wheeze, 
for both mothers and fathers. In addition, 
the relative risks increased as ambient 
total suspended particle concentration 
increased across the three urban districts 
(Zhang and others 1999). There was also a 
positive and significant association between 
total suspended particle levels and the 
adjusted relative risk for cough, phlegm, 
hospitalization for diseases, and pneumonia 
in children. Furthermore, the parents’ 
smoking status was associated with cough 
and phlegm, while use of  coal indoors was 
associated only with cough prevalence 
(Quian and others 2000).

A study from Beijing found significant 
associations between sulphate (SO4

2-) 
concentrations and total mortality and 
between sulphate (SO4

2-) concentrations and 
mortality, due to cardiovascular disease, 
malignant tumour and lung cancer (r > 
0.50 in all cases). The correlations were 
found not only between the current SO4

2- 
concentration and these mortalities, but 
also for SO4

2- levels measured up to 12 years 
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prior to death, suggesting long-term effects 
of  air pollution. No significant associations 
were observed for mortality from respiratory 
diseases and cerebrovascular diseases (r 
= 0.30-0.50). This study indicates that the 
concentration of  SO4

2- in the air is a useful 
air pollution indicator in areas where coal is 
the main source of  energy. Areas with high 
levels of  SO4

2- experienced higher mortality 
owing to a variety of  chronic diseases (Zhang 
and others 2000). 

The Health Effects Institute’s report on 
Asian studies, published in 2004, includes a 
meta-analysis of  published Asian time-series 
studies, the results of  which are reproduced 
below. Effect estimates for all-cause 
mortality in relation to PM10 and SO2 were 
remarkably similar to those found in multi- 
centre studies in North America and Europe. 
http://pubs.healtheffects.org/view.php?id=3
(Accessed May 2007).

Table 9.2 Summary of  estimates of  percentagea change in health outcomesb following 
                exposure to air pollutants

Outcome Pollutant
Number of  
Estimates

Heterogeneityc

Fixed-Effects 
Estimate 
(95% CI)

Random-
Effects 

Estimate 
(95% CI)

Publication 
Bias Testd

Multicity Study 
Summary 
Estimates 
(95% CI)

All-Cause Mortality

PM10 4 0.4 0.41
(0.25, 0.56)

0.49
(0.23, 0.76)

APHEA 2e 
0.6(0.4,0.8)
NMMAPSf 
0.41(0.29,0.53)

TSP 10 0.55 0.02
(0.14, 0.26)

0.20
(0.14, 0.26)

0.53

SO2 11 < 0.001 0.35
(0.26, 0.45)

0.52
(0.30, 0.74)

0.03 APHEA 1g 0.40 
(0.3, 0.5)

Respiratory Admissions

NO2 4 < 0.001 0.28
(0.09, 0.47)

0.95
(0.05,1.94)

SO2 4 0.03 0.07
(-0.28, 0.41)

0.16
(0.46, 0.77)

a  Per 10 µg/m3 increase in ambient pollutant concentration.
b  Calculated when four or more studies provided estimates for individual pollutant-outcome pairs.
c  P value from X2 test. (P values <0.05 were considered statistically significant.)
d P value from Begg test . The test was not conducted for those pollutant-outcome pairs with too few estimates. 
   (P values <0.05 were considered statistically significant.)
e  20 European cities (Katsouyanni et al 2001).
f  90 US cities (Samet et al 2000b).
g 12 European cities (Katsouyanni et al 1997).
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9.3 WHAT DO WE kNOW ABOuT 
      THE ADvERSE EFFECTS OF   
      AMBIENTPARTICuLATE 
      MATTER?
Vast literature is available on the health 
effects of  air pollution, especially those of  
ambient PM. This report refers mainly to 
authoritative recent reviews. One of  these 
reviews was presented at the 2006 annual 
meeting of  the Air and waste Management 
Association (AwMA) and was published in 
the Journal of  AwMA (Pope and Dockery 
2006). This review discussed six dimensions 
of  associations between ambient PM and 
health, as follows: 1) short-term exposure 
and mortality, 2) long-term exposure and 
mortality, 3) time scales of  exposure, 4) 
the shape of  the concentration-response 
function, 5) cardiovascular disease, and 6) 
biological plausibility. 

1) Short-term exposure and mortality. A 
very large number of  time-series studies 
have by now addressed this topic. Several 
of  these are multi-centre studies, using 
data from many different cities that have 
been analyzed using a common analysis 
protocol. Examples of  these are the National 
Mortality and Morbidity Air Pollution Studies 
(NMMAPS) in the United States and the Air 
Pollution and Health: a European Approach 
(APHEA) studies in Europe. These have 
shown small but consistent effects of  
daily variations in PM pollution and non-
accidental, cardiovascular and respiratory 
mortality (Samet and others 2000, Samoli 
and others 2005). Investigators in the UK 
have compiled a comprehensive data base 
of  all time-series studies published and have 
used this to address issues of  publication 
bias (the phenomenon that positive studies 
are published preferentially). Although some 
evidence of  publication bias was found, this 
did not explain the positive associations 
between PM pollution and mortality and 
morbidity endpoints, as seen in many 
studies (Anderson and others 2005).

2) A small number of  studies have 
implicated long-term exposure to PM in 
reducing survival. The first such study was 
the Harvard Six Cities study published in 
1993 (Dockery and others 1993). This study 
found that subjects living in communities 
with elevated fine PM concentrations had a 
higher risk of  dying over a 14-year follow-
up period than subjects living in cleaner 
communities. A very large US cohort study 
subsequently supported these findings 
(Pope and others 1995) and further follow-
up of  these two cohorts lent additional 
support (Pope and others 2002, Laden and 
others 2006). The next figure illustrates the 

 

Figure 9.7  Relationship between long-term 
exposure to PM2.5 and total and cause specific 
mortality in the ACS study. (Source: Pope and 
Dockery 2007, Pope and others 2002)

Figure 9.8  How the effect estimate for total deaths 
increases with increase in the time window - an 
example of the effect of a 10 ug/m3 increase in PM2.5 
concentration on all-cause mortality (Source: Schwartz 
2000)
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relationship between long-term exposure to 
PM2.5 and total and cause specific mortality 
for the ACS study (Pope and Dockery 2006, 
Pope and others 2002).
The figure illustrates that there is no 
evidence for a threshold, below which no 
effects of  PM2.5 on mortality are expected 
to occur. Using data from these long-term 
studies, it has been estimated that the 
effects of  ambient PM exposure on life 
expectancy can be substantial, a reduction 
of  one year or more (Brunekreef  1997).

3) Time-series studies relate the daily 
variation in air pollution to the daily variation 
in numbers of  deaths, hospital admissions, 
patients having symptoms, and so on. 
It has been argued that if  air pollution 
advances death only by a few days or weeks 
in extremely frail individuals, the public 
health implications of  the relationships 
seen in time-series studies may be limited 
(McMichael and others 1998). Several 
investigators have now explored whether 
indeed this so-called ‘harvesting’ applies. 
If  so, using longer averaging times in the 
time-series would lead to a reduction or even 
disappearance of  the relationship between 
air pollution and mortality: subjects who 
were dying a few days or weeks early would 
not be around to die at the expected point in 
time. Thus, some days or weeks after high 
pollution days, fewer people would die than 
expected, canceling out the excess observed 
after the high pollution days. In contrast 
to this, using longer averaging times has 
produced higher rather than lower effect 
estimates. The next figure (Schwartz 2000) 
shows how the effect estimate for total 
deaths increases with increase in the time 
window.

Still, the effect estimates from time-series 
studies are less than those from long-term 
studies, suggesting that some long-term 
effects are not captured by variations of  
exposure in time, over periods of  weeks or 
months.

4) Another important issue concerns the 
existence of  thresholds, concentrations of  
PM below which no adverse effects on health 
occur. Several investigators have addressed 
this issue in the past decade. The next figure 
illustrates the exposure response function 
as found in the large NMMAPS study in the 
US (Daniels and others 2000). It shows the 
results of  various flexible-modelling efforts, 
none of  which suggested a threshold for 
the effects of  PM10 on cardiorespiratory 
mortality. The implication is that even at low 
levels of  exposure, some effect on mortality 
is expected to occur. In the context of  long-
term studies, the issue of  thresholds is 
more difficult to address, as there are no 
populations in which long-term exposure is 
absent. The graph from the ACS study shown 
before suggests that also for long-term 
exposures, effects occur at very low levels of  
less than 10 mg/m3 PM2.5.

5) For many years, research on the health 
effects of  PM was focused more on 
respiratory than on cardiovascular effects, 
despite the fact that in early episodes 
in London (1952) and the Meuse Valley 
(1930), many of  the pollution deaths had 
been cardiovascular (Pope and Dockery 
2006). However, in the past 15 years or so, 
much research (this research being both 
observational and experimental) has been 

Figure 9.9  Exposure response function as found in 
the large NMMAPS study in the U.S. (Source: Daniels 
and others 2000)



281 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

devoted to cardiovascular effects, especially 
of  PM. As a result, there is now general 
consensus that PM does have serious 
cardiovascular effects, as evidenced from 
increased cardiovascular deaths after both 
long- and short-term exposures, and from 
increased cardiovascular hospital admissions 
after high pollution days (Barclay and Ayres 
2005). Several mechanisms have been 
suggested and an overview is given in Figure 
9.10 (Pope and Dockery 2006).

Figure 9.10  Several mechanisms have been suggested, and an overview is given 
in this figure. (Source: Pope and Dockery 2006)

6) Various lines of  in vitro and in vivo 
toxicological research have supported the 
biological plausibility of  the effects of  PM 
on cardiovascular and respiratory health. 
Long-term animal experiments have been 
conducted in the US and in Brazil, exposing 
sensitive animals to concentrated or ambient 
PM, for example (Sun and others 2005). 
Figure 9.11 shows plaque formation after 
long-term exposure to concentrated ambient 
PM2.5 in sensitive mice fed normal and high 
fat diets (Sun and others 2005).

Figure 9.11  Plaque formation after long term exposure to concentrated ambient 
PM2.5 in sensitive mice fed normal and high fat diets.(Source: Sun and others 2005)
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In addition to emerging human evidence 
of  increased atherosclerosis in subjects 
exposed to elevated ambient PM2.5 (Kunzli 
and others 2005), long-term PM exposure 
have also been associated by such studies 
with vascular defects that may develop into 
manifest cardiovascular disease, leading 
ultimately to death.

Other reviews have been produced by the 
US Environmental Protection Agency and 
the world Health Organization. The last EPA 
criterion document, finalized in October 
2004, can be found at: 
http://cfpub2.epa.gov/ncea/cfm/
recordisplay.cfm?deid=87903  (accessed 
May 2007). The current annual mean US EPA 
PM2.5 standard is 15 mg/m3. This standard 
was promulgated for the first time in 1997. 
A 24-hour standard of  35 mg/m3 has been 
added in 2006.

9.4 WHO AIR QuALITY GuIDELINES: 
      GLOBAL uPDATE

The world Health Organization has recently 
established Global Air Quality Guidelines. 
The summary and full report are available at 
http://whqlibdoc.who.int/hq/2006/wHO_
SDE_PHE_OEH_06.02_eng.pdf  and http://
www.euro.who.int/Document/E90038.pdf  
(accessed January 2008).

The PM wHO guidelines are given below:

These guideline values are low, reflecting the 
difficulty in identifying thresholds of  effect 
for PM, both for short- and long-term effects. 
In recognition of  the fact that such low 
levels are difficult to achieve in the short- or 
even medium-term, especially in developing 
countries, wHO has now developed for 
the first time a staged approach to air 
quality guidelines, suggesting intermediate 
targets, and showing what health benefits 
achievement of  such intermediate targets is 
likely to be associated. The interim targets 
for both the long- and short-term guidelines 
are reproduced below:
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WHO air quality guidelines and interim targets for particulate matter: 
annual mean concentrationsa

PM10 
(µg/m3)

PM2.5 
(µg/m3)

Basis for the selected level

Interim target-1 (IT-1) 70 35 These levels are associated with about a 15% higher 
long-term mortality risk relative to the AQG level.

Interim target-2  (IT-2) 50 25 In addition to other health benefits, these levels lower 
the risk of  premature mortality by approximately 6% 
[2-11%] relative to the IT-1 level.

Interim target-3 (IT-3) 30 15 In addition to other health benefits, these levels reduce 
the  mortality risk by approximately 6% [2-11%] 
relative to the IT-2 level.

Air quality Guideline 
(AQG)

20 10 These are the lowest levels at which total, 
cardiopulmonary and lung cancer mortality have been 
shown to increase with more than 95% confidence in 
response to long-term exposure to PM2.5

a The use of PM2.5 guideline value is preferred.

WHO air quality guidelines and interim targets for particulate matter: 24-hour concentrationsa

PM10 
(µg/m3)

PM2.5 
(µg/m3)

Basis for the selected level

Interim target-1 (IT-1) 150 75 Based on published risk coefficients from multi-centre 
studies and meta-analyses (about 5% increase of  short-
term mortality over the AQG value).

Interim target-2  (IT-2) 100 50 Based on published risk coefficients from multi-centre 
studies and meta-analyses (about 2.5% increase of  
short-term mortality over the AQG value).

Interim target-3 (IT-3) 75 37.5 Based on published risk coefficients from multi-centre 
studies and meta-analyses (about 1.2% increase of  
short-term mortality over the AQG value).

Air quality Guideline 
(AQG)

50 25 Based on relationship between 24-hour and annual PM 
levels.

a 99th percentile (3 days/year).

9.5 CONCLuDING REMARkS

There is no direct epidemiological evidence 
of  direct health effects associated with 
inhalation of  ABC particles. Studies of  
mixtures of  pollutants contributing to ABCs 
show that these have adverse health effects, 
which are similar to the health effects of  
combustion particles observed elsewhere. 
Studies on urban and industrial air pollution 
conducted in Asia point to similar adverse 
effects as have been documented in studies 

from the developed world. To improve insight 
into the direct health effects of  ABCs, the 
following research recommendations can be 
made:
 
Recommendations for epidemiology 
related to ABCs

1. No studies have been conducted that 
have attempted to establish the direct 
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human health effects of  exposure to ABCs 
separately or in isolation. There is a need to 
identify populations who clearly differ in their 
ABC exposure, but are otherwise exposed as 
little as possible to either indoor or outdoor 
air pollution. Comparing the health status 
of  such populations would provide powerful 
evidence of  any direct and independent 
health effects of  ABC exposure.

2. As these studies will be difficult to 
conduct (because such populations will 
be difficult to identify), conducting long-
term animal studies is proposed, using 
previously developed methods of  exposure 
to ambient or concentrated ambient PM 
in areas primarily affected by ABCs. Such 
studies would add strong experimental 
evidence relating to the potential of  ABCs to 
produce adverse health effects. They could 
be conducted over an exposure period of  4-6 
months, thus yielding relevant information 
after a shorter period of  time than would be 
needed to conduct epidemiological human 
cohort studies.

3. Exposure to ABCs is difficult to isolate 
from exposure to other forms of  air 
pollution indoors and outdoors. Future 
epidemiological studies need to address 
these other forms of  air pollution as well. 
From what is known, these other exposures 
are likely to be considerably higher in many 
places, and research into the direct health 
effects of  exposure to ABCs, at the expense 
of  studies into other forms of  air pollution, 
would not be defensible.

4. ABCs may have indirect health effects 
related to reductions in crop yields, climate 
change and so on. The current report 
does not discuss these indirect effects but 
acknowledges that these may be important. 
Conducting epidemiological studies in the 
future to address such indirect effects will 
pose special challenges because it will be 
very difficult to identify populations that have 
suitable exposure contrasts with regard to 
these indirect effects.
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chApter 10
the heAlth eFFects oF ABcs - toxicology

10.1 BACkGROuND AND 
        INTRODuCTION

The exact health effects and biological 
consequences associated with exposure 
to ABCs are unknown, as most studies 
concerning this devastating pollution mass 
have focused on chemical composition. 
This chapter aims at establishing biological 
plausibility for some of  the health 
consequences that may be associated with 
ABC exposure, by defining those toxicological 
impacts associated with its individual 
constituents.

Biomass and fossil fuel burning are the 
major sources of  air pollution in Asian 
countries and contributors to gaseous 
pollutants, including nitrogen dioxide (NO2) 
and, possibly, sulphur dioxide (SO2), as well 
as to particle contaminants. Emissions from 
burning wood, a major biomass fuel used in 
massive quantities, particularly in Thailand 
and India, contain a large number of  
hazardous and/or persistent air pollutants. 
Among these are volatile organic compounds 
(VOC), aldehydes, such as formaldehyde 
and acrolein, metallic elements, polycyclic 
aromatic hydrocarbons (PAHs), including 
benzo[a]pyrene, fine particulate matter (PM), 
and other toxic chemicals. Most available 
animal studies indicate that exposure to 
wood smoke results in significant impacts 
on the respiratory immune system and, at 
high doses, like those found in developing 
countries, such exposure can produce 
long-term or permanent lesions in lung 
tissues. Based on relatively few studies, 
these effects seem most strongly associated 
with the particle phase. wood smoke is 
also mutagenic and possibly carcinogenic 

in animals, but appears less harmful than 
coal smoke. Unfortunately, not enough is 
currently known to distinguish the different 
toxic effects characterizing different types of  
biomass smoke (for example, to distinguish 
smoke effects produced by wood combustion 
from those caused by burning agricultural 
wastes or dung). 

The transboundary movement of  many of  
the ABC components makes their impact 
particularly difficult to assess. Many are 
very stable, while some may or may not 
react in the atmosphere to form secondary 
pollutants. Many may be transported 
hundreds or thousands of  miles in a 
relatively short time period.

The health effects of  individual ABC-
associated pollutants range from simple 
irritation to extreme toxicity and/or 
carcinogenicity. For example, many of  
the individual chemicals associated with 
biomass burning have serious human 
health impacts, such as cancer, respiratory 
diseases (including chronic obstructive 
pulmonary disease [COPD] and asthma), 
cardiovascular disease, and infections most 
likely resulting from a compromised immune 
system. Furthermore, recent evidence 
from a number of  epidemiological studies 
have demonstrated that pregnant women 
exposed to high levels of  PM have a greater 
risk of  low birthweight, sudden infant death 
syndrome, and pre-term delivery, compared 
with non-exposed pregnant women (Rogers 
and Dunlop 2006). Thus, a critical need 
exists for toxicological studies that can lead 
to a better understanding of  the adverse 
human health consequences and biological 
mechanisms associated with exposure to 
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ABC components.
while studying the direct effects of  air 
pollution on humans offers a number of  
advantages, epidemiological and controlled 
clinical studies are often limited by societal 
concerns, ethical and legal issues and 
prohibitive costs. In the light of  some 
of  these difficulties, predictive health 
assessments associated with inhaled 
pollutants need to include information 
gained from animal exposure studies, 
and in some cases, cell culture or tissue 
assay systems. Animal studies also help 
to establish biological plausibility for 
epidemiological associations and aid in 
uncovering information concerning the 
mechanisms of  toxicity and relative toxicity 
of  different mixtures of  pollutants and their 
sources.

Human populations usually suffer chronic 
exposure to the components of  ABCs. This 
section focuses on the results of  long-
term exposure studies as far as possible. 
Moreover, only those animal investigations 
(and in some cases, human clinical 
studies) that employ inhalation (and, rarely, 
aspiration or tracheal instillation) as a route 
of  exposure will be discussed. Toxicological 
studies selected for inclusion in this report 
will focus primarily on coal fly ash (CFA) 
from fossil fuel burning, gasoline and diesel 
motor vehicle emissions, and from point 
source emissions. Additional studies relevant 
to developing specific exposures, such as 
sand dust and indoor or outdoor wood 
burning (that is, biomass fuels), will also 
be discussed. As cell culture and acellular 
studies are more useful for uncovering the 
mechanistic underpinnings of  toxic effects 
than for predicting human health risks 
associated with pollutant exposure, they 
will be used only to provide support for the 
animal studies.

Specifically, this document will focus on the 
toxicity of  ABC-related particle pollutants, 
including the following: (1) diesel and 
motor vehicle exhaust, (2) ambient PM with 

emphasis on PM1 to PM2.5 particles and those 
that are smaller, including the ultrafine (≤ 
100 nm)-sized particles, (3) coal combustion 
products, specifically CFA, (4) biomass 
emissions, and to a lesser extent (5) sand 
dust and (6) the gaseous pollutants nitrogen 
dioxide (NO2,) and sulphur dioxide (SO2). Each 
of  these will be considered in relation to ABC-
relevant adverse health outcomes that include 
cardiovascular and respiratory disease, 
cancer, and reproductive and developmental 
problems. Information will not be provided for 
those health outcomes in which toxicological 
studies are not currently available. For those 
ABC-related regional pollutants for which 
data are available, a brief  overview of  each 
relevant study will be provided, including a 
conclusion that summarizes the importance 
and relevance of  this information to ABCs.

Health effects of individual ABC-associated 
pollutants range from simple irritation to 
extreme toxicity and carcinogenicity

Overall, there are far fewer investigations 
available regarding controlled human studies 
than animal studies, but available results from 
these studies are discussed in this chapter 
as they relate to ABCs. The emphasis of  
the animal studies is on inhalation although 
investigations that employ aspiration and 
nasal or tracheal instillation are discussed, 
in case no inhalation studies are available or 
if  these studies add weight of  evidence to 
the overall conclusion. Moreover, whenever 
possible, air pollution studies that focus 
on long- rather than short-term pollutant 
exposure have been selected as these studies 
are far more ABC-relevant. Finally, it must 
be re-emphasized that because so little is 
known about the toxicological consequences 
of  ABCs, the majority of  material presented 
in this section is collected from the 
known toxicology of  particle and gaseous 
components of  ABC-related pollutants.
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10.2 CARDIOvASCuLAR DISEASE
This section will discuss animal or controlled 
human studies that relate ABC-associated 
contaminants to cardiovascular disease. 
Even though cardiovascular disease may 
be the most significant health consequence 
of  ABCs (and of  ambient PM pollution, in 
general), far fewer studies on cardiovascular 
disease are available for inclusion in 
this section, compared with studies on 
respiratory outcomes. 

10.2.1 Diesel and motor vehicle
           exhaust

Motor vehicles emit large quantities 
of  toxic, irritating and/or carcinogenic 
substances, including carbon monoxide 
(CO), hydrocarbons, nitrogen oxides (NOx), 
aldehydes and hydrogen cyanide, along 
with fine particles and, when used as an 
additive, lead. Each of  these, along with 
secondary by-products, such as ozone (O3), 
can cause adverse effects on health and 
the environment. Even though significant 
improvements in air quality are being 
achieved in some countries (for example, 
Taipei China, Singapore, Thailand and Brazil) 
through stricter vehicle regulations and their 
enforcement, substantial increases in the 
number of  vehicles continue as urbanization 
spreads. while scooter and motorcycle use 
in developing countries has offered a number 
of  advantages, the benefits are dramatically 
offset by the excessive pollution and 
devastating adverse health effects associated 
with the air pollution that scooters and 
motorcycles produce.

Controlled human studies

Despite the importance of  traffic emissions 
to urban PM, few publications have 
addressed the cardiac effects in human 
subjects exposed to motor vehicle exhaust 
under controlled conditions.  One panel 
study examined highway patrol officers for 
PM exposure inside their vehicles as well 

as exposure to ambient PM2.5, under actual 
working conditions (Riediker and others 
2004). Although ambient and roadside 
PM2.5 exposure levels were associated with 
cardiovascular effects, in-vehicle PM2.5 
proved most significantly associated with 
increases in biochemical and cellular 
indices of  vascular inflammation and 
changes in cardiac rhythm. A number 
of  human studies have examined the 
pulmonary response to diesel exhaust (DE) 
under controlled conditions, but few have 
investigated cardiovascular endpoints. In 
two chamber studies, a total of  45 healthy 
men were exposed to DE or normal air for 
one hour at a concentration of  300 µg PM 
m-3 (Mills and others 2005, Tornqvist and 
others 2007). Diesel exhaust exposure 
impaired the regulation of  vascular tone as 
assessed by response to the vasodilators 
bradykinin, acetylcholine and sodium 
nitroprusside, and decreased the release 
into the plasma of  tissue plasminogen 
activator (t-PA). As endothelial dysfunction 

Experimental studies demonstrate the 
ability of gasoline and diesel engine 
emissions to produce cardiovascular 
effects in exposed hosts

(regulator of  vascular tone) is a risk factor for 
future acute cardiovascular events, especially 
in people with existing coronary disease, 
impaired endogenous fibrinolysis capacity 
can lead to an increased risk for thrombosis 
and cardiovascular death. A recent study of  
patients with coronary heart disease showed 
clear signs of  myocardial ischemia (ST 
segment depression) upon exposure to DE, 
using the same exposure scenario (Mills and 
other 2007). Results of  this study show a clear 
link to myocardial infarction in a sensitive sub-
group. Taken together, these findings suggest 
several potential mechanisms that link diesel 
exhaust PM to cardiovascular disease. 
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10.2.2 Ambient PM
Controlled human studies
Although a number of  studies have 
documented the adverse cardiopulmonary 
effects of  surrogate metal, acid, combustion, 
and motor vehicle particles, controlled 
exposure studies examining the acute effects 
of  inhaled (typically concentrated ambient) 
PM obtained from specific locations have 
shown that PM causes minimal lung 
inflammation and injury in both human 
subjects and animal models. Despite this 
relative lack of  a direct pulmonary effect, 
investigators have observed cardiac changes 
in healthy and compromised human subjects 
exposed under controlled conditions 
to concentrated ambient PM. These 
concentrated PM studies are extremely 
important in our understanding of  the 
biological plausibility of  the adverse cardiac 
effects of  ambient PM, as demonstrated 
by epidemiological studies throughout the 
world. In the earliest concentrated PM 
study, ambient PM concentrations of  up 
to 311 µg m-3 resulted in an increase in 
fibrinogen, a component in blood clotting, 
although there were no changes in heart 
rate or heart rate variability in healthy 
subjects (Ghio and others 2000). In that 
study, elderly subjects appeared to be more 
susceptible to the effects of  ambient PM and 
were observed to have heart rate variability 
changes that persisted for at least 24 hours 
after exposure. Findings of  changes in heart 
rate variability and vascular coagulation 
factors have also been observed in healthy 
subjects exposed to concentrated ambient 
PM in the Los Angeles basin (Gong and 
others 2003). Vascular changes, in terms of  
vasoconstriction and blood pressure, were 
observed in human subjects exposed to a 
mixed atmosphere of  concentrated ambient 
PM and ozone (Brooks and others 2002, 
Urch and others 2005). Such studies using 
ambient PM inhalation exposures provide a 
basis for our understanding of  the adverse 
cardiac effects of  PM. Unfortunately, these 

controlled human exposure studies have 
only been conducted in North America, so 
that the relevance of  extrapolating the data 
from particles found in North America to PM 
found in ABCs is unclear and shows the need 
for controlled human studies that directly 
examine ABC-related PM.

Animal toxicology
Numerous investigators have studied the 
mechanisms and particle components 
responsible for the adverse effects of  inhaled 
ambient PM. Over the last decade, these 
toxicology studies have provided strong 
evidence that particle size and components 
have a significant role in the production 
of  adverse effects. Typically, these short-
term studies have demonstrated that 
cardiac effects can occur in rodents and 
dogs after acute exposure to relatively high 
concentrations of  concentrated ambient 
PM10 (well above the typical ambient air 
quality standard of  65 µg m-3 for PM10 in 
developed countries) (Godleski and others 
2000, Gordon and others 2000, Kooter and 
others 2006), or surrogate atmospheres 
with similar concentrations of  PM10 
(Campen and others 2001, Kodavanti and 
others 2000). Importantly, specific particle 
components, such as metallic elements 
and sulphates, are strongly associated with 
these effects. In general, greater effects 
are observed in sensitive animal models of  
human disease. Relatively little work has 
addressed the long-term cardiac effects 
associated with exposure to ambient PM, 
but the few studies reported to-date have 
clearly shown that chronic exposure of  

Atherosclerotic lesions and other vascular 
changes are enhanced by repeated exposure 
to concentrated ambient PM and the degree 
of cardiopulmonary injury is dependent upon 
particle source and individual 
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sensitive mouse models of  cardiac disease 
produces adverse cardiovascular effects at 
levels of  concentrated ambient PM relevant 
to those in ABCs. In particular, these longer 
term studies have demonstrated that 
atherosclerotic lesions and other vascular 
changes are enhanced by repeated exposure 
to concentrated ambient PM (Chen and 
Hwang, 2005), and that the degree of  
cardiopulmonary injury is dependent upon 
particle source and individual components 
(Lippmann and others 2006, Kleinman 
and others 2005). Thus, animal toxicology 
studies have begun to provide a mass 
of  evidence supporting the biological 
plausibility of  adverse cardiovascular 
changes associated with PM in epidemiology 
studies. Although the relative importance to 
ABCs of  these studies conducted in North 
America and Europe is unclear, such results 
emphasize the need to establish the toxicity 
of  the unique and diverse particles that 
make up ABCs.

10.2.3 Fossil fuel burning
Pulverized coal combustion is a commonly 
used and efficient method of  coal burning 
in power stations and for this reason its 
use globally is increasing, particularly in 
developing countries like China and India. 
Given that worldwide usage is on the 
rise, plus the fact that exposure to PM is 
associated with increased respiratory and 
cardiac diseases, exposure to coal fly ash 
(CFA), emitted during coal burning, is now 
considered to be a major health concern. 
CFA consists of  primary, fine mode particles 
loaded with potentially harmful elements 
(for example, iron and arsenic) that are 
formed by mineral transformation in high-
temperature combustion processes. This 
section will focus on the health effects 
associated with CFA, given their relevance to 
the particulate components of  ABCs. 

Animal toxicology
while a plethora of  available animal and 
some controlled human studies demonstrate 

the cardiotoxicity of  concentrated ambient 
PM, a comparable knowledge base for 
coal burning and cardiovascular disease 
is virtually non-existent. Most studies 
examining the cardiotoxicity of  fossil fuel 
have focused on the vanadium-rich, highly 
toxic residual oil fly ash that has been 
shown to cause dose-related increases in 
electocardiographic abnormalities in rats 
and dogs. A number of  studies have utilized 
cardiopulmonary-compromised animal 
models to determine whether the disease 
state was amplified by CFA exposure. In one 
such case, intra-tracheal instillation of  CFA 
enhanced acute pulmonary injury that was 
thought to be due to the presence of  some 
chemical species of  the particle-associated 
transition metals, iron and nickel (Costa 
and Dreher 1997). Coal fly ash is one of  a 
group of  four emission products (that is, 
CFA, diesel soot, welding fume and black 
carbon) containing nano particles classified 
as combustion-derived nano particles 
(CDNP). while no animal studies specific to 
CFA and cardiovascular disease have been 
identified, CDNP has in general been linked 
with increased cardiovascular morbidity 
and mortality, either via induction of  
inflammation and oxidative stress (producing 
destabilization of  atheromatous plaques) or 
by affecting endothelial cells, platelets and 
plaques directly to promote thrombogenesis 
(Donaldson and others 2005). If  all CDNP 
work via a common mechanism as proposed 
(Donaldson and others 2005), it seems 
likely that CFA may prove to be an important 
risk factor for cardiovascular disease and 
thus should be considered when evaluating 
health risks associated with ABCs. Support 
for this notion comes from a recent cell 
culture study demonstrating the effects 

Coal fly ash (CFA), an ABC-relevant 
primary fine mode particle, is 
considered a major health concern
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of  combustion-derived fly ash on wistar 
rat heart fibroblasts, key regulators of  the 
extracellular matrix and fibrosis (Gursinsky 
and others 2006).

10.2.4 Biomass burning

In developing countries, biomass fuels such 
as wood, animal dung and crop residues 
are used extensively for home heating and 
cooking. Three-quarters of  all households in 
India use unprocessed biomass as primary 
fuel for cooking, and more than 90 per cent 
of  these homes use either wood or animal 
dung (Naeher and others 2007). In India, 
daily airborne exposure from cooking with 
biomass fuels typically exceeds relevant 
health-based guidelines by at least 20-fold 
(Smith 1993). It has been estimated that 
indoor air pollution in developing countries 
accounts for 2.2 to 2.5 million deaths 
annually (wHO 2002). The estimated global 
burden of  disease from solid fuel-generated 
indoor air pollution is also high (Lopez and 
others 2006). As the combustion efficiency 
of  biomass fuels is low, their effluents 
contain high concentrations of  numerous 
toxic components, many of  which have been 
shown to affect various organ systems, 
including the pulmonary, immune and 
cardiovascular systems (Zelikoff  and others 
2002). Overall, more resources need to be 
devoted to wood and other biomass smoke 
research, particularly concerning their 
adverse health outcomes, in order to better 
understand this continuing dilemma in 
relation to ABCs.
 
Controlled human studies
Recent studies in Sweden (Barregard and 
others 2006, Sallsten and others 2006) 
examined the effects of  experimental wood 
smoke exposure on healthy adults (Figure 
10.1).

These investigations demonstrated that, at a 
level of  smoke-generated PM similar to that 
found indoors from biomass cooking, levels 
of  the cardiovascular risk factor, amyloid 
A, as well as factor VIII in plasma and the 

factor VIII/von willebrand factor ratio, were 
increased, indicating an effect on the balance 
of  coagulation factors in exposed individuals. 
In addition, some of  the individuals also 
demonstrated a temporary increase in free 
radical-induced lipid peroxidation. The 
study concluded that wood smoke exposure 
could influence inflammation, coagulation, 
and possibly, lipid peroxidation. These are 
some of  the same mechanisms associated 
with particulate air pollution-related 
cardiovascular morbidity and mortality.

Figure 10.1 Exposure chamber for wood smoke. 
(Source: Barregard and others 2006, Sallsten and 
others 2006)

Animal toxicology
One of  the most studied components of  
wood smoke pollution is PM. Particulate 
air pollution from a variety of  point 
sources, including wood burning, has 
been shown, in a number of  short- and 
long-term epidemiological studies in the 
United States and Europe, to contribute 
to increased cardiovascular morbidity 
and mortality. However, animal studies 
examining the effects of  biomass-derived 
particles on the cardiovascular system are 
extremely limited, with even fewer studies 
utilizing long-term exposure paradigms. 
In a study by Reed and others (2006), 
the effects of  a range of  concentrations 
of  inhaled hardwood smoke (HwS) on 
cardiac function and general indicators 
of  cardiotoxicity (that is, clotting factors), 
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following either one week or six months of  
exposure, were evaluated in both genders 
of  mice and/or rats. while no effects on 
cardiac histology or ECG measurements 
were observed in telemetry-implanted rats, 
platelet counts were increased in female 
rats after both exposure durations to HwS 
at 200 and 400 µg m-3. while the authors 
of  this paper minimized the importance 
of  such platelet changes, these effects 
warrant further consideration, particularly 
in light of  a human study by Barregard and 
others (2006) which showed that healthy 
individuals exposed to wood smoke (at 
250–280 µg m-3 during two 4-hour sessions 
of  exercise) demonstrated increases in the 
levels of  serum amyloid A (a cardiovascular 
risk factor) and plasma factors important 
for maintaining the balance of  coagulation 
factors. Thus, given recent evidence in 
humans demonstrating wood smoke-induced 
alterations in cardiovascular risk factors, 
along with suggestive evidence from animal 
studies showing increased numbers of  
platelets, more toxicological studies are 
needed to accurately define the role of  wood 
smoke in cardiovascular disease. To increase 
the relevance to ABCs, future studies should 
utilize wood types that are most commonly 
used domestically in developing countries.

10.2.5 Sand dust
Billions of  tonnes of  sand dust are 
transported globally each year from the 
Sahara and Sahel regions in North Africa, 
the Gobi and Takla Makan regions in Asia, 
and from western China across Korea, 
Japan, and the Northern Pacific. Aerosol 
concentrations of  respirable particles during 
heavy dust events range from 200-600 
µg/m3. In addition, micro-organisms, such 

as bacteria, many species of  fungal spores 
and viruses, and trace metals and an array 
of  organic chemical contaminants (such 
as, DDT), are also carried in the sand dust 
air masses, resulting possibly in increased 
human contact with disease-producing 
pathogens and toxic chemicals (Garrison 
and others 2002). Indeed, most of  the 
systemic fungal diseases and many viruses 
(for example, Hantavirus) are typically 
transported in dust. while it is generally 
believed that most airborne pathogens are 
only transmitted over short distances, it is 
not impossible for desert dust to move viable 
pathogens and allergens around the planet. 
As dust storms are the heaviest in those 
countries most affected by ABCs, the effects 
from such events must be considered when 
defining human health risks associated with 
these pollution masses.

Controlled human and animal toxicology 
studies
Although no toxicology studies have been 
identified, epidemiological studies have 
suggested an association between daily 
death counts (due to circulatory-cause 
deaths) and dust episodes in Taipei China 
(Chen and others 2004). This association 
demonstrates the critical need for 
experimental studies in order to better 
define the cardiotoxicity of  these ABC-related 
materials.

Wood smoke exposure can influence some 
of the same mechanisms associated with 
PM-related cardiovascular morbidity 

As dust storms are the heaviest 
in ABC-relevant countries, 
effects from such events must 
be considered when defining 
human health risks associated 
with this air pollutant mass. 
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10.2.6 Nitrogen dioxide (NO2) and 
           sulphur dioxide (SO2)
The background ambient levels for both NO2 
and SO2 are generally in the range 5-30 ppb 
in urban centres in developed countries. 
However, indoor exposure concentrations of  
NO2 in homes utilizing gas or biomass for 
cooking or heating are higher than outdoor 
levels. Despite accumulating evidence of  the 
cardiac effects of  NO2 and associated traffic 
sources in epidemiological studies, few 
toxicology studies have directly addressed 
the cardiac effects of  NO2 in rodents or 
human subjects. Acute exposure to 600 ppb 

studies in animals and human subjects 
have tried to determine which traffic-related 
pollutants cause or aggravate respiratory 
disease.

Controlled human studies
Most of  the controlled exposure studies 
that have examined the link between traffic-
related pollution and allergic diseases have 
focused on DE. Epidemiological evidence 
supports the hypothesis that DE worsens 
respiratory symptoms in individuals with 
pre-existing asthma or allergies (Pandya 
and others 2002). A number of  studies 
have demonstrated that nasal instillation of  
DE particles produces clear and profound 
alterations in the immune response to 
allergens in human subjects (Saxon and 
Diaz-Sanchez 2000). Moreover, DE has 
been shown to result in enhanced gene 
transcription and expression of  cytokines 
in the bronchial epithelial cells, as well 
as up-regulation of  adhesion molecules 
responsible for migration of  leukocytes 
to the bronchial tissue (Salvi and others 
1999, Salvi and others 2000). Interestingly, 
acute exposure to 100 µg DE m-3 produced 
increases in airway resistance in both normal 
and asthmatic subjects, but increases in 
cellular and cytokine measures of  pulmonary 
inflammation were observed only in normal 
subjects (Holgate and others 2003). In 
a subsequent study, the same group of  
investigators determined that the pulmonary 
response to DE was compartmentalized 
(Behndig 2006). Significant increases in 
inflammatory cells and cytokines were 
observed in lavage fluid recovered from 
the conducting airways of  human subjects 
exposed to 100 µg DE m-3, whereas no 
inflammatory effects were observed in 
fluid from the alveolar compartment. Other 
human studies have found that repeated 
challenge to allergen with DE particles, 
but not allergen plus placebo, yielded 
enhancement of  (allergic) immunoglobulin 
E and specific T-helper cytokines. This 
suggests that susceptibility to the adjuvant 

Cardiopulmonary effects of 
inhaled NO2 or SO2 at relevant 
ABC levels is currently unknown 

NO2 was shown to have no effect on cardiac 
output in normal healthy subjects, whereas 
heart rate and ECG waveform changes have 
been reported in rats, but only at a single 
concentration (Tsubone and others 1982). As 
in experimental studies with SO2, these NO2 
exposure concentrations are two to three 
times greater than ambient levels. Thus, the 
relevance of  these co-pollutant gases to the 
adverse cardiopulmonary effects of  ABCs is 
uncertain.

10.3 RESPIRATORY DISEASE
This section will parallel the foregoing 
section on cardiovascular disease and deal 
with the air pollutants in the same order, 
focusing primarily on long-term inhalation 
exposure studies relevant to ABCs. 

10.3.1 Diesel and motor vehicle 
           exhaust
The use of  diesel fuel in cars, trucks and 
power generators is worldwide and diesel 
exhaust (DE) particles make up 5-30 per 
cent of  urban PM. Because epidemiological 
studies show associations that may suggest 
causal relationships, controlled exposure 
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effects of  DE particles is an intrinsic trait 
that can be quantified, using combined 
allergen and DE particle challenges. In 
contrast to DE, controlled human studies 
on the impact of  gasoline exhaust on 
respiratory disease have not yet been 
identified.

Animal toxicology
Chronic exposure to freshly generated 
DE particles induces a time- and dose-
dependent increase in pulmonary 
inflammation in rats. Furthermore, mouse 
studies have shown that instilled DE 
particles cause increased eosinophil number 
and goblet cell proliferation in the airways, 
enhanced local expression of  certain 
chemokines and cytokines, and production 
of  antigen-specific IgG1 and IgE in different 
mouse strains sensitized to dust mite 
antigen and ovalbumin (Sadakane and others 
2002). However, the relevance of  high-dose 
nasal instillation studies to environmental 
exposure has been questioned, particularly 
as many studies suggest that the effects 
of  nasally instilled DE particles may be 
non-specific. Studies examining repeated 
inhalation exposures, however, have shown 
that DE enhances allergic reactions, as well 
as the release of  allergy-related biological 
mediators and allergic antibodies, such 
as IgE and IgG (Takano and others 1977, 
Kobayashi 1998). Taken together, controlled 
exposure studies have demonstrated 
biological plausibility for a role for DE in 
allergic airway disease that is highly relevant 
for ABC-exposed individuals.

aged rats and laboratory-generated 
surrogates (that is, diluted exhaust from 
stationary engines or concentrated ambient 
ultra fine particles), a study by Elder and 
others (2004) demonstrated increased 
pulmonary inflammation and inflammatory 
cell activation (in the inflammatory priming 
agents). Results of  this study suggest 
that exposure to actual on-road particle 
mixtures can have dramatic effects on 
the pulmonary system in compromised 
rats. In addition, studies performed in 
China (Ye and others 2000) using male 
rats demonstrated decreased numbers of  
alveolar macrophages, a pivotal defense cell 
of  the deep lung, following bronchoalveolar 
lavage. Exposure to gasoline emissions also 
increased the proportion of  inflammatory 
cells (that is, polymorphonuclear leukocytes) 
and lung cell damage markers in the 
same rats. while these studies suggest 
a respiratory impact of  gasoline vehicle 
exhaust, the impetus for most regulations 
comes from the extreme toxicity of  the 
individual exhaust components, such as CO, 
aldehydes, particulates and hydrocarbons. 
As all of  these exhaust components are 
thought to be constituents of  ABCs, it 
appears likely that adverse pulmonary 
effects could be manifested in consistently 
exposed individuals, especially vulnerable 
sub-populations who are already at increased 
risk of  toxic insult due to age or existing 
cardiopulmonary disease.

10.3.2 Ambient PM
Controlled human and animal studies 
Controlled human and animal studies have 
been used to study the mechanisms of  
particle toxicity and the biological plausibility 
of  epidemiological observations. These 
experimental studies have utilized ambient 
particles as well as fossil fuel combustion 
products, such as DE particles (described 
elsewhere in this report), acid droplets, and 
residual oil fly ash (ROFA). Ambient urban 
particles are an obvious and appropriate 

Diesel particles can alter the immune 
system in a manner consistent with an 
enhancement of allergic asthma

while numerous studies have examined the 
respiratory effects of  inhaled DE and DE 
particles, far fewer have investigated the 
relationship between gasoline exhaust and 
respiratory disease. Using compromised 
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choice for studying the interaction between 
particles and the respiratory system. 
However, particles have been concentrated 
for the development of  realistic exposures 
of  animal and human subjects (Sioutas 
1999, Ghio and others 2003), and thus their 
use real-time exposures can suffer from the 
inability to control seasonal and even daily 
changes in particle composition (cell culture 
studies can more easily control for seasonal 
effects). Most studies using concentrated 
ambient PM have involved acute PM 
exposure and have generally found mild or 
no inflammation in the respiratory system 
at PM exposure concentrations that are 
relevant to urban PM levels in cities in Asia. 
Even sub-chronic mouse studies that have 
demonstrated adverse effects on heart rate, 
heart rate variability and atherosclerotic 
plaque formation have observed no 
significant pulmonary effects (Lippmann 
and others 2005).  Studies with acidic or 
ROFA particles have yielded important 
mechanistic information about the effect of  
particles on the respiratory system, yet the 
acid and metallic element concentrations 
in these surrogate experimental particles 
are significantly higher than those in typical 
fine ambient PM. Thus, it is difficult to 
extrapolate from such studies to ambient 
particles.

10.3.3 Fossil fuel burning 
Controlled human and animal toxicology

while no human studies have been found, 
it seems clear from literature dating back 
to more than 20 years that inhalation or 

Concentrated ambient PM studies, 
mostly involving acute exposure, 
have generally found mild or no 
inflammation in the respiratory 
system at PM exposure 
concentrations relevant to urban 
PM levels in Asian cities

intra-tracheal instillation of  CFA produces 
inflammation, histopathology, and immune 
alterations in a dose- and time-related 
manner in the lungs of  rodents (Chauhan 
and others 1987, Gursinsky and others 
2006, Broeckaert and others 1999, Costa 
and Dreher 1997, Smith and others 
2006, Hatch and others 1985). Consider 
the following examples: (a) Intratracheal 
instillation of  mice with an occupationally 
relevant level of  CFA produced a delayed 
and persistent lymph node-associated 
inflammatory response (Broeckaert and 
others 1999); (b) Rats inhaling CFA exhibited 
increased susceptibility to bacterial 
infection (Hatch and others 1985), and 
(c) inhaled ultrafine CFA induced adverse 
effects on guinea pig lung function (Chen 
and others 1990b). In a more recent study 
that examined the effects of  fractionated 
CFA, it was the ultra fine (UF) fraction (as 
opposed to the fine and coarse fractions) 
that proved most potent in terms of  lung 
inflammation and alveolar macrophages 
death in culture (Gilmour and others 
2004). As the UF fraction (that component 
thought to be responsible for most CFA-
induced toxicity) is not especially metallic 
element-enriched, pulmonary toxicity was 
deemed to be a result of  the high surface 
area allowing a greater amount of  oxidation 
or reduction reaction to occur. Repeated 
high-dose short-term exposure of  male 
rats to combined fine- and UF-sized CFA 
also resulted in extensive pulmonary and 
systemic inflammation, along with increased 
levels of  macrophage inflammatory protein, 
pro-inflammatory cytokines, iron-binding 
proteins and histologic changes in the 
lungs consistent with the ability of  CFA 
to induce mild neutrophilic inflammation 
(Smith and others 2006). As ABCs likely 
contain a combination of  both fine- and 
UF-sized particles, the potential for lung 
inflammation in CFA-exposed individuals 
must be considered. while the level of  CFA 
to which the rats in the aforementioned 
study were exposed was more reflective of  
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an occupational exposure (~1 mg m-3), it 
demonstrated the potential of  inhaled CFA 
to alter normal lung homeostasis and to 
produce inflammatory responses that could 
lead ultimately to persistent lung damage. 
In another inhalation study in which rats 
were exposed for up to four weeks to even 
higher CFA concentrations (up to 100 mg 
m-3), a histological profile similar to that 
noted in the previous study was observed 
along with a slight fibrotic response that 
remained unresolved after three weeks. The 
same studies also reported a dose- and 
time-related effect on local and systemic 
immune parameters, including increased 
T- and B- lymphocyte numbers in the 
draining lymph nodes of  the lung, increased 
serum IgA levels, and increased numbers 
and phagocytic capacity of  the pulmonary 
macrophages. CFA has also been shown 
in rats to suppress antibody production 
in lung-associated lymph nodes (Dogra 
and others 1995). whether the observed 
alterations in immunity affect host resistance 
to infectious disease remains undefined until 
host resistance studies are performed. while 
dose, duration and CFA type are critical 
factors in determining overall toxicity, the 
ability of  CFA to produce adverse pulmonary 
outcomes seems clear. when comparing the 
effects of  CFA with concentrated ambient 
particles, CFA does not appear any less 
potent for causing pulmonary alterations.

10.3.4 Biomass burning
Most experimental studies on biomass 
emissions have emphasized their effects 
on the lungs. Although biomass burning 
includes wood, agricultural wastes and dung, 
this section will only discuss the effects 
of  wood smoke on respiratory disease, as 
wood smoke is the only biomass product for 
which there are detailed studies. As particles 
and gases generated from other biomass 
materials are likely to be different from those 
of  wood, and thus cause different health-
related effects, studies on the biological 
effects of  these other products are needed. 

Controlled human studies
The Swedish study cited above on controlled 
human wood smoke also reported outcomes 
for airways (Barregard and others 2007). 
Exposure to wood smoke increased alveolar 
nitric oxide three hours post-exposure, while 
malondialdehyde levels in breath condensate 
were higher both immediately and 20 hours 
after exposure. Serum clara cell protein was 
also increased 20 hours after exposure. It 
was concluded from this study that wood 
smoke caused an inflammatory response 
and signs of  increased oxidative stress in 
the respiratory tract, especially in the lower 
airways of  exposed individuals.

Animal studies
The majority of  wood smoke studies in 
animals have utilized acute single-exposure 
regimes that are not very relevant to ABCs. 
However, as the results of  these short-
term, high-dose inhalation studies could, in 
some cases, be extrapolated to longer term 
exposure outcomes, demonstrating that such 
exposures can cause extensive pulmonary 
pathology (Loke and others 1984, Dubick 
and others 2002), diminished pulmonary 
immunity and reduced bacterial clearance 
(Fick and others 1984, Matthew and others 
2001), oxidative stress (Demling and 
LaLonde 1990, Demling and others 1994), 
and decreased lung function (Tesfaigzi and 
others 2002) in exposed animals. The results 
are summarized in the Appendix.

Chronic experimental studies that more 
closely reflect ABC exposure to wood burning 
emissions are rare. Thus, this section will use 
short-term, repeated and sub-chronic wood 
smoke exposure studies to assess potential 
health effects associated with long-term 
exposures relevant to ABCs. Chronic studies 
that more closely reflect smoke exposure 
conditions associated with regional pollution 
in developing countries (due to home heating 
and cooking) are critically needed so as to 
more accurately predict long-term risks to 
exposed individuals. 
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In an early study carried out in India by Lal 
and others (1993), the hematological and 
pulmonary histopathological responses of  
rats exposed repeatedly (up to 45 days) 
to smoke generated from the combustion 
of  wood dust demonstrated shedding of  
the epithelial lining, pulmonary edema, 
and infiltration of  inflammatory immune 
cells into the bronchiolar and perivascular 
regions. while the nature of  the exposure 
system was primitive and there was a lack of  
information concerning smoke concentration 
and wood type, the nature of  the pulmonary 
lesions closely resembled those that have 
been reported following acute exposure. 
Bronchiolitis, parenchymatous blood vessel 
congestion, hyperplasia of  lymphoid follicles, 
and mild emphysema were observed after 
only 15 days of  smoke exposure. Although 
the emphysematic changes remained 
constant over time, other pulmonary lesions 
worsened dramatically with increasing 
exposure duration. In addition, marginal 
alterations were observed in hemoglobin 
levels, sedimentation rate, packed cell 
volume, and total and differential leukocyte 
counts from animals exposed to smoke 
for 15 days. Elevated eosinophil numbers 
were also seen, but only in rats exposed 
for 30 or 45 days. Results of  this study 
which demonstrated that wood smoke-
induced pulmonary lesions are progressive 
with repeated smoke exposures are highly 
relevant for those individuals exposed 
persistently to ABC components. Given 
that domestic wood smoke pollution has 
been associated with chronic obstructive 
pulmonary disease (for example, chronic 
bronchitis and emphysema) in developing 
countries and that emphysematic changes 
have been observed in this toxicological 
study, the rat model seems a useful 
surrogate in assessing the toxic impact and 
human health outcomes of  inhaled wood 
smoke, as well as in determining the long-
term health effects associated with ABC 
exposure.

A number of  studies have investigated the 
effects of  inhaled wood smoke on pulmonary 
and systemic immune competence, 
essential responses for protection of  the 
host against pathogens and developing 
tumours. This is a particularly relevant 
endpoint for ABC exposure as infectious 
disease is a major cause of  child mortality 
in developing countries. Studies have 
demonstrated that repeated (one hour daily 
for four days) nose-only inhalation exposure 
of  rats to wood smoke reduced clearance 
of  infectious bacteria (Staphylococcus 
aureus) from the lungs (Zelikoff  2000). 
The smoke concentration used in that 
study closely resembled the concentration 
found indoors during operation of  a poorly 
vented fireplace, or under extreme living 
conditions in developing countries where 
open fires are used domestically for heating 
or cooking (PM=750 µg/m-3). The effect on 
pulmonary bacterial clearance, beginning 
as early as three hours post-exposure and 
continuing for up to 10 days, occurred in 
the absence of  any lung pathology, lung 
cell damage or inflammation. The lack of  
lung pathology is similar to that observed 
by Reed and others (2006) in studies in 
which rats and mice were exposed for longer 
time durations (one week or six months) 
to hardwood smoke (HwS) generated 
from an uncertified wood stove. Studies 
evaluating the effects of  particle-free wood 
smoke effluents on bacterial clearance have 
demonstrated the need for the particulate 
phase to bring about the observed effects 
(Zelikoff  and others 2002). These studies 
demonstrate that even short-term exposure 
to wood smoke can compromise pulmonary 
immune mechanisms that are critical to host 
protection against infectious lung pathogens. 
In addition, they may help explain the 
increased levels of  child morbidity and 
mortality from infectious disease in 
developing countries.

Two rodent studies, recently published by 
investigators at the Lovelace Respiratory 
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Research Institute (LRRI), have examined 
the health effects of  repeated wood smoke 
exposure, using a range of  exposure 
concentrations below those commonly 
found indoors in developing nations (Reed 
and others 2006, Barrett and others 2006). 
Studies by Barrett and others (2006) 
investigated the ability of  repeated smoke 
exposure to exacerbate allergic airway 
responses in already sensitized mice. 
Findings from this study demonstrated 
that in the absence of  tissue inflammation, 
a three-day exposure to wood smoke 
following the final allergen challenge could 
exacerbate some indices of  allergic airway 
inflammation. The authors concluded that 
the effects on allergic airway parameters 
were comparable to the effects observed with 
other ABC-related pollutants (for example, 
diesel exhaust). These studies suggest the 
possibility that wood smoke constituents 
could exacerbate respiratory diseases, such 
as asthma, in ABC-exposed individuals.

Cell culture mechanistic studies
Although toxicological studies in cell 
culture are not the primary focus of  this 
report, the results of  several such studies 
are briefly described, inasmuch as they 
contribute to a better understanding of  all 
potential health impacts of  wood smoke 
pollution. A study by Bhattacharyya and 
others (1998) examining the effects of  
wood smoke exposure on rabbit tracheal 
explants demonstrated degeneration of  the 
mucociliary epithelial sheath, similar to that 
observed in test animals following acute and 
repeated inhalation exposure to wood smoke. 
A cell culture study performed by Rao and 
others (1995) suggested ocular toxicity of  
wood smoke exposure via smoke metabolite-

induced opacification and lens hyperplasia, 
hypertrophy and epithelial cell multi-
layering. Thus, in addition to the respiratory 
effects almost expected following wood 
smoke exposure, a possibility also exists that 
wood smoke may also cause adverse ocular 
effects.

10.3.5 Sand Dust
Controlled human studies and animal 
toxicology
Increased dust cover has been associated in 
epidemiological studies showing increased 
pediatric asthma admissions (Gyan and 
others 2005). Specifically, the Asian yellow 
dust (Kosa) aerosol, originating in the 
Gobi Desert in the spring, appears closely 
associated with an increase in daily mortality 
in South Korea and China as well as causing 
cardiovascular and respiratory problems in 
exposed individuals. Thus, while there are 
no controlled human studies available for 
discussion, there exist a few animal studies 
that can provide a better understanding 
of  these epidemiological findings. In a 
recent study, mice were intra-tracheally 
instilled at four weekly intervals with Kosa 
dust samples (up to 0.20 mg per mouse) 
from two different desert regions (that is, 
Maowusu Desert in Inner Mongolia and 
Shapotou Desert in China), and a sample 
of  natural Asian dust (NAD) from the 
atmosphere in Beijing during a dust storm 
(Ichinose and others 2005). Findings from 
this study demonstrated that in all cases, 
Kosa samples dose-dependently produced 
bronchitis and alveolitis and increased 
levels of  pro-inflammatory mediators in 

Animal studies suggest that wood 
smoke exposure may exacerbate 
respiratory diseases, such as 
asthma, in ABC- exposed individuals

Rodent studies demonstrate that 
exposure to wood smoke can 
compromise pulmonary immune 
mechanisms critical for host 
protection against infectious lung 
pathogens
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the lungs, with the degree of  inflammation 
being greatest in mice treated with NAD. 
Moreover, animals treated with NAD also 
showed slight granulomatous changes 
(typical of  silicosis or pneumoconiosis) in 
the lungs. It was concluded that because the 
mineral content between the samples was 
similar, differences in inflammatory potency 
between the samples could have been due 
to discrepancies in microbiological materials 
(that is, beta-glucan, an integral part of  
bacterial, fungal and plant cell walls) and/or 
to chemicals that were adsorbed on the Kosa 
dust in the atmosphere.

In a more recent study, the same 
investigators (Ichinose and others 2006) 
demonstrated that instilled Asian sand 
dust could worsen dust mite allergen-
induced allergic reaction (as marked by 
inflammation) in exposed mice, by enhancing 
eosinophil migration and increasing 
those mediators important for eosinophil 
recruitment into the airways. Potency 
differences between the dusts seemed to be 
related to the concentration of  beta-glucan, 
suggesting sand-associated microbial 
contamination as an underlying mechanism. 
The results of  this study raise the question 
as to whether sand dust, an ABC component, 

of  fine-sized sand dust particles to affect 
adversely both normal and compromised 
airways.

10.3.6 Nitrogen dioxide and sulphur 
           dioxide
Controlled exposure studies in animals 
and human subjects have typically 
demonstrated adverse pulmonary changes 
only at exposure concentrations that are 
at least an order of  magnitude greater 
than ambient levels. Healthy individuals 
have routinely demonstrated no pulmonary 
function decrements after acute exposure 
at 300-600 ppb NO2. Animal studies have 

Asian sand dust could worsen dust 
mite allergen-induced allergic 
reactions 

might be implicated in the exacerbation 
of  human asthma and whether a warning 
concerning Asian sand dust effects on 
allergic respiratory disorders in the eastern 
Asian region should be considered. while 
this study used doses of  dust and route of  
exposure that were not ABC-relevant, its 
findings, taken together with results from 
another study which demonstrated a dust-
induced local and systemic inflammatory 
response in pulmonary hypertensive rats (Lei 
and others 2004), clearly showed the ability 

Toxicologyical studies 
demonstrate adverse pulmonary 
changes only at NO2 exposure 
concentrations that are at least 
an order of magnitude greater 
than ambient levels

shown adverse pulmonary function changes 
and pulmonary inflammation, but only at 
higher concentrations. Morphologic changes 
in epithelial cells have been observed in 
rodents repeatedly exposed to 500 ppb 
NO2 with daily intermittent spikes, thus 
suggesting that pulmonary function changes 
may not reflect underlying pathological 
changes that are produced by chronic low-
dose exposure to NO2.

10.4 CANCER
All of  the experimental studies described 
in this section have utilized either animal 
models or cell culture, as no studies using 
cancer as an endpoint have been performed 
in humans.

10.4.1 Diesel and motor vehicle
           exhaust 
Human epidemiology and animal studies
Studies evaluating the human carcinogenicity 
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of  whole gasoline engine exhaust conflict 
with most chronic animal exposure studies 
by giving negative results. They also conflict 
with other shorter-term investigations that 
have revealed tumour formation following 
mouse skin painting or after sub-cutaneous 
injection or intra-tracheal instillation of  
gasoline extracts. Based on these data, the 
International Agency for Research on Cancer 
(IARC) (1989) concluded that there was 
inadequate evidence for carcinogenicity in 
experimental animal models. In contrast, DE 
has been shown to produce lung tumours in 
rats in a number of  studies (Brightwell and 
others 1989). Still, controversy surrounds the 
extrapolation of  these findings to humans 
as cancer occurred only at relatively high 
exposure concentrations at which lung 
clearance of  inhaled particles was impaired 
in rats (Hesterberg and others 2005). In 
addition, the induction of  tumors by DE 
appeared to be species-dependent since 
tumours were not observed after chronic DE 
exposure in mice or hamsters (Brightwell and 
others 1989, Mauderly 2002). Nevertheless, 
research has clearly demonstrated that 
emission particles from both diesel and 
gasoline fuel types produce mutagenicity 
(Seagrave and others 2002), with the 
relative degree of  mutagenesis dependent 
not only on the fuel type but also on the 
operating characteristics of  the engine. To 
reach an accurate conclusion concerning 
the carcinogenicity of  diesel and gasoline 
vehicle emissions, more studies are strongly 
recommended, given the carcinogenic 
nature of  many of  the individual gasoline 
emission constituents (for example, benzene), 
potent genotoxicity of  the emissions, and 
high concentrations of  vehicle-associated 
pollutants in developing countries.

Cell culture studies
Inasmuch as the genotoxicity studies 
of  gasoline vehicle emissions raise 
serious questions regarding the lack 
of  carcinogenicity observed in the 
aforementioned animal studies, these 

investigations will be discussed and 
should be considered when defining the 
carcinogenic risk associated with ABCs. 
A study in China (Ye and others 1999) 
examined the mutagenic and genotoxic 
effects of  diesel and scooter exhaust 
particles, as well as gasoline engine 
emission condensate. All materials 
were mutagenic in the Ames Salmonella 
test, and they induced chromosomal 
aberrations in the mouse micronucleus 
assay and increased the incidence of  cell 
transformation. Taken together, these 
studies, which demonstrated the ability 
of  whole gasoline emissions and/or their 
particles to damage DNA and cause cells 
to take on a “more malignant phenotype”, 
provided evidence of  the potential 
carcinogenicity of  ABC-related vehicle 
exhaust constituents.

10.4.2 Ambient PM
Despite the epidemiological evidence 
linking chronic PM exposure with the global 
incidence of  lung cancer (Cohen and others 
2005), only a small number of  research 
studies have addressed the mutagenicity 
of  ambient PM, and there has been no 
research on its carcinogenic potential in 
animal studies. Mutagenicity studies have 

Toxicological studies 
demonstrate adverse pulmonary 
changes only at NO2 exposure 
concentrations that are at least 
an order of magnitude greater 
than ambient levels

A small number of research studies 
have addressed the mutagenicity of 
ambient PM, and there has been no 
research on its carcinogenic potential in 
animal studies.
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clearly demonstrated that ambient PM 
can produce mutagenic effects in bacterial 
test systems and in cell culture. These 
studies have identified an association 
between mutagenicity and the extractable 
organic compounds in ambient PM, and 
between mutagenicity and PM-induced 
oxidative stress. Toxicological studies are 
critically needed to better understand the 
epidemiological findings and to predict 
accurately the cancer risk associated with 
ABC-related PM.

10.4.3 Fossil fuel burning 

The few available animal studies have 
resulted in conflicting findings regarding the 
carcinogenicity of  CFA. Inhalation exposure 
of  mice and rats to coal smoke emissions 
for 15 and 19 months, respectively, resulted 
in 89.5 per cent of  the mice and 67.2 per 
cent of  the exposed rats (compared to 17 
and 0.9 per cent for control mice and rats, 
respectively) having malignant lung tumours 
(Liang and others 1988). Support for these 
findings came from a study by Mumford and 
others (1990), which demonstrated smoky 
coal extracts as a potent and complete 
carcinogen. while the results of  these 
studies suggested that coal smoke may be a 
highly significant risk factor for lung cancer, 
no malignant lung tumours were observed 
in male hamsters that were intra-tracheally 
instilled for 15 weeks with suspensions 
of  CFA (Persson and others 1988). Thus, 
the carcinogenicity of  CFA remains to be 
determined. However, given the toxic and/or 
carcinogenic constituents of  ash, caution 
should be used in assessing risk in relation 
to ABCs.

10.4.4 Biomass burning 

The few experimental animal studies that 
have investigated the carcinogenic and/or 
genotoxic potential of  wood smoke and/or 
smoke extracts have found these to be a 
relatively weak carcinogen, if  at all. A study 
by Liang and others (1988) compared the 

carcinogenic potential of  wood smoke with 
that of  coal smoke (see Section 10.4.3). 
In this field study, mice and rats were 
chronically exposed to smoke generated 
from burning wood and coal. Burning was 
carried out in round shallow pits in individual 
rooms that were meant to simulate the 
dwellings of  villagers in Xuan County in 
China. The patterns and intensity of  burning 
were also simulated. In comparison to 
coal smoke, wood smoke proved to be a 
weak carcinogen, based on the number of  
malignant and pre-malignant pulmonary 
lesions observed. Differential effects between 
wood and coal have also been observed in 
a mouse skin tumour study that compared 
the effects of  organic extracts from smoky 
coal and wood combustion (Mumford and 
others 1990). In this case, particle extracts 
from wood smoke proved relatively inactive. 
The weak carcinogenic effects observed in 
an early study by Liang and others (1988) 
were in line with those reported more 
recently by Reed and others (2006), who 
demonstrated that inhalation of  relatively 
low concentrations of  wood smoke for six 
months failed to increase lung tumours 
significantly in exposed mice (as compared 
to controls). while the carcinogenic potential 
of  wood smoke is still being debated, based 
upon experimental and epidemiological 
studies (Straif  and others 2006), an IARC 
working group has recently concluded that 
emissions from household combustion of  
biomass fuel (mainly wood) are probably 
carcinogenic to humans (IARC Group 2A). 
Long-term inhalation studies that employ 
state-of-the-art exposure systems and smoke 
concentrations relevant to those found in 
developing countries are needed to define 
clearly the carcinogenic potency of  inhaled 
wood smoke.

Cell culture mechanistic studies
As genotoxicity is often associated with 
carcinogenicity, mechanistic insight provided 
by cell culture studies might help clarify 
the carcinogenic potential of  wood smoke, 
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if  any. This is discussed here. A number 
of  early studies have shown wood smoke 
condensates or extracts to be mutagenic 
in bacterial systems (Hytonen and others 
1983, Alfheim and others 1984). In addition, 
Leonard and others (2000) demonstrated 
that wood-generated liquefied wood smoke 
induced phagocyte-mediated free radical 
generation, DNA damage and cytokine 
release. when combined with hydrogen 
peroxide, liquefied wood smoke caused 
hydroxyl radical-induced DNA damage 
that was ameliorated by co-exposure to 
a hydroxyl radical scavenger or a metal 
chelator. These cell culture studies 
demonstrated that free radicals produced 
by wood smoke, through the reaction of  iron 
ions with hydrogen peroxide, can produce 
genetic and/or cell damage that could 
potentially result in carcinogenesis.

10.4.5 Sand dust
No animal studies were found regarding 
the carcinogenic potential of  sand dust. 
However, a single study evaluating the 
induction of  genetic damage by sand dust 
storm fine particles (PM2.5) or their extracts 
has demonstrated a dose-dependent 
increase (as compared to a control) in 
the frequency of  micronuclei in human 
blood lymphocytes exposed in cell culture 
studies. A similar enhancement was also 
seen following exposure of  cells to ambient 
PM of  the same mass median diameter, 
suggesting that sand dust may be similar to 
other fine particles in its genotoxic potential. 
In general, studies evaluating the health 

International Agency for 
Research on Cancer (IARC ) 
has recently concluded that 
emissions from household 
combustion of biomass fuel 
are probably carcinogenic to 
humans

effects associated with inhaled sand dust are 
severely lacking, as pointed out in this and 
other sections of  this chapter. As a result 
of  these knowledge gaps, the actual human 
health risks associated with ABC-relevant 
sand dust and sand particles, in general, 
have yet to be determined. 

10.4.6 Nitrogen dioxide and sulphur
           dioxide
Little or no attention has been paid to 
the mechanisms of  action of  these two 
gaseous airborne pollutants, when inhaled, 
at ambient or ABC-relevant concentrations, 
and their potential carcinogenicity. Thus, no 
relevant studies are available.

Actual human health risks 
associated with ABC-relevant sand 
dust remain to be determined 

Little or no attention has been paid to 
the potential carcinogenicity of NO2 or 
SO2 at ABC-relevant concentrations

10.5 REPRODuCTIvE AND 
        DEvELOPMENTAL OuTCOMES

This section will parallel the foregoing 
sections on disease and deal with the 
pollutants in the same order. Emphasis 
will be placed on early-life (pre-natal) 
insult resulting in adverse reproductive 
or developmental outcomes, such as pre-
term birth and low birthweight. while these 
health outcomes represent (potentially) 
devastating consequences, studies regarding 
ABC-relevant air pollutants are only now 
beginning to emerge. More reproductive and 
developmental studies are urgently needed 
to identify the risks of  air pollutant exposure 
among pregnant women in developing 
countries.
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10.5.1 Diesel and motor vehicle 
           exhaust 
Controlled human and animal studies
while only a handful of  studies have 
examined the reproductive outcomes 
of  DE, these investigations have clearly 
demonstrated adverse reproductive 
outcomes in test animals. For example, in 
utero exposure of  rodents to a relatively low 
DE concentration (0.17 mg m-3) reduced 
the testicular cell and sperm number in 
male offspring (watanabe 2005). At higher 
exposure concentrations, changes in 
immune- and endocrine-related genes have 
been observed in the placenta of  exposed 
animals during early and late gestation, 
respectively (Fujimoto and others 2005). 
However, sub-chronic exposure of  rodents 
to a particular DE fuel (PuriNO(x) diesel 
fuel emulsion) failed to produce any adverse 
reproductive or developmental outcomes 
(Reed 2005).

In an early study, Stupfel (1976) examined 
the effects of  inhaled ultraviolet-irradiated 
and non-irradiated automobile exhaust 
on pulmonary and reproductive outcomes 
in mice. Animals exposed to the highest 
concentration of  irradiated exhaust 
demonstrated decreased numbers and size 
of  litters along with reduced post-natal 
survival. Pre-exposure of  males, before 
pairing, to irradiated auto exhaust reduced 
conception by normal females with whom 
they were mated. In addition, smaller litters 
and increased fetal resorptions were also 
noted in females mated with pre-exposed 
males. Given the reproductive and fetotoxic 
effects of  many gasoline constituents (for 
example, benzene) more studies are critically 
needed to clarify the reproductive and/or 
developmental toxicity of  inhaled gasoline 

exhaust, particularly in developing countries 
where the number of  poorly-maintained vehicles 
is rising.

10.5.2 Ambient PM
Despite epidemiological studies demonstrating 
an association between ambient PM and 
low birthweight (LBw) and pre-term delivery 
(PTD), there are no available toxicological data. 
However, given the strong human data, the 
devastating health outcomes associated with 
LBw and PTD, and the vulnerable populations 
affected by ABCs, toxicological studies 
demonstrating the biological plausibility of  
such associations, as well as the mechanisms 
by which these effects might have occurred, 
are urgently needed to better understand the 
reproductive and developmental outcomes 
associated with exposure to ABC particles.

10.5.3 Fossil fuel
Controlled human and animal studies
No controlled human studies have been 
identified, and animal studies on the effects of  
CFA on reproductive or developmental outcomes 
are rare. In an early study by Srivastava and 

Investigations have clearly 
demonstrated adverse 
reproductive outcomes of diesel 
exhaust in test animals

others (1990), in which pregnant rats were 
intratracheally administered an extremely 
high dose of  CFA for six consecutive days and 
sacrificed on day 20 of  the gestation period, 
various organs of  both the mother and fetus 
were found to contain substantial amounts 
of  CFA-associated metals. In addition, fly 
ash instillation appeared to retard growth of  
both the fetal heart and liver. Given the rapid 
population expansion in ABC-affected countries 
and the compelling nature of  this single study, 
additional toxicological studies are critically 

Additional studies are 
needed to understand better 
the reproductive and (or) 
developmental consequences 
of ambient PM and CFA in 
ABC-exposed populations
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needed to better understand the effects of  
CFA and the reproductive consequences in 
ABC-exposed populations.

10.5.4 Biomass burning 
Controlled human and animal studies
Despite the epidemiological associations 
between biomass burning and adverse 
pregnancy outcomes (such as, LBw and 
PTD), no biomass-specific controlled human 
or animal studies that deal with reproductive 
endpoints have been performed. However, 
data from studies examining PM from 
other sources could potentially be used 
to study the effects produced by biomass 
burning. Even in China where biomass use 
is extremely prevalent, there is inadequate 
scientific and regulatory attention to 
experimental animal studies that could 
provide biological plausibility for the 
epidemiological findings.

10.5.5 Sand dust 
Controlled human and animal studies
As no toxicological studies have been 
performed, it is unknown if  inhaled sand 
dust impacts reproduction in exposed 
individuals or not. Clearly studies that 
examine such outcomes are needed to 
identify the health impacts of  a problem that 
plagues many ABC-affected countries.

10.5.6 Nitrogen dioxide and sulphur 
           dioxide 

Controlled human and animal studies
Although both gases have been shown to 
affect reproductive and developmental 
outcomes in test animals, the relative 
importance of  these findings to ABCs 
is unclear as the experimental exposure 

concentrations were greater than typical 
ambient concentrations.

10.6 SuMMARY - NOTING GAPS IN 
        kNOWLEDGE
This section provides biological plausibility 
for the potential health effects that may 
result from ABC exposure by defining 
some of  the major disease consequences 
associated with individual components 
of  ABCs. The health effects of  ABC-
associated pollutants range from simple 
irritation to extreme toxicity, such as 
cancer, respiratory disease (including 
chronic obstructive pulmonary disease 
and asthma), cardiovascular ailments, and 
infectious disease probably resulting from a 
compromised immune system. Because few 
toxicology studies have directly examined 
the health effects of  ABCs, data on adverse 
health effects have been collected from 
research on relevant ABC components. As 
it is assumed that human populations may 
be exposed to ABCs for extended durations, 
the main emphasis of  toxicology research 
should be on long-term, low-dose studies 
that take into account the inhalation route of  
exposure to motor vehicle exhaust, ambient 
particulate matter (with emphasis on fine 
and UF particles), coal combustion products 
(particularly fly ash), biomass emissions, 
and sand dust. while gases, such as NO2 
and SO2, are also relevant to ABCs, health 
outcomes from these pollutants are less 
important than those from particles (alone 
or with adsorbed gases) that may underlie 
the majority of  observed effects.

As detailed in the other sections, 
an important aspect of  ABCs is the 
atmospheric chemistry associated with 
long-range transport. Because this transport 
may be extended (for example, from local 
up to inter-continental scales), the products 
of  such long-term chemical transformations 
in the atmosphere are likely to have a 
different toxicity level, than the freshly 

Inadequate scientific and policy attention 
has been given to experimental animal 
studies on the reproductive effects of 
biomass smoke, sand dust, NO2 and SO2 
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generated particles and gases used in nearly 
all human and animal toxicology studies. 
Toxicology studies have demonstrated 
varying toxicity between freshly generated 
atmospheres versus aged atmospheres, but 
due to technical limitations, such studies 
have only looked at particulate and gaseous 
atmospheres that have been aged in the 
range of  minutes. The possibility of  ageing 
particles in the range of  days, however, is 
being developed and should be considered 
when evaluating ABC-relevant materials.

Cardiovascular disease has been associated 
with exposure to diesel and motor vehicle 
exhaust, ambient PM, and products of  
biomass burning. In experimental animals, 
cardiac factors associated with vascular 
remodelling and oxidative stress are 
increased in gasoline emission-exposed 
mice, and both may contribute to the 
progression of  atherosclerosis and/or 
reduced stability of  vulnerable plaques in 
exposed, compromised individuals. Exposure 
to ambient PM has been associated with 
cardiovascular disease in experimental 
animals and changes in vascular coagulation 
factors and heart rate variability in exposed 
humans. Components of  biomass burning 
emissions have also been associated with 
adverse cardiac effects, both in controlled 
human studies and in experimental animal 
models. while these data provide compelling 
evidence of  a link between exposure to 
many ABC-relevant contaminants and heart 
disease, more studies that employ long-
term, low-dose exposures (with both fresh 
and aged particles and gases) are needed 
to better reflect the scenario experienced 
by ABC-exposed individuals. The lack of  
studies concerning the impact of  other 
ABC-relevant pollutants, such as coal 
combustion products, on the induction and/
or exacerbation of  cardiovascular disease 
is of  great concern as it could lead to 
potential underestimation of  risk to exposed 
populations.

Respiratory disease and/or dysfunction has 
been associated with exposure to diesel and 
motor vehicle exhaust, ambient PM, CFA 
(fine and UF fractions, in particular), sand 
dust, products of  wood burning, and both 
NO2 and SO2. Controlled human studies have 
demonstrated that acute exposure to DE 
particles causes pulmonary inflammation 
and increases in biological mediators 
of  inflammation in bronchial tissue. In 
general, animal experiments have clearly 
demonstrated a role for DE in allergic airway 
disease that is highly relevant to ABC-
exposed individuals. A respiratory impact 
from gasoline vehicle exhaust and CFA has 
also been demonstrated in animal studies. 
Acute exposures of  experimental animals to 
intact wood smoke emissions has resulted in 
extensive pulmonary pathology, diminished 
pulmonary immunity and reduced bacterial 
clearance, oxidative stress, and decreased 
lung function. Repeated exposures to wood 
smoke in experimental animals have resulted 
in shedding of  the lung epithelial lining, 
pulmonary edema, and peribronchiolar and 
perivascular infiltration of  inflammatory 
cells. These appear to progress with 
repeated smoke exposures. Further studies 
have demonstrated that even short-term 
exposure to wood smoke can compromise 
pulmonary immune mechanisms critical 
for host protection against infectious lung 
pathogens and that the constituents of  
ABC-related wood smoke could exacerbate 
respiratory diseases, such as asthma, in 
exposed individuals.

Because of  the potent genotoxicity of  
gasoline emissions, an IARC report (1989) 
declared gasoline engine exhaust to be 
“possibly carcinogenic to humans”. The 
high concentrations of  vehicle-associated 
pollutants in ABC-affected countries suggest 
that additional toxicological studies are 
needed so that an accurate assessment 
of  carcinogenic risk can be made. The 
carcinogenic potential of  other ABC-
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relevant constituents, such as wood smoke, 
is still debatable and studies in animals 
are extremely limited. Also, no toxicology 
studies have addressed the relationship 
between long-term exposure to ambient 
PM and an increase in lung cancer, despite 
epidemiological evidence linking them. 
Long-term inhalation studies that employ 
state-of-the-art exposure systems and smoke 
concentrations relevant to those found in 
ABC-affected countries are needed to define 
precisely the potential carcinogenicity of  
inhaled PM, as well as that of  smoke from 
wood and other biomass fuels.

Studies examining the effects of  ABC-
related pollutants on reproductive and/or 
developmental outcomes are seriously 
lacking, despite the increased vulnerability 
of  pregnant women, the unborn fetus, and 
young children to toxic and carcinogenic 
chemicals. Experimental animal studies 
that expose pregnant, young animals 
or compromised animal models to ABC 
pollutants emphasized in this report could 
provide a wealth of  pertinent information.

As a whole, the aforementioned studies 
have provided biological plausibility for the 
likely health impacts of  several ABC-related 
pollutants, including gasoline and diesel 
motor vehicle emissions, coal combustion 
products, biomass fuels (specifically wood 
smoke), sand dust, and NO2 and SO2. They 
have also revealed many gaps that need to 
be filled so that an accurate assessment 
of  risk to ABC-exposed populations 
can be defined. Moreover, it is obvious 
from the cited studies that in addition 
to cardiovascular ailments, respiratory 
disease, cancer and reproductive difficulties, 
exposure to many ABC-related pollutants can 
compromise local and/or systemic immune 
defense mechanisms leading ultimately 
to immune suppression and an increased 
susceptibility of  the host to infectious 
disease. Such a situation could provide an 
explanation for the excessively high levels of  

infection-induced morbidity and mortality in 
children from developing countries. 

10.7 RECOMMENDATIONS 
1. Studies of  a combination of  inhaled ABC 
constituents, at concentrations relevant to 
exposed populations, should be carried out 
using rodent models. Such studies would 
utilize a “laboratory-synthesized model 
mixture” of  combustion products that 
closely reflects the chemistry of  ABCs, and 
would be extremely valuable in identifying 
particular components that might be 
responsible for any observed adverse health-
related outcomes (for example, reproductive 
effects, genetic instability, cardiovascular 
effects, and/or tumour induction).
  
2. If  further studies indicate that the major 
constituents of  ABCs are from biomass 
burning, and given that only a handful of  
animal studies have been carried out on 
the toxicological implications of  emissions 
from wood, agricultural by-products or 
dung, there is a need to conduct long-term, 
low-dose inhalation studies examining the 
effects and underlying mechanisms of  action 
of  biomass materials (as a whole effluent 
rather than as individual constituents). These 
studies should focus on long-term exposures 
(that is, three to nine months) rather than 
acute exposure durations, as they more 
closely reflect human exposure to ABC 
constituents. In addition, there is a need 
to develop standardized smoke generation 
methods from biomass fuels for use in 
animal inhalation studies.

3. There is a need for studies on the 
comparative toxicity of  aged versus freshly 
generated test atmospheres, as well as on 
the development of  technologies to generate 
these aged test atmospheres.

4. Very few controlled human inhalation 
studies on biomass smoke have been 
performed. Such studies can provide 
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important clues regarding mechanisms and 
short-term exposure-response relationships 
and are thus warranted.

5. As most childhood mortality in developing 
countries that rely on biomass fuels for their 
essential needs (that is, cooking and heating) 
is associated with infectious disease, there 
is a need to carry out inhalation studies 
that examine the susceptibility of  the 
exposed animal model to selected infectious 
agents relevant to those causing disease 
in developing countries (for example, 
pneumonia).

6. There is a need for inhalation studies 
of  biomass materials to examine adverse 
pulmonary and systemic outcomes, such 
as COPD, asthma, increased incidence of  
infectious disease, and cancer associated 
with inhaled particulate matter and relevant 
gases. These studies should be performed 
in genetically-different rodent strains to 
identify differences in susceptibility. To 
determine biomass-induced effects in 
susceptible sub-populations, there is a 
need to examine studies that incorporate 
compromised animal models (for 
example, immunosuppressed, bronchitic, 
atherosclerotic or nutritionally-deficient 
animals), as well as both genders at different 
ages (juvenile to adult).  

7. As some of  the toxicological studies being 
used for data extrapolation to ABCs (for 
example, studies on the effects of  particulate 
matter) demonstrate dramatic effects on 
fetal health, such as pre-term delivery and 
low birthweight, there is a need to conduct 
studies on the effects of  pre-natal exposure 
to “modelled” ABC effluents, individual ABC 
components, and/or biomass smoke, in 
order to determine fetal susceptibility and 
ABC-induced effects on pregnant women and 
unborn fetuses.

8. A careful characterization of  real world 
exposure levels needs to be carried out to 
ensure the relevance of  animal studies. 
Possibly, a workshop should be organized 
among ABC exposure assessment scientists 
and investigators assessing human health 
effects.

10.8 CONCLuSIONS

1. Studies of  human health outcomes 
related specifically to ABC aerosol mixtures 
are lacking.

2. Animal studies have established biological 
plausibility for the causal significance of  
some epidemiological associations and 
have provided information concerning the 
mechanisms of  toxicity and relative toxicity 
of  different mixtures and sources.

3. Many ABC pollutant constituents (at 
ABC-relevant concentrations) are associated 
with causing and/or exacerbating serious 
illnesses, including cancer, respiratory 
diseases (for example, asthma), 
cardiovascular ailments, and infectious 
disease, probably by suppressing the 
immune response.

4. The unique characteristics of  ABCs and 
the increased vulnerability of  potentially 
exposed populations place those individuals 
at greater risk of  disease, than those 
exposed to polluted urban environments.
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chApter 11
QuAntiFying the heAlth impActs oF 
Atmospheric Brown clouds

11.1 INTRODuCTION

The health impacts associated with exposure 
to ambient air pollution have been assessed 
in terms of  the types of  pollutants, air 
quality standards, and the affected regions 
worldwide. For example, in a recent estimate 
of  the global burden of  disease (GBD) by the 
world Health Organization (wHO), outdoor 
air pollution was found to account for almost 
one million deaths per year, approximately 
1.4 per cent of  total worldwide mortality, 
0.5 per cent of  all disability-adjusted 
life years (DALYs), and 2 per cent of  all 
cardiopulmonary disease mortality (Ezzati 
and others 2002, wHO 2002, Cohen and 
others 2004). These estimates of  the global 
disease burden were based primarily on the 
effects of  fine particulate air pollution on 
increased mortality in adults and children.

Prior to the GBD study, there were several 
estimates of  the health benefits associated 
with reducing population exposures to 
air pollution. Ostro and Chestnut (1998) 
generated estimates of  the health 
benefits associated with the United States 
Environmental Protection Agency’s (US EPA) 
proposed standards for PM2.5, while the US 
EPA conducted a regulatory impact analysis 
of  the recently promulgated national 
ambient standard (EPA 2006). Health impact 
estimates were developed for 12 European 
countries (APHEIS 2004) and for cities 
in developing countries, such as, Mexico 
City (world Bank 2002). An assessment 
of  the health impacts of  air pollution and 
the potential benefits of  current and future 
control strategies in Europe, under the Clean 
Air for Europe (CAFE) programme (Pye and 
watkiss 2005, Amann and others 2004), 
was conducted. Additional methodological 

guidance for estimating the health effects 
of  air pollution is provided by Ostro (2004), 
the United States National Research Council 
(NRC 2002) and the wHO (wHO 2001).

All these efforts use concentration-response 
functions culled from epidemiological 
literature, relating predicted changes in 
air pollution to increases in mortality and 
morbidity.

11.2 SuMMARY OF THE METHOD 

For a given city, country or region, a 
quantitative assessment of  the health 
impact of  outdoor air pollution is based 
on four components, as follows: (1) change 
in air pollution concentrations, (2) size 
and composition (for example, age profile) 
of  population groups exposed to current 
levels of  air pollution, (3) background 
incidence of  mortality and morbidity, and 
(4) concentration–response (CR) functions. 
These are briefly discussed in the following 
section.

11.2.1 Change in air pollutant 
concentrations

One input for the assessment is the relevant 
change in exposure of  the population to 
ambient pollution, based either on existing 
fixed-site monitors or on model-based 
estimates. Ideally, these concentrations 
are from several recent years of  complete 
data (to reduce the influence of  an atypical 
year or season) from monitors that are 
reasonably representative of  population 
exposure. The monitors should not be 
unduly influenced by local sources, such 
as a nearby highway, factory or power 
plant; rather, the monitors should reflect 
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exposures over a wide area. Typically, fixed-
site, population-oriented monitors have 
been averaged across a metropolitan area 
to characterize air quality in epidemiological 
studies. Therefore, a similar metric should 
be used in the health impact assessment. 
Besides the current concentration, the 
analyst needs to determine counterfactual 
factors, such as the background or reference 
concentration, to determine the change 
in the air pollutant concentrations being 
evaluated. The background level is the 
“natural” concentration of  the pollutant 
without the influence of  any man-made 
pollution. The reference concentration can be 
an air pollution standard or a goal developed 
by wHO, US EPA or other government 
institutions. As an alternative, some analysts 
have simply estimated the impact of  
assumed percentage reduction from current 
levels, like 10-20 per cent.

11.2.2 Size and composition of the
           population group exposed to
           current levels of air pollution
The size and composition of  the population 
exposed to the change in ambient 
concentrations are the second data 
requirement for the assessment. Ideally, 
these data can be obtained at the local level 
from census information or other available 
sources. In addition, baseline demographic 
data on sub-groups is often useful since 
some of  the concentration-response 
functions are specific to certain sub-groups 
(for example, the elderly, asthmatic people, 
infants and children). The estimates of  the 
effects of  long-term exposure on mortality 
are applied to people aged over 30 and 
above, since this is the approximate age 
range of  the cohorts in the original studies.

11.2.3 Background incidence of 
           mortality and morbidity
Since epidemiological studies typically 
estimate relative risk (that is, the percentage 
change in health effects per unit of  
pollution), the third input for the assessment 

is the underlying incidence rate of  the health 
effect being estimated (for example, the 
underlying mortality rate in the population, 
in deaths per thousand people). Ideally, 
these data can be obtained through local 
surveillance efforts. As an alternative, some 
analysts have used the baseline rates from 
the original epidemiological studies. In this 
case, however, additional uncertainty is 
introduced in the application of  data from a 
specific area to another city or country.

11.2.4 Concentration–response (CR) 
           functions
The fourth input is a statistical relationship 
as shown in epidemiological literature that 
relates ambient concentrations of  pollution 
to a selected health effect. The quality of  
the risk assessment depends in part on the 
following: (1) accuracy of  the CR functions, 
(2) applicability of  these functions to 
locations and times other than those for 
which they were originally estimated, (3) 
extent to which the CR function is applied 
beyond the range of  concentrations for 
which it was originally estimated, and (4) the 
number of  health outcomes specified. These 
are discussed in detail in Ostro (2004).  The 
available epidemiological evidence has been 
discussed in Chapter 9). 

11.2.5  Calculating risks
In quantifying the mortality effect, the 
relative risk (RR) or increase in risk for the 
population with a higher level of  exposure 
can be specified, as follows: 
RR = exp(ß*dX) 
where:
ß   = estimated regression coefficient from 
CR function 
dX = predicted change in concentration of  
PM2.5

The proportion of  all mortality that can 
be attributed to exposure to ambient air 
pollution, or attributed risk (AR), can be 
calculated as:
AR = (RR - 1)/RR  
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To calculate the expected number of  
mortality cases due to air pollution (EM), the 
AR is applied to the total number of  deaths 
in the population: 
EM = AR × Mo × P 
where:
E  =  the expected number of  deaths due to 
outdoor air pollution
Mo =  the population incidence of  the given 
health effect (that is, deaths per 1,000  
people)
P =  the exposed population relevant to the 
health effect

11.3 MODEL ASSuMPTIONS 
        AND/OR INPuTS uSED IN THIS 
        ESTIMATION

11.3.1 Exposure change 
In order to estimate the magnitude of  the 
potential effects of  ABCs on mortality in 
China and India, increases in anthropogenic 
PM2.5 concentrations of  20 mg/m3 and 
40 mg/m3 were used, based on previous 
studies (Adhikary and others 2007; Mayol-
Bracero and others 2002) and supported 
by calculations carried out using a regional 
aerosol-chemistry model with assimilated 
satellite aerosol data (Adhikary and others 
2008; see figure 2.10).

11.3.2 Population impacted
The assumption that approximately half  
of  the population of  China and India are 
exposed to this increase in PM2.5 gives a 
general indication of  the potential impacts 
of  ABCs.  China and India are assumed to 
have a population of  1.306 billion and 1.094 
billion, respectively, in 2005. (US Census 
Bureau 2006).  Of  the total population in 
each of  these two countries, the over 30 age 
group is estimated to be 54.1 per cent and 
40.4 per cent, respectively, thus placing the 
exposed adult population at 353 million and 
221 million, respectively.  

11.3.3 Baseline health data
Baseline mortality data for the impacted 
countries were obtained from the 
Department of  Measurement and 
Information of  the world Health Organization 
(wHO 2004) for 2002, the most recent 
year for which data were available. The 
health database provides data on crude 
cardiovascular mortality rates for each of  
the impacted countries. It is assumed that 
the reported rate of  cardiovascular mortality 
occurred primarily among those above age 
30. The baseline cardiovascular mortality for 
China and India are 230.5 deaths per 100 
000 people and 267.7 deaths per 100 000 
people, respectively.
 
11.3.4 CR function
Usually, health impact assessment requires 
the transfer of  CR functions from a given 
city or cities to other cities in the same 
country or other countries. The accuracy 
of  this transfer, therefore, may depend 
on the similarity of  factors, such as the 
following: (1) composition of  the pollutant, 
(2) spatial associations between individual 
exposure and concentrations measured 
at the fixed-site monitors, (3) underlying 
health habits and demographics, and (4) 
exposure to other pollutants, both outdoors 
and indoors. In the case of  particulate 
matter, depending on the source mix and 
the local meteorology and atmospheric 
chemistry, different areas may have differing 
size distribution and differing chemistry (for 
example, proportion of  mass consisting of  
nitrates, sulphates, organics). If  toxicity is 
related to these factors versus being simply 
a function of  particle mass, additional errors 
will be introduced by extrapolating the CR 
functions from one area to another. Second, 
additional bias in the estimates occurs if  
the spatial association between the monitor 
configuration and the associated population 
is significantly different in the original study 
versus the applied area. Finally, differences 
in the shape of  the CR function may result 
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if  other factors, such as poverty, diet, time 
outdoors, use of  air conditioning, exercise 
and work habits, and co-exposure to other 
pollutants, are significantly different between 
the original and applied locations. 

Studies of  short-term exposure to PM 
and mortality have been conducted over 
five continents. Meta-analyses of  these 
mortality studies suggest that the short-
term exposure effects on mortality are 
fairly consistent both within and among 
countries (Dockery and Pope 2006, Ostro 
2004, HEI 2004). However, this analysis 
has made use of  studies that relate long-
term exposure to PM and mortality as the 
basis for quantifying health risks, since they 
likely incorporate a more complete measure 
of  the effects of  air pollution. Most of  the 
analyses to-date indicate that the mortality 
impacts of  air pollution tend to dominate the 
economic effects, often accounting for 80 
per cent or more of  total economic effects. 
Unfortunately, as mentioned in Chapter 9, 
studies of  long-term exposure have primarily 
been conducted only in the United States 
and there are no studies in the developing 
countries that link long-term exposure to 
mortality. Given the similarity of  results 
around the world for short-term exposures, 
however, it is reasonable to extrapolate 
the findings of  long-term exposures from 
the US to Asia. Estimates for other health 
endpoints, such as hospital admissions for 
cardiovascular disease, asthma attacks and 
respiratory symptoms, require information 
on the background incidence rates and this 
is not readily available.  

For the CR function, evidence is drawn from 
studies using the cohorts of  the Harvard 
Six Cities and the American Cancer Society 
(ACS) studies (Laden and others 2005, Pope 
and others 2002, Jerrett and others 2005). 
while the Jerrett and others (2005) study 
used a subset of  the full ACS data base, 
the methodology was sufficiently different 
to be judged useful in providing additional 

information on the CR function. Each of  
these studies estimated an association 
between long-term exposure to PM2.5 and 
both all-cause and cardiovascular mortality 
from a general population cohort, and each 
had undergone extensive peer review and 
re-analysis. As discussed in Chapter 9, 
however, each study had specific strengths 
and weaknesses, but taken together they 
provided a reasonable bound for the effects 
of  long-term exposure to PM2.5. Use of  
these studies was supported by the expert 
solicitation study conducted for the US 
EPA (IEC 2006). The aim of  that study was 
to assess the entire body of  evidence to 
determine the best estimates of  the effects 
of  long-term exposure to fine particles and 
to characterize the associated uncertainty 
of  these estimates. Ultimate CR functions in 
this report were consistent with the findings 
of  the expert solicitation. However, estimates 
for cardiovascular-specific mortality were 
used rather than all-cause mortality to 
reduce errors in health assessment, due to 
differences among countries in the relative 
contribution of  non-cardiopulmonary 
mortality.

The central estimate and the lower and 
upper bounds for the estimated risk 
coefficient were determined by pooling 
Pope and others (2002), Laden and others 
(2006) and Jerrett and others (2005), using 
inverse-variance weighting. This gives more 
weight to studies with tighter confidence 
intervals. The estimated percentage change 
in mortality (beta coefficient times 100) 
per 10 mg/m3 change in PM2.5 and the 95 
per cent confidence intervals from the 
studies were, as follows: 9.3 (3.3, 16) (Pope 
and others 2002), 28 (13, 44) (Laden and 
others 2006), and 12 (-3, 30) (Jerrett and 
others (2005). This resultant meta-analysis 
generated a central estimate of  12 per cent 
cardiovascular mortality risk per 10 µg/m3 
change in PM2.5 exposure, with 95 per cent 
lower and upper bounds of  6.45 per cent 
and 17.5 per cent, respectively. It should be 
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noted, however, that it is likely that at some 
concentration of  PM2.5, the CR function 
becomes non-linear, that is, the slope or risk 
per unit begins to level off. Unfortunately, a 
non-linear function is not available for the 
three studies so that the linear estimate 
is used. Therefore, for a very large change 
in PM2.5, the risk estimates are likely to be 
biased upwards.

11.4 QuANTITATIvE RESuLTS 

Based on the assumptions articulated above, 
a 20 mg/m3 change in PM2.5 would result in 
337,000 excess deaths per year (195,000 
in China and 142,000 in India), with a 95 
per cent confidence interval of  181,000 to 
492,000. A 40 mg/m3 change would result 
in 675,000 excess deaths per year, with a 
95 per cent confidence interval of  363,000 
to 985,000. Changes in the percentage of  
the population exposed to ABCs or in the 
absolute change in concentrations would 
have a proportional impact on the estimates.

11.5 uNCERTAINTIES

Clearly, there are many uncertainties in 
estimating the health effects associated 
with ABCs. Over time, some of  these will 
be reduced as new research is conducted. 
Nevertheless, some uncertainty will be 
inherent in any health impact estimate. 
Addressing such uncertainties could result in 
either higher or lower effect estimates.

The use of  epidemiological studies as a 
basis for quantitative assessment raises 
some specific issues. Epidemiological 
studies involve the study of  humans 
in real world situations. Thus, human 
health effects are observed under a wide 
range of  behaviours and conditions. The 
obvious advantage of  such studies is that 
they eliminate the need to extrapolate 
results across species or dose levels. A 
key assumption is that the relationship 
between air pollution and health effects 

is causal. Thus, the observed association 
can be reasonably used to predict how 
changes in pollution concentrations will 
influence the incidence of  health effects. 
Observational epidemiological studies are 
able to demonstrate whether an association 
exists between health effects and pollution 
concentrations, but it is more difficult for 
these studies to prove that the relationship 
is causal. It is possible that a statistically 
significant relationship is actually due to 
some unidentified factor that is correlated 
with pollution concentrations. However, the 
likelihood of  causation is strengthened when 
(1) epidemiological results are replicated 
by similar findings in different studies with 
variable underlying conditions, (2) multiple 
health outcomes appear to be affected in a 
consistent and coherent manner, and (3) the 
results are supported by either toxicological 
or human controlled studies. Such is the 
case with PM, where numerous studies have 
found a similar magnitude of  effects on 
mortality and have also linked it with a wide 
spectrum of  adverse health outcomes.

An additional uncertainty in the estimates 
is derived from the estimated changes in 
fine particles. Obviously, overestimates or 
underestimates of  the changes will bias the 
results, as will differences in the toxicity of  
ABCs relative to that of  the PM mix in the 
epidemiological studies.

Next, there is uncertainty about source 
attribution. This chapter has quantified the 
association between outdoor concentrations 
of  PM2.5 and mortality, based on studies 
that use similar exposure and response 
metrics. However, in China and India there 
is much greater indoor use of  biomass for 
cooking and heating. Some of  this obviously 
contributes to outdoor concentrations of  
PM2.5, the effects of  which are included 
in the existing estimates in this chapter. 
However, as people will also be exposed 
indoors from these indoor-generated 
combustion particles, there will be additional 



312Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

effects that are not included in these 
estimates. At this time, it is not possible to 
quantify the proportion of  outdoor PM2.5 in 
ABCs that is due to indoor versus outdoor 
sources. However, there is scientific evidence 
documenting significant health effects 
directly from indoor-generated combustion 
particles (Desai and others 2004). Therefore, 
the estimates provided in this chapter will 
certainly underestimate the total impacts 
of  both outdoor and indoor pollution. An 
indication of  the potential effects of  indoor-
generated pollution is provided by the recent 
wHO effort to calculate the environmental 
burden from indoor smoke due to the use of  
solid fuels (Ezzati and others 2002, Desai 
and others 2004). The number of  total 
deaths from indoor air pollution attributable 
to solid fuel use has been estimated to be 
380,700 for China and 407,100 for India 
in a recently revised wHO publication 
(wHO 2007). This would be in addition to 
the numbers estimated in this chapter for 
outdoor exposure.

Finally, there is also uncertainty concerning 
the assumption of  baseline mortality rates 
for the impacted population. In addition, the 
baseline rates will change over time as health 
habits, incomes and other factors change.

Despite these considerable uncertainties 
and the simplifying assumptions used for 
the quantification in this chapter, the results 
clearly suggest that there are very significant 
public health impacts from ABCs.

If  there is a need to differentiate the effects 
of  indoor versus outdoor ABC-relevant 
pollutants, in particular fine particles, 
additional monitoring and modelling of  
sources, and measurements of  pollutant 
concentrations and characteristics would be 
necessary.
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chApter 12
the economic conseQuences oF the impActs 
oF ABcs on humAn heAlth

12.1 INTRODuCTION

As discussed in previous chapters, 
the atmospheric brown cloud (ABC) 
phenomenon may be associated with a 
variety of  adverse health effects. Like 
air pollution, it may increase premature 
mortality, that is, lead to the early loss 
of  human lives due to respiratory and/or 
cardiovascular diseases. It may also cause 
non-fatal ill health, such as impairments 
in lung function, increased incidence of  
chronic bronchitis, exacerbation of  chronic 
respiratory disease (like asthma) or coronary 
disease (for example, angina), as well as less 
serious effects, such as colds and itchy eyes. 

Placing a monetary value to these mortality 
and morbidity effects can provide extremely 
useful information for policy making. Firstly, 
it draws attention to the magnitude of  the 
health benefits associated with particular 
policy interventions (for example, ABC 
mitigation policies). Secondly, it permits 
an assessment of  the economic benefits of  
particular pollution control strategies and 
their health impacts. Thirdly, it facilitates 
comparisons between different policies or 
projects (for example, comparing an ABC 
reduction programme with a policy aimed at 
reducing indoor air pollution). 

Past evidence indicates that the benefits of  
reducing human health effects (mortality 
and/or morbidity) often exceed the costs of  
pollution control by considerable margins. 
For example, a review of  European Union 
studies related to air pollution reveals that 
health benefits account for a minimum of  
one-third and a maximum of  nearly 100 
per cent of  overall benefits from pollution 
control (Holland and Krewitt 1996, AEA 

Technology 1998a, AEA Technology 1998b; 
AEA Technology 1998c, AEA Technology 
1998d, Krewitt and others 1999, IVM, NLUA, 
IIASA 1997, Olsthoorn and others 1999). In 
most cases, these benefits greatly exceed 
the costs of  control. The retrospective and 
prospective assessments of  the Clean Air 
Act by the United States Environmental 
Protection Agency (EPA) have produced 
extremely high benefit-cost ratios, that is, 
44 for the central estimate of  benefits and 
costs (US EPA 1997, US EPA 1999). These 
benefits are dominated by health benefits 
(99 per cent, if  damage to children’s IQ is 
included). Moreover, most of  the analyses 
to-date indicates that the largest contributor 
to the total economic effects of  air pollution 
is mortality risk, often accounting for 80 
per cent or more of  the total. Therefore, 
the estimation of  the economic value of  
human health impacts arising from exposure 
to ABCs will be extremely important when 
analyzing the efficiency of  policies aimed at 
addressing this phenomenon.

12.2 METHODS

If  health benefits, such as mortality risk 
reductions, are potentially so important in 
the analysis of  policies to reduce the ABC, 
it matters a great deal that the underlying 
theory and empirical procedures for the 
valuations are correct. The previous chapters 
provided a detailed account of  how ABCs 
may affect human health. This chapter 
follows-up by investigating how these human 
health impacts are valued in economic 
terms.

12.2.1 Willingness to pay approach

The theoretically correct approach to 
estimate the economic value of  human 
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health impacts from ABCs, either mortality 
or morbidity, is the willingness to pay (wTP) 
approach (Pearce and others 2006, Bolt and 
others 2005, Krupnick 2004). This is based 
on the trade-offs that individuals would make 
in deciding between health and wealth. 

In terms of  valuing mortality risks, the 
wTP approach typically involves estimation 
of  the individual willingness to pay to 
secure reductions in the risk of  death 
arising from a policy, so that welfare is kept 
constant. Alternatively, one can estimate the 
willingness to accept (wTA) compensation 
for tolerating a higher risk of  death, so that 
welfare is kept constant. The most common 
methods for obtaining estimates of  the value 
of  mortality risk reductions are, as follows:

• Labour market studies (hedonic wage  
   studies) which use compensating wage 
   differentials to value risks of  death; 
• Survey-based stated preference studies 
   (like contingent valuation or choice 
   modelling) which ask people directly what 
   they would pay for a change in risk of  death;
• Averting behaviour studies which use 
   data on seatbelt use, purchase of  smoke 
   detectors, switch to low-tar cigarettes, and 
   so on.

For convenience, wTP for mortality risk 
reductions is normally expressed in terms 
of  the value of  statistical life (VOSL). This 
implies dividing the wTP for a given risk 
reduction by that risk reduction to obtain 
the VOSL (Pearce and others 2006, Bolt and 
others 2005, Krupnick 2004). For example, 
consider a population of  100 000 people, 
with each person willing to pay an average 
of  $50 for a 1/100 000 reduction in the 
individual risk of  dying from exposure to air 
pollution during the next year. This means 
that, for every 100 000 people exposed to 
air pollution in a given year, one life will 
be ‘saved’ on average (this ‘saved’ life is 
called a statistical life). The corresponding 
VOSL would be $50 / (1/100 000) = $50 
x 100 000 = $5 000 000. Hence, to give 

an aggregate measure of  the benefits of  
policies aimed at reducing ABCs in terms 
of  lives saved, the number of  premature 
mortalities avoided (as estimated by a dose-
response function) can be multiplied by the 
VOSL. 

Morbidity values have been studied to 
a lesser extent than mortality risks. In 
this case, the wTP approach involves the 
estimation of  the willingness to pay to 
avoid particular health outcomes, such as 
asthma, restricted activity days, cough days, 
and so on. Stated preference methods (like 
contingent valuation or choice modelling), 
which ask people directly what they would 
pay to avoid specific symptoms, are 
commonly used. The specification of  the 
symptoms should be based on the endpoints 
of  dose-response functions so that a full 
assessment of  the health impacts of  a policy 
can be obtained.

Several different morbidity impacts may be 
relevant to the ABC case: serious illnesses 
(for example, increased risk of  cancer or 
heart attack), minor illnesses (runny nose, 
itchy eyes) and chronic illnesses (increased 
risk or severity of  chronic bronchitis). An 
aggregate measure of  the morbidity costs of  
ABCs can be obtained by multiplying the unit 
values of  the various morbidity endpoints of  
interest by the number of  cases estimated 
by epidemiological studies.

12.2.2 Human capital/cost of illness
           approach

An alternative way of  valuing health effects 
is the human capital and/or cost of  illness 
(COI) approach. In the case of  mortality 
risks, the approach replaces VOSL by 
foregone earnings, although in practice, 
per capita income is often used (Pearce 
and others 2006, Bolt and others 2005, 
Krupnick 2004). This reflects the fact that 
premature mortality results in external 
costs and benefits to society, depending 
on the difference between the current 
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value of  consumption and current value 
of  production. In the case of  morbidity, 
changes in health are measured by the 
associated lost wages over the lifetime 
plus medical costs. This approach is not 
welfare-based as it captures solely financial 
costs and not the intangible effects, such 
as pain and suffering. Hence, it is generally 
considered to provide a conservative lower 
bound to the true economic value of  health 
effects. For example, in the USA, the ratio 
of  VOSL (wTP) to foregone earnings is 
approximately 12:1. while the willingness 
to pay approach is the theoretically correct 
measure to value health changes, difficulties 
in estimating wTP, particularly in developing 
countries, have led to the use of  human 
capital/cost of  illness approaches.

12.2.3 Benefits transfer

There is now considerable literature on 
valuing human health impacts. Taking 
advantage of  this wealth of  existing 
knowledge, one possible way to get a 
rapid assessment of  the value of  ABC 
health impacts is to use benefits transfer 
(Pearce and others 2006). Benefits transfer 
(BT) refers to the use of  health values 
estimated for one site (study site) and one 
particular policy context as a proxy for 
health values in another site (policy site) 
and possibly another context (for example, 
when different types of  pollutants cause 
the health effects concerned). Adjustments 
are typically made for differences in income 
or national per capita output, assuming 
a unitary income elasticity of  wTP. For 
international transfers, official exchange 
rates or purchasing power parities (PPPs) 
are used as conversion factors. One of  
the main drawbacks of  this approach is 
that it implicitly assumes that preferences 
for health are similar between the study 
and the policy sites and are determined 
mainly by income, thus ignoring potentially 
important factors, such as cultural or 
health-care system differences. Despite 

the many issues surrounding the accuracy 
and reliability of  such transfers, vis-à-vis 
collecting original valuations for the policy 
site, benefits transfer approach continues to 
be widely applied in policy. This is because 
it greatly reduces the requirements for 
expensive and time-consuming primary 
data collection. Therefore, it can provide a 
fairly straightforward way of  getting initial 
estimates for the economic burden of  ABC-
related health effects. 

A full discussion of  current debates and 
controversies surrounding the valuation 
methods of  mortality risks and morbidity 
effects is beyond the scope of  this study, but 
it can be found in Pearce and others (2006). 

12.3 vALuING RISkS TO LIFE: 
        EMPIRICAL  ESTIMATES

This section focuses on available empirical 
estimates of  VOSL in developed and 
developing countries (for example, China 
and India) that could be used in calculating 
health costs associated with ABCs.

12.3.1 vOSL in developed countries
There is now considerable literature on 
valuing mortality risk reductions in the US, 
UK and other developed countries (Pearce 
and others 2006, Robinson 2007, Viscusi 
and Aldy 2003). Various countries have 
adopted single values for the VOSL and 
have used them in policy appraisal. Usually, 
estimates are not varied by the context in 
which the mortality risk occurs (that is, 
air pollution, road accident, occupational 
risks, and so on), but recent work has 
begun to investigate the extent to which the 
transferability of  values across contexts is 
valid. This is important as the majority of  
VOSL estimates come from labour market 
studies of  compensating wage differentials. 
The studies consider the risk of  accidental 
deaths among workers who are typically in 
their 30s. In contrast, people at risk from air 
pollution tend to be either much younger or 
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much older, to have existing health problems 
and to have less control over exposure to the 
risk. It is difficult to justify using evidence 
from those in the prime of  life to value 
changes in the risk of  premature mortality 
and those whose life expectancy may already 
be considerably foreshortened through an 
underlying illness1.  Moreover, compensating 
wage differentials in the labour market may 
not be a good representation of  what people 
would be willing to pay for risk reductions 
due to possible differences between 
willingness to accept and willingness to pay 
measures.

For many years, the US EPA has used a 
VOSL range of  $0.6 million to $13.5 million, 
with an average of  $4.8 million (1990 
US$). This corresponds to $6.1 million in 
1999 US$ or $7.2 million in 2005 US$. 
The estimates come from 26 mortality 
risk valuation studies, of  which 21 were 
from labour market studies and five from 
contingent valuation surveys (US EPA 1999, 
Robinson 2007). Notably, none of  these 
studies focused on air pollution-related risks. 
Recently, the US EPA has also started to use 
estimates from meta-analysis that combine 
VOSL estimates from various studies 

(Mrozek and Taylor 2002, Viscusi and Aldy 
2003, Kochi and others 2006). The range 
of  these studies varies from $1 million to 
$10 million, with an average of  $5.5 million 
(1999 US$) (Robinson 2007). 

In the UK, the Department for Transport has 
adopted a value of  prevention of  a fatality of  
£ 1 428 180 (or just under US$ 3 million), 
in 2005 prices (DfT 2007). Similarly, the 
Health and Safety Executive proposed in 
2001 a value of  £1 million (about $2 million) 
for use in all cases, except the prevention of  
a fatality from cancer where a value of  £2 
million ($4.1 million) was advanced (HSE 
2001). In Europe, the central estimate of  
the value of  statistical life calculated in the 
EU-funded ExternE (1999) project is about 
$3 million (1990 US$). These values are all 
remarkably similar.

Table 12.1 summarizes some recent 
studies that have estimated VOSLs, either 
specifically in the context of  air pollution or 
using a context-free reduction in mortality 
risks. For a review of  VOSLs estimated from 
road traffic risk or occupational-risk studies 
see Pearce and others (2006) and Viscusi 
and Aldy (2003).

1 The fact that air pollution seems to affect primarily elderly people, with underlying health problems and only a 
short remaining life-expectancy, is sometimes referred to as a ‘harvesting effect’ (Maddison and others 1996).

Table 12.1 Recent estimates of  the VOSL for air pollution risks or context-free reduction 
                 (Adapted from Pearce and others 2006)

Study Country Type of study Risk context
vOSL $million 
(year prices)

Alberini and 
others 2004

USA Contingent valuation Context free reduction in 
mortality risk ages 70-80

1.5 - 4.8 (2000)1

Canada Contingent valuation 0.9 - 3.7 (2000)1

Markandya and 
others 2004

UK Contingent valuation Context free reduction in 
mortality risk ages 70-80

1.2 - 2.8 
0.7 - 0.8
0.9 - 1.9 (2002)2

Chilton and 
others 2004

UK Contingent valuation Mortality impacts from air 
pollution

0.3 - 1.5 
(2002)2,3

Krupnick and 
others 1999

Japan Contingent valuation Context free reduction in 
mortality risk ages 70-80

0.2 - 0.4 (1998)

Notes: The VOSLs vary with the policy-induced risk change so that values are not always directly comparable, 
if different risk levels have been assumed. 1. range varies with risk reduction level, lower VOSLs for larger risk 
reductions; 2. UK £ converted to US$ using PPP GNP per capita ratio between UK and US. Range reflects 
different risk reductions; 3. based on WTP to extend life by one month assuming 40 years of remaining life. 
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12.3.2 vOSL in China
By contrast, estimates of  the VOSL in 
developing countries based on original 
country-specific studies are very scarce. 
Given the paucity of  original valuation 
studies for China, benefits transfer 
techniques have normally been applied, 
with estimates of  VOSL from developed 
countries being transferred and used in 
China, after adjustments for differences in 
income (world Bank 1997, Brajer and Mead 
2003, Li and others 2004, Hammitt and 
Zhou 2006). The resulting estimates depend 
on the precise approach used for adjusting 
the transferred values. The world Bank 
(1997), for example, suggested a VOSL for 
China of  $60 000 based on estimates from 
the US, adjusted by the ratio of  average per 
capita national output in the two countries, 
using an exchange rate conversion. More 
recently, Li and others (2004) based their 
value of  averted mortality for Shanghai of  
$445 000 on the US EPA mid-range VOSL 
estimate, after income adjustments using 
the purchasing power parity between the two 
countries. Similarly, Brajer and Mead (2003) 
based their VOSL estimates for Beijing of  
$595 000 on US-based VOSL estimates 
adjusted by the PPP-based national output 
ratio between the United States and China. 
To generate low- and high-range VOSL 
estimates, these authors also varied the 
income elasticity of  wTP (normally assumed 
to be 1): elasticities of  0.4 (world Bank 
2002) and 2.27 (Bowland and Beghin 2001) 
generated VOSL estimates of  $1 285 000 
and $278 000, respectively. 

As noted previously, it may be misleading 
to transfer values from western countries 
to developing countries without adjustment, 
where factors such as incomes, economic 
opportunities, culture and health-care 
systems are very different (Hammitt and 
Zhou 2006). The best available original 
estimates of  VOSL for China appear to be 
those estimated by Hammitt and Zhou 
(2006). Using a large-scale contingent 

valuation survey from 1999, they estimated 
the economic value of  preventing air 
pollution-related fatalities in three diverse 
locations in China (Beijing, Anqing and rural 
areas near Anqing). A random sample of  
around 3 700 people was interviewed. The 
estimated median VOSL ranged between 
$4 000 and $40 000, while the mean 
VOSL ranged from $15 000 to $180 000, 
depending on the estimation procedure and 
the sample location. These estimates are 
between about 10 and 1 000 times smaller 
than estimates for the US. But they detected 
a degree of  insensitivity in the results to the 
scope of  the risk change; had they presented 
respondents with a smaller risk reduction, 
in line with other studies (that is, one or 
two fatalities per 10 000 people instead of  
per 1 000), it is possible that the resulting 
estimates would have been some 10 times 
larger.

Other previous original valuation studies 
include wang and Mullahy (2006) and 
Zhang (2002). wang and Mullahy (2006) 
used contingent valuation to estimate the 
value of  reducing mortality risks from air 
pollution in Chongqing, one of  the largest 
and most polluted cities in China. The survey 
was carried out in 1998 with a sample of  
482 residents. The estimated VOSL was $34 
458 (1998 US$). Zhang (2002) also used 
the contingent valuation method to estimate 
wTP for reductions in mortality risks from 
exposure to air pollution among Beijing 
residents. The survey was conducted in 1999 
but the sample was small (325 residents) 
and non-representative. The estimated VOSL 
varied from US$30 000 to US$200 000 
(1999 US$).
 
Recently, the country-specific VOSL 
estimates for China described above have 
started to be used by in other studies, when 
estimating the health costs of  air pollution in 
other Chinese locations (for example Brajer 
and Meade 2004, Kan and Chen 2004, Li 
and others 2004, Mead and Brajer 2006, 
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Zhang and others 2007). Li and others 
(2004) have used wang and Mullahy’s 
(2006) VOSL estimate for Chongqing, 
transferred it to Shanghai, adjusted for 
differences in income, and obtained a value 
of  $150 000. In 2004, Brajer and Mead 
(2004) used pollution data from 38 Chinese 
cities and China-based epidemiological 
functions to estimate the economic benefits 
of  reducing urban air pollution. A range of  
values for averted mortality was obtained: 
the low-range estimate of  $96 500 was 
based on Hammitt and Zhou’s (2006?) 
country-specific mean VOSL; the high-
range estimate of  $667 000 was based on 
a US value of  $5.7 million adjusted by a 
PPP-based national output ratio between 
US and China; and the mid-range VOSL 
estimate of  $382 000 was obtained by 
averaging the high and low estimates. More 
recently, Mead and Brajer (2006) extended 
their 2004 analysis using a larger data 
set, covering more than 90 Chinese cities, 
along with China-based epidemiological 
functions. A hybrid approach was used this 
time to generate a plausible Chinese VOSL, 
averaging a PPP conversion of  a US-based 
value of  $6.2 million with that reported by 
Hammitt and Zhou (2006). This process 
resulted in a VOSL estimate of  $411 000. 
The hybrid approach was justified on the 
basis of  the scope insensitivity problems 
detected in the Hammitt and Zhou (2006) 
estimates. 

Table 12.2 summarizes some of  the key 
mortality risk valuation studies for China 
based both on country-specific studies and 
on benefits transfer.
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Table 12.2 Recent estimates of  the VOSL for China used in valuation studies of  mortality 
                 risks from air pollution

Study Location Type of study
vOSL $million 
(year prices)1

China-based studies

Hammitt and Zhou (2006) Beijing, Anqing, 
rural areas near 

Anqing

Contingent valuation Median: $4 000 - $40 000 
(1999)
Mean: $15 000 - $180 000 
(1999)

wang and Mullahy (2006) Chongqing Contingent valuation $34 458 (1998)

Zhang (2002) Beijing Contingent valuation $30 000 - $200 000  (1999)

Benefits transfer using China-based studies

Zhang and others (2007) Beijing Benefits transfer 
(wang and Mullahy)

In 2000: $ 73 066
In 2004: $135 397

Chen and others (2007) Shanghai Benefits transfer
(wang and Mullahy)

$108 500 (2000)

Mead and Brajer (2006) China Benefits transfer 
(US studies + 
Hammitt and Zhou)

$411 000

Kan and Chen (2004) Shanghai Benefits transfer 
(wang and Mullahy)

$108 500 (2000)

Li and others (2004) Shanghai Benefits transfer 
(wang and Mullahy)

$150 000 (1998)

Brajer and Mead (2004) China Benefits transfer
(US studies + 
Hammitt and Zhou)

High: $667 000
Medium: $382 000
Low: $96 500 (2001)

Benefits transfer using US-based studies

Li and others (2004) Shanghai Benefits transfer 
(US studies)

$445 000

Brajer and Mead (2003) Beijing Benefits transfer 
(US studies

High: $1 285 000
Medium: $595 000
Low: $278 000

world Bank (1997) China Benefits transfer 
(US studies)2

$60 000

Notes:  1: Not all studies reported the base year for the prices used in the calculations.
 2: Not a study of mortality risk reductions. 

12.3.3 vOSL in India

Evidence for the value of  mortality risk 
reductions in India is even more scarce 
than for China and for the purpose of  this 
chapter, no study focusing specifically on 
air pollution effects was found. Almost 
all existing country-specific studies have 
used the compensating wage differential 
approach. Survey data of  manufacturing 
workers in Madras in 1990 were used by 

Shanmugam (1996), Shanmugam (1997), 
Shanmugam (2000) and Shanmugam 
(2001). The VOSL estimates from these 
studies ranged from $760 000 to $1 026 
000 (1990 prices) even though they reflected 
the same wage and risk data, illustrating 
how a variety of  econometric specifications 
can produce a range of  results (Viscusi and 
Aldy 2003). Madheswaran (2007) also used 
the labour market approach to estimate the 
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VOSL in Chennai (southern part of  India) 
and in Mumbai (western part of  India). 
The obtained estimate is approximately 
$800 000. In contrast to these studies that 
focused on specific areas, Simon and others 
(1999) used labour market data for the 
entire country. They estimated compensating 
wage differentials for fatal and non-fatal 
injuries in India’s manufacturing industry, 
obtaining VOSL estimates ranging from $150 
000 to $360 000 (1990 prices). However, 
these VOSL values seem exceptionally high 
when compared to the present value of  
foregone earnings, that is, a ratio of  20-48 
in the case of  Simon and others (1999) and 
double that for Madheswaran (2007) and 
Shanmugam’s various estimates. 

In terms of  stated preference studies of  
mortality risk reductions for India, the 
evidence is even more scarce. Bhattacharya 
and others (2006) conducted a contingent 
valuation study among 1 200 commuters in 
Delhi to estimate wTP to reduce the risk of  
dying in road traffic accidents. The resulting 
VOSL estimate was about $150 000.

12.3.4 Implications for ABCs
Using the above evidence and the initial 
estimate of  lives lost in China and India due 
to ABCs, as calculated in Chapter 11, a very 
tentative and preliminary estimate of  the 
potential health costs of  ABCs can thus be 
proposed. 

In terms of  numbers of  lives lost, the 
proposed figures of  Bart Ostro in Chapter 
11 are used. In Chapter 11, it was noted 
that a 20 mg/m3 change in PM2.5 would result 
in 337 000 excess deaths per year (195 
000 in China and 142 000 in India), while a 
40 mg/m3 change would result in 675 000 
excess deaths per year (391 000 in China 
and 284 000 in India). This assumes that 

approximately half  the population in these 
countries is exposed to the hypothesized 
ABC-related increase in PM2.5.

In terms of  valuing mortality risks, there 
is a need to reconcile the broad range of  
VOSL estimates for China summarized in 
Table 12.2 in order to choose the values 
that will be used to estimate the health 
costs of  ABCs. In this respect, the range 
of  estimates proposed by Brajer and Mead 
(2004) appears to give a good coverage of  
the various values previously calculated for 
China, taking into account both the limited 
country-specific estimates available and the 
much more widely researched values from 
the US: $96 500 (low), $382 000 (medium) 
$667 000 (high). For the purpose of  the 
ABC damage calculations, these values 
were converted to 2005 prices using a GDP 
deflator.

For India, however, this chapter hesitates to 
use the few labour market-derived estimates 
of  VOSL reported in this section as they 
seem exceptionally high (for example, 
when compared to foregone earnings in the 
country). The authors of  the studies (cited 
here) themselves caution against use of  
their estimates for valuing reductions in the 
risk of  death associated with public health 
programs (Simon and others 1999). Instead, 
this chapter will make use of  the same range 
of  estimates proposed by Brajer and Mead 
(2004) for China, and transfer them to India, 
with and without income adjustments, using 
the ratio of  per capita incomes between the 
two countries

Table 12.3 presents some tentative 
estimates of  the possible range of  health 
costs associated with excess mortality due 
to ABC-related PM2.5 increases in China and 
India, for illustration purposes only2. The 
mid-range value of  these health costs varies 

2 Note that the health cost calculations in Table 12.3 are based on estimates of mortality from outdoor 
concentrations of PM2.5 (see Chapter 11). The effects of exposure to indoor air pollution are therefore not included 
in these cost estimates. More research is needed to ascertain the source (indoor vs. outdoor) of PM2.5 in ABCs 
before costing health impacts by source can be attempted.



321 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

from approximately $82 to $163 billion for 
China and from $18 to $36 billion for India 
(using the income adjusted transferred 
VOSL figures from China). To put this into 
context, these costs can be compared with 
the GDP in both countries. According to 
the world Bank (2007), the 2005 GDP for 
China was estimated at $2 270 billion, while 
India’s was $804.1 billion. Hence, the mid-
range mortality costs associated with ABCs 
could be in the range of  3.6-7.2 per cent of  
China’s GDP and 2.2- 4.4 per cent of  India’s 
GDP3. 

These numbers should of  course be 
interpreted with caution at this very early 
stage of  the ABC research. To reiterate 
an important point noted above, the value 
of  a reduction in the risk of  death can be 
very different, depending on whether the 
ABCs affect mostly older individuals already 
suffering from some underlying health 
condition or individuals who might otherwise 
have enjoyed a normal life expectancy. If  
the former is true, the standard practice of  
applying the VOSL to value all reductions 
in mortality risk, without regard to the 
age of  those who benefit, may result in 
erroneous estimates of  the true costs of  
ABCs. An alternative approach that takes 
into account the age of  persons saved by 
reducing air pollution and which may also be 
able to capture the shorter life expectancy 
phenomenon is the value of  a statistical life-
year (VSLY) approach. The VSLY is calculated 
by dividing the value of  a statistical life 
by discounted remaining life expectancy, 
thereby converting VOSL estimates into a 
value per life-year saved.  VSLY can then 
be multiplied by life-years saved, that is, 
the remaining life expectancy, to put a 
value to the statistical lives of  persons of  
different ages. The use of  this approach 
might significantly change the welfare cost 

estimates in Table 12.3. However, the VSLY 
approach still assumes that the value per 
life-year saved is independent of  age and, 
in addition, is sensitive to the rate used 
to discount the value of  future life-years 
(Krupnick 2007). Further research is needed 
as to what is the best approach to value 
excess deaths due to ABCs.

12.4 INCREASED MORBIDITY:    
        EMPIRICAL EvIDENCE

The previous section was concerned with 
the valuation of  premature mortality, which 
has repeatedly been found to account for the 
majority of  health costs associated with air 
pollution. Also important in the context of  
air pollution is morbidity, that is, non-fatal ill 
health. This section presents a brief  overview 
of  some of  the available empirical estimates 
of  morbidity values in developed and 
developing countries that may be relevant 
to calculating health costs related to ABCs. 
Due to the lack of  epidemiological evidence 
concerning the number of  cases of  each 
type of  morbidity endpoint caused by ABCs, 
economic costs cannot be calculated at this 
stage.

12.4.1 Morbidity values in developed 
           countries
Morbidity values have been studied to 
a lesser extent than mortality risks. 
Nevertheless, there is growing literature 
estimating the values associated with air 
pollution-related health effects in the US 
and Europe. Table 12.4 compares estimates 
used by several major North American and 
European studies. 

3  As a consequence of using India-specific VOSL figures, based on the wage differential studies reviewed in this 
section, damage estimates from ABCs went up to 39 per cent of GDP for the larger predicted number of excess 
deaths. This seems unreasonable.
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Table 12.3 Tentative valuation of  excess deaths per year due to ABC-related PM2.5 increases 
in China and India (US$ in 2005 prices)

China
India

(simple transfer)
India

(income adjusted transfer)

Unit VOSL (=2005 prices)

Low $106 000 $106 000 $31 500

Medium $419 000 $419 000 $125 000

High $732 000 $732 000 $218 000

Damage ($ billion) - 20 mg/m3 change

Low $20.7 $15.1 $4.5

Medium $81.8 $59.5 $17.8

High $142.8 $103.9 $31.0

Damage ($ billion) - 40 mg/m3 change

Low $41.3 $30.1 $8.9

Medium $163.4 $119.0 $35.5

High $285.5 $207.9 $61.9

Damage per capita ($) - 20 mg/m3 change

Low $18.9 $11.5 $3.4

Medium $74.6 $45.6 $13.6

High $130.4 $79.7 $23.7

Damage per capita ($) - 40 mg/m3 change

Low $37.8 $23.1 $6.9

Medium $149.3 $91.2 $27.2

High $260.8 $159.4 $47.5

Damage % GDP - 20 mg/m3 change

Low 0.9% 1.9% 0.6%

Medium 3.6% 7.4% 2.2%

High 6.3% 12.9% 3.9%

Damage % GDP - 40 mg/m3 change

Low 1.8% 3.7% 1.1%

Medium 7.2% 14.8% 4.4%

High 12.6% 25.9% 7.7%

Notes: VOSL estimates based on Brajer and Mead (2004) figures, converted to 2005 prices. 2005 GDP and 
population estimates for China and India are from the World Bank (2007).
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Table 12.4 Comparison of  unit values used in several major studies or models (1990 US$)

values
uS

EPA1

uS
TAF2

Canada
AQvM3

Europe
ExternE4

Low Central High Low Central High Low Central High Central

Chronic 
Bronchitis5

_ 260 
000

_ 59 400 260 000 523 100 122 500 186 200 325 500 102 700

Cardiac Hosp. 
Admissions

_ 9 500 _ _ 9 300 _ 2 940 5 880 8 820 7 696

Resp. Hosp. 
Admissions

_ 6 900 _ _ 6 647 _ 2 310 4 620 6 860 7 696

Emergency 
Room Visits

144 194 269 _ 188 _ 203 399 602 218

work Loss Days - 83 - - - - - - - -

Acute 
Bronchitis

13 45 77 - - - - - - -

Restricted 
Activity Days

16 38 61 _ 54 _ 26 51 77 73

Respiratory 
Symptoms

5 15 33 _ 12 _ 5 11 15 7

Shortness of  
Breath

0 5.3 10.6 _ _ _ _ _ _ 7

Asthma 12 32 54 _ 33 _ 12 32 53 36

Child Bronchitis _ _ _ _ 45 _ 105 217 322 _

Source: Davis and others (2000)

Notes: 
1: US EPA (1999). The Costs and Benefits of the Clean Air Act Amendments of 1990. Low and high estimates are 
estimated to be 1 standard deviation below and above the mean of the Weibull distribution for mortality. For other health 
outcomes they are the minimums and maximums of a judgmental uniform distribution. 
2: Stratus Consulting (1999). Air Quality Valuation Model Documentation. Low, central and high estimates are given 
respective probabilities of 33, 34 and 33 per cent.
3: Tracking and Analysis Framework, developed by a consortium of US institutions, including RFF. Low and high estimates 
are the 5 and 95 per cent tails of the distribution.
4: ExternE report (1999). Uncertainty bounds are set by dividing (low) and multiplying (high) the mean by the geometric 
standard deviation (2).
5: Chronic bronchitis is expressed in terms of a value of a statistical case of chronic disease.

The first thing to note is that the endpoints 
in Table 12.4 are not all strictly comparable 
as they are based on different estimation 
approaches (Davis and others 2000). while 
the unit values for chronic lung disease risk 
and acute symptoms are all derived from a 
wTP technique (that is, capturing the private 
but not the social cost of  illness), the other 
values were estimated from COI studies 
(which include the private and social cost of  
illness but exclude the non-market element). 
Moreover, differences in institutions and 

medical costs make it especially difficult to 
transfer morbidity benefit estimates between 
countries. Interestingly, however, the central 
value of  the various health endpoints is 
somewhat similar across studies, despite 
the different estimation and adjustments 
techniques used in various studies. 

As identified in this chapter, there is a range 
of  other morbidity impacts potentially 
associated with air pollution, for which 
there are no current robust valuations. For 
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example, there is very limited evidence at 
the present time of  the costs of  children’s 
ill-health and of  cancer. Furthermore, 
recent studies show that the ‘harvesting 
effect’ also applies to morbidity impacts: 
some morbidity impacts associated with air 
pollution are not additional but are merely 
advanced in time. Unless these morbidity 
impacts are advanced to a considerable 
extent, it is incorrect to attribute the 
associated costs to poor air quality 
(Maddison 2005).

12.4.2 Morbidity values in China
There are even fewer original wTP studies 
of  morbidity effects associated with air 
pollution in developing countries, other 
than studies of  VOSL4. As such, many 
existing studies that try to estimate costs 

4  No recent and reliable peer-reviewed studies of air pollution-related morbidity were found for India.

associated with non-fatal health impacts 
from air pollution have also used benefits 
transfer approaches. For example, in 
their assessment of  the economic costs 
of  particulate air pollution in Shanghai, 
China, Kan and Chen (2004) transferred 
and adjusted morbidity values used by the 
US EPA in the USA (Table 12.5). The same 
figures were used by Chen and others (2007) 
in their recent study of  the public health 
impact of  air pollution under various low-
carbon scenarios in Shanghai. Using the COI 
approach, values estimated were used in 
the transfer, whenever wTP values were not 
available. Among the morbidity endpoints in 
both these studies, chronic bronchitis made 
the largest contribution to the total health 
costs of  air pollution, while asthma attack 
contributed the least.

Table 12.5 Unit values for various morbidity endpoints transferred from the USA to Shanghai 
                 (2001 US$)

Endpoint Average value (uS$) Approach
Chronic bronchitis 6 050 wTP

Respiratory hospital admission 710 COI

Cardiovascular hospital admission 1 043 COI

Out patient visits (internal medicine) 14 COI

Out patient visits (pediatrics) 14 COI

Acute bronchitis 7.2 wTP

Asthma attack 5.3 wTP

RADs 12.2 wTP

Sources: Kan and Chen (2004), Chen and others (2007)
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In terms of  country-specific studies, the 
aforementioned Hammitt and Zhou (2006) 
large-scale 1999 contingent valuation survey 
provides some of  the best existing China-
specific economic values for preventing 
adverse morbidity effects related to air 
pollution. Values were estimated for two 
ill-health endpoints: cold and chronic 
bronchitis. The sample average median 
wTP to prevent an episode of  cold ranges 
between $3 and $6, while the mean 
estimates vary from $6 and $51 (1999 
prices). The median wTP to prevent a 
statistical case of  chronic bronchitis ranges 
between US$500 and US$1 000, while the 
mean estimates vary from $1 570 to $3 430 
(1999 prices).5

12.4.3 Implications for ABCs
Similar to our previous illustrative estimates 
of  the mortality costs of  ABCs, the morbidity 
values discussed above could potentially 
be used to provide an initial estimate of  
the costs of  ill-health associated with 
ABCs. This would require the availability of  
epidemiological evidence on the number of  
cases occurring for each health symptom. 
This is currently lacking. Previous evidence 
has shown that it is premature death that 
plays a dominant role in the total health 
costs of  air pollution, and this is very likely 
to be the case with ABC-related impacts. 
Among the morbidity endpoints, chronic 
bronchitis tends to be associated with the 
largest costs.

12.5 SuMMARY 

This chapter argued that the estimation of  
the economic value of  human health impacts 
arising from exposure to ABCs is likely to 
be extremely important when analyzing 
mitigation policies: past evidence indicates 
that the benefits of  reducing human health 

effects (mortality and/or morbidity) often 
exceed the costs of  pollution control by 
considerable margins.

This chapter then reviewed the principal 
techniques available to assign a monetary 
value to the health costs associated with 
ABCs, in terms of  both mortality and 
morbidity. In terms of  techniques available 
to conduct original valuation studies, the 
willingness to pay and the human capital 
and/or cost of  illness approaches were 
considered. The benefits transfer alternative, 
that is, the use of  health values estimated 
for one site and one particular policy 
context, as a proxy for health values in 
another site and possibly another context, 
was also discussed as this is a common 
approach in the analysis of  health policies, 
projects and programmes (and is likely to 
continue to be so in the evaluation of  ABC 
control strategies). 

This chapter presented a review of  existing 
empirical estimates of  the value of  
statistical life (for example, the value of  
mortality risk reductions) for developed 
countries and specifically for China and 
India, which are areas of  particular interest 
due to the potential high exposure to ABC 
pollutants. It was found that while there is 
relatively large literature on VOSL for North 
America and Europe, there is a huge lack 
of  evidence (both in terms of  quantity and 
quality) on the costs of  premature mortality 
in developing countries in general, and 
China and India in particular. Because of  
this gap in knowledge, many studies seeking 
to evaluate the local health impacts of  air 
pollution abatement strategies, transfer 
estimates from developed countries for use 
in what are very different local conditions, 
after simple income adjustments. This can 
largely affect the precision and robustness of  
the values used, and therefore compromises 

5Of related interest is the study of Alberini and others (1997) that estimated the value of avoiding minor air 
pollution-related illnesses in Taiwan. A CV survey of 864 people was conducted in 1992 and the results showed 
that respondents were willing to pay $20 to avoid a one-day episode of cold and $35 to avoid a five-day long 
cold (1992 prices).
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the analysis of  policy efficiency.
An illustrative and very tentative calculation 
of  the magnitude of  the health costs of  
predicted increased mortality associated 
with ABC-related outdoor PM2.5 increases 
was also presented. These estimates were 
based on some of  the epidemiological 
results from Chapter 11 and on a range 
of  economic values from the literature 
review conducted in this chapter. In both 
China and India, health costs associated 
with ABCs were found to be potentially 
significant, amounting to up to 7 and 4 per 
cent of  China and India’s GDP, respectively, 
even when using mid-range mortality cost 
estimates. These numbers should of  course 
be interpreted with caution at this early 
stage of  the research into the costs of  the 
ABC.

Finally, this chapter presented a brief  review 
of  typical values for air pollution-related 
morbidity impacts that may be relevant 
to evaluating ABC control policies. Once 
more, although value estimates abound for 
many (but not all) relevant health outcomes 
in developed countries, country-specific 
evidence for developing countries is minimal. 
But due to the lack of  epidemiological 
evidence of  the number of  cases for each 
type of  morbidity endpoint caused by 
ABCs, an attempt at an economic damage 
calculation is not possible at this stage.  
Nevertheless, previous evidence from other 
air pollution-related studies suggest that, 
among all the health impacts potentially 
associated with ABCs, premature death is 
likely to play a dominant role in terms of  
total economic costs. Among the morbidity 
endpoints, chronic bronchitis is expected to 
have a large contribution.

12.6 RECOMMENDATIONS FOR   
        FuTuRE RESEARCH

This final section takes stock of  key research 
gaps and questions in health valuation 
literature that are relevant to investigating 

the welfare impacts of  the ABC problem. 
Some of  these problems are due to a lack 
of  empirical estimates, while others have to 
do with a need to improve our understanding 
of  health values and their determinants. 
Some focus on the development of  valuation 
techniques themselves.

12.6.1 Improve existing database of 
           empirical health valuations

• This chapter’s literature review 
highlighted a critical lack of  robust, 
original country-specific valuation studies 
of  air pollution-related health impacts in 
developing countries. There is an obvious 
urgency in conducting new original 
country-specific valuation studies of  
both mortality and morbidity impacts in 
developing countries, such as China and 
India.

o Moreover, there are no specific
studies focusing on the valuation of  
potential health costs of  ABCs. This 
situation needs to be addressed for the 
advancement of  ABC research.

• Given the paucity of  country-specific 
studies, it would be useful to conduct 
via the benefits transfer approach a 
thorough investigation of  existing health 
valuation literature to identify and assess 
the suitability of  existing health values 
for use in the ABC context (that is, are 
there studies that have estimated values 
for similar types of  pollutants?) and 
ABC affected sites (that is, are there 
studies that have produced health values 
for similar sites?). Many of  the existing 
studies come from disparate sources, are 
hard to track down, and are not found in 
mainstream literature.

o In relation to this point, there is a 
need to make a critical assessment 
of  the limitations and uncertainties 
of  the benefits transfer approach in 
this context and whether the margins 



327 Atmospheric Brown clouds : 
regional Assessment report with Focus on Asia

of  errors associated with the transfer 
procedure are acceptable for policy 
purposes. 

o More research is also needed to
investigate the extent to which the 
transferability of  values across contexts 
(for example, from occupational risk to 
pollution risks) is valid.

o Specific tests of  transferability of
values should be built in new original 
valuation studies to develop our 
understanding of  the margins of  errors 
involved in transfers.

• There may be a higher wTP to avoid 
cancers more than other diseases, due to 
the “dread effect” of  such a serious illness. 
However, very little is known at present 
about how to value this type of  outcome. 
As it is possible that ABCs are related to 
certain types of  cancer, this is an obvious 
area for further research. 

12.6.2 Improve our understanding of
           values

• what is the effect of  age on the value of  
mortality risks? One would expect wTP, for 
a reduction in the risk of  death occurring 
in the coming year, to decline with age. 
This remains an area for further research.

• what is the effect of  latency of  risk on the
value of  mortality risks? Reducing ABCs 
would lower the average exposure over a 
lifetime, as well as exposure to peaks in 
acute episodes. In the case of  younger 
people, the relevant value would tend to 
be the current wTP to reduce a future 
risk. Very few attempts have been made to 
calculate these values.

• what are individuals willing to pay 
for changes in life expectancy (rather 
than for changes in the risk of  death)? 
Some epidemiological studies report 
their findings in terms of  a reduced life 
expectancy, but there is very little evidence 
so far to suggest what are individuals 

willing to pay (wTP) or willing to accept 
(wTA), in lieu of  such changes. Some 
studies find this approach conceptually 
more satisfying given the difficulty in 
using wTP evidence from those in the 
prime of  life to value changes in the risk 
of  premature mortality, compared with 
those whose life expectancy may already 
be considerably foreshortened through an 
underlying illness.

• Another area for future research is on 
improving our understanding of  the value 
attached to increased severity and duration 
of  health effects.

12.6.3 Developing the valuation 
           methods

• when life expectancy is reduced by 
only a few weeks or months, it may be 
inappropriate to adopt values of  statistical 
life. Future research should explore the 
pros and cons of  replacing the VOSL 
approach by the alternative value of  a life-
year (VOLY) approach. 

• How should we value childhood risks
arising from ABCs since children cannot 
articulate willingness to pay for risk 
reduction? Little is known from literature 
about this important topic that poses 
significant measurement challenges.

• To what extent can we use the 
increasingly popular “life satisfaction” 
approach to obtain monetary measures 
of  the health impacts of  changes in 
environmental pollutants, such as ABCs? 
This approach implies the statistical 
analysis of  data sets that include 
subjective, self-reported happiness ratings 
of  individuals, with the aim of  discovering 
how these ratings are associated with all 
kinds of  other variables from the individual 
to the national levels.
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chApter 13
the interFAce oF science And policy
13.1 CONTExT

This chapter draws upon the survey and 
analysis of  the health effects of  ABC-
relevant pollutants described in this Report. 
It is an attempt to provide a preliminary 
summary, as knowledge unfolds, of  the 
currently limited scientific understanding 
of  the effects of  ABCs on human health. 
Nevertheless, this Report provides a 
considered scientific base from data that 
have been collected by ABC-relevant studies 
and by considered inferences, and identifies 
some of  the major gaps in knowledge. 
This authoritative science base should 
help to produce more informed policy 
considerations on the priority areas for 
further research and on the response options 
for improving public health policies.

while there is a large body of  literature 
available on outdoor and indoor air 
pollution, there is very little, if  any, currently 
available that is specifically targeted at 
ABCs. Although ABCs constitute only 
one component of  a larger problem in 
estimating health risks, as the preceding 
chapters have explained, they are potentially 
highly significant. The extent to which ABC 
components impact populated areas that 
have no other air pollution sources should be 
a priority for further research.

From a policy perspective, ABCs derived 
from anthropogenic source emissions that 
occur in populated areas are probably the 
most significant indicators of  the magnitude 
of  exposure and the size of  the population 
impacted. There is a need to focus on 
differentiating between the health effects 
of  ABCs and those attributed to other 
pollutants and sources, including other 
indoor and urban pollutants and sources.

The Indian Ocean Experiment (INDOEX) 
and PACDEX (PACific Dust Experiment) 
studies and UNEP’s ABC Project have 
provided increasing knowledge of  
ABCs, their composition, distribution, 
transportation, mixing and precipitation. 
with this knowledge, the effects on human 
health and well-being, agriculture and food, 
water supply and quality, can be better 
determined.

Confirmation of  the characteristics of  ABCs 
may have serious implications for policies 
and response measures. ABC characteristics 
include their large and growing spatial 
distribution, long residence time, 
transport over long distances, fraction and 
composition of  fine and ultra fine particles, 
presence of  viruses, micro-organisms, 
spores, molds, and fungi, potential chemical 
reactions of  the particles, and ageing of  the 
aerosols. 

Similarly, determination of  the presence 
of  fine particles, in particular carbon 
particles, in glacial ice and their role in the 
melting of  glaciers, will provide important 
information on impacts on the climate 
system. Accelerated glacial melting in Nepal 
and Bhutan is causing an increasing number 
of  glacial lakes to overflow, burst their banks 
and flood. The Himalayan mountain range 
is the source of  a number of  major rivers 
in the world. Its water basin is critical for 
the ecosystem, agriculture, and forests, 
and for the livelihoods of  over one and half  
billion people. The melting of  the Himalayan 
glaciers will also have significant social, 
economic and health consequences, thus 
affecting the well-being of  a large number of  
people.
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The physics and chemistry of  ABCs are 
beginning to be discerned and understood. 
However, there is a need for more knowledge 
of  the microbiological, toxicological and 
epidemiological aspects of  the component 
aerosols in order to provide a better-
informed basis for determining the effects 
on human health and livestock, as well as on 
food crops and the quality of  drinking water 
supply.

13.2 SOuRCES AND COMPOSITION 
        OF ABCs

Recent satellite measurements indicate the 
existence of  ABC‘s downwind of  nearly all 
densely populated regions throughout the 
world. Each atmospheric brown cloud has 
its distinct geographic and meteorological 
features and contributions from different 
sources.

The INDOEX and other related studies 
in Southern Asia reveal that the ABC is a 
mixture of  pollutants primarily resulting 
from residential biomass burning and 
fossil fuel combustion. while the relative 
contribution of  these two major sources 
varies depending on location and 
meteorological conditions, studies of  the 
chemical composition of  ABCs suggest 
a greater contribution from fossil fuel 
combustion, despite greater emissions in 
the sub-region of  products from biomass 
burning. Monitoring data indicate that 
emissions from residential biomass have 
stabilized, whereas  emissions from fossil 
fuel burning continue to increase.

Carbonaceous material, primarily organic 
carbon (OC) and black carbon (BC), is a 
major fraction of  atmospheric aerosols and a 
significant fraction of  the submicron aerosol 
mass. A number of  metallic elements are 
also found in ABCs. Although dust is the 
origin of  many of  these metals, some can 
also be associated with pollutants from coal-
fired power plants, industry and biomass 
burning.

Biological particles, such as bacteria, fungi 
and viruses, can have an airborne path of  
virulence from one host to another. This has 
been shown in studies of  the short distance 
transport of  such particles. There are a few 
studies on the long-range transport viability 
of  microbes, because it has been previously 
thought that microbes could not survive such 
conditions. This Report has identified several 
studies which show that many bio-aerosols 
have protective spore stages and that some 
produce pigments to protect them from UV 
radiation and other adverse conditions. Thus, 
long-term atmospheric survival is possible 
and very likely. ABCs and dust storms can, 
therefore, transport pathogens over long 
distances from their original sources. This 
has important implications for public health 
policy.

13.3 ExPOSuRE, EPIDEMIOLOGY   
        AND TOxICITY OF ABCs

Assessment of  exposure is essential to the 
estimation of  risk associated with exposure 
to air pollution. There is currently a lack of  
critical exposure information pertaining to 
the components of  ABCs, which can cross 
biological membranes, reach their target 
tissues and exert toxic effects. Exposure 
assessment tools, including biomarkers 
of  exposure and effects and molecular 
epidemiology, are available and can assess, 
at the molecular level, the contribution 
of  environmental risk factors to genetic 
susceptibility in the etiology of  disease.

There are a few, if  any, epidemiological 
studies that have directly addressed the 
health effects of  ABC exposure. However, 
there are many studies pertaining to 
ABC-relevant components and their 
adverse health effects. These studies have 
documented a variety of  acute and chronic 
health effects, including premature deaths, 
cardiovascular hospital admissions, chronic 
respiratory disease, and lung cancer. There 
is an increasing amount of  information on 
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the adverse health effects of  airborne fine 
particles. The available information suggests 
that ABC exposure may be associated 
with significant adverse health effects. The 
biological plausibility of  harmful effects 
of  particulates on cardiovascular and 
respiratory health has been supported by 
in vivo and in vitro toxicological research. 
Several large studies in the US that looked 
at the consequences of  both short-term 
and long-term exposure indicated that 
there may be no exposure threshold for 
the development of  adverse health effects 
produced by particulates.

As it is expected that human populations are 
likely to be exposed to ABCs for extended 
periods of  time, the main emphasis of  
further toxicological studies should be on 
long-term exposure, especially through 
inhalation. Particulates, either alone or with 
adsorbed gases, are likely to be the cause of  
the majority of  observed effects.

No studies have been conducted to 
establish the direct health effects on human 
populations of  exposure to ABCs, as it 
is difficult to isolate or separate exposed 
populations from simultaneous exposure 
to other forms of  indoor and outdoor air 
pollution. If  it can be obtained, evidence 
from such differentiated exposure would 
provide important information with regard to 
the direct and independent health effects of  
ABC exposure.

To improve future health impact assessment 
of  ABC exposure, availability of  appropriate, 
good quality baseline mortality and 
morbidity data should be assessed in the 
context of  other, mostly larger, indoor and 
outdoor air pollution exposure studies that 
have been carried out.

Policy decisions will have to be made 
regarding the scale of  research needed for 
ABC-specific health studies and related 
studies on indoor and outdoor air pollution.

The estimation of  the economic value of  
ABC exposure effects on human health is 

likely to be very important when determining 
mitigating policies and other management 
options. Past evidence indicates that the 
benefits of  reducing morbidity and/or 
mortality often exceed the costs of  pollution 
control by considerable margins.

13.4 ABCs AND HEALTH IMPACTS

As can be seen from the previous chapters 
in this Report, the science of  certain 
characteristics of  ABCs is of  significant 
importance to human health and welfare, 
and thus merits careful consideration and 
resolution through strategic and effective 
policymaking. These characteristics include:

  • wide spatial distribution, hence exposing 
    very large populations;
  • composition, which consists of  fine and 
    ultra fine particles that can reach target 
    tissues, exert their toxicological effects, 
    increase environmental health risks, and 
    influence the etiology of  diseases;
  • likelihood of  transporting bio-aerosols 
    over long distances with significant 
    consequences for human health and well-
    being, livestock, agriculture and drinking 
    water supply;
  • health outcomes are compounded 
    by impacts on water, agriculture and 
    ecosystems.
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chApter 14
recommendAtions And Future directions

THE ABC PHENOMENON

1. Data should be collected on the 
    composition and characteristics of  
    the aerosols and particulates occurring 
    in ABCs. This is essential to improve our 
    understanding of  the actual and likely 
    health impacts of  ABCs on human life-
    support systems, particularly water, soil, 
    forests and biodiversity.

2. Research should be conducted on the 
    chemical and microbiological interactions 
    of  the particulates and aerosols occurring 
    in ABCs during their long residence time 
    in the troposphere, to provide information 
    on the interactive effects of  ABC 
    components on human health, well-being 
    and welfare.

3. Research should be carried out on the 
    ABC’s potential as a transport mechanism 
    for bacteria and viruses.

4. Research should be initiated to 
    determine the residence time of  ABCs in 
    the troposphere and the factors affecting 
    mixing between boundary and 
    troposphere, precipitation mechanisms, 
    and the rates of  reactions.

ASSESSING ExPOSuRES

5. Studies need to be designed to look 
    specifically at the effects of  ABCs. Gaps 
    in our knowledge requiring special 
    attention include the need for 
    epidemiological data specific to ABCs. 

6. There is a need to focus on differentiating 
    between the health effects of  ABCs and 
    those attributed to other pollutants and  
    sources, including indoor and urban sources. 

7. Biomarkers that are specific to ABC-
    type pollutants and exposures should be 
    developed and validated. 

8. Additional research, including in vitro 
    and animal toxicity experiments that 
    are specific to ABC-type exposures, for 
    example, simulation of  ABC-type 
    exposures in inhalation toxicology 
    studies, needs to be conducted in order 
    to extrapolate the effects of  ABCs on 
    human beings.

9. Future studies should include exposure 
    assessment studies (looking at 
    composition) for populations in areas 
    affected by ABCs. There is also a need 
    to explore the concept of  susceptible 
    populations as unique and differentiated 
    from exposed populations. Some of  these 
    potentially susceptible populations may 
    include children and people with pre-
    existing respiratory conditions who may 
    be more sensitive to the levels of  
    pollutants in ABCs. 

10. ABCs are complex mixtures that require 
    research specific to the local 
    environmental conditions and the 
    pollutants that make up these mixtures. 
    As in other health impact studies, 
    such as epidemiological studies and 
    risk assessments, exposure assessment, 
    including molecular epidemiology and the 
    use of  applicable biomarkers, needs to be 
    developed further.

EPIDEMIOLOGY

11. There is a need to identify populations 
    that clearly differ in their ABC exposures, 
    but are otherwise exposed as little as 
    possible to either indoor or outdoor air 
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    pollution. Comparing the health status 
    of  such populations would provide 
    powerful evidence of  the direct and          
    independent health effects of  ABC exposure.

12. As these studies will be difficult to 
    conduct (because such populations will 
    be hard to identify), it is also recommended  
    that there should be long-term animal 
    studies, using previously developed 
    methods of  exposure to ambient or 
    concentrated ambient PM, in areas 
    primarily affected by ABCs. Such studies 
    could provide strong experimental 
    evidence regarding the potential of  ABCs 
    to cause harm. They could be conducted 
    over exposure periods of  four to six 
    months, thus yielding relevant information 
    over a shorter period of  time than would 
    be needed to conduct proper human 
    cohort studies.

13. Exposure to ABCs is difficult to isolate 
    from exposure to other forms of  air 
    pollution indoors and outdoors, and 
    future epidemiological studies should 
    address the possible combined effects 
    with other forms of  air pollution. 

14. ABCs may have indirect health effects 
    caused by reduced crop yields, climate 
    change, and so on. This Report does 
    not discuss these indirect effects, but 
    acknowledges that these may be 
    important. Conducting epidemiological 
    studies in the future to address such 
    indirect effects will pose special 
    challenges because it will be very difficult 
    to identify populations with suitable 
    exposure contrasts with regard to these 
    indirect effects.

TOxICOLOGY

15. Mixture studies that utilize a 
    combination of  inhaled ABC constituents, 
    at concentrations relevant to exposed 
    populations, should be carried out using 
    a rodent model. Such studies that utilize 
    a “laboratory-synthesized model mixture” 

    of  combustion products, closely reflecting 
    the chemistry of  ABCs, would be 
    extremely valuable in identifying those 
    particular components that might be 
    responsible for any observed adverse 
    health-related outcomes (for example, 
    reproductive effects, genetic instability, 
    cardiovascular and/or tumour induction).

16. There is a need for studies on the 
    comparative toxicity of  aged versus freshly 
    generated test atmospheres, as well as 
    the development of  technologies to 
    generate these aged test atmospheres.

17. If  further studies indicate that the major 
    constituents of  ABCs are from biomass 
    burning, and given that only a handful 
    of  in vivo animal studies have been 
    carried out on the toxicological 
    implications of  emissions from wood, 
    agriculture or dung, there is a need for 
    long-term, low-dose inhalation studies 
    that examine the effects and underlying 
    mechanisms of  action of  combustion 
    products from biomass materials (as 
    a whole effluent rather than as individual 
    constituents). Studies should focus on 
    long-term (three- to nine-month exposure 
    periods) rather than acute exposure 
    durations, as they more closely reflect 
    human exposure to ABCs.7

18. Very few human inhalation studies 
    on biomass smoke have been performed. 
    Such studies can provide important clues 
    regarding mechanisms and short-term 
    exposure-response relations and are thus 
    warranted.

19. As the majority of  childhood mortality 
    in developing countries that rely on 
    biomass fuels for their essential needs 
    (cooking and heating) is associated 
    with infectious disease, there is a need 
    for in vivo inhalation studies that examine 
    the susceptibility of  an exposed animal 
    model to selected infectious agents that 
    are associated with those causing disease 
    (for example, pneumonia) in developing 
    countries.
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20. Inhalation studies of  combustion 
    products of  biomass materials to examine 
    adverse pulmonary and systemic 
    outcomes, such as chronic obstructive 
    pulmonary disease (COPD), asthma, 
    increased incidence of  infectious 
    disease, and cancer associated with 
    inhaled particulate matter and relevant 
    gases, should be performed in genetically-
    differing rodent strains to identify 
    differences in susceptibility. In addition, 
    studies that include compromised animal 
    models (for example, immuno-suppressed, 
    bronchitic, atherosclerotic, and 
    nutritionally-deficient animals), as 
    well as both genders at different ages 
    (juvenile to adult), should be carried out 
    so as to determine the effects of  biomass 
    combustion products on susceptible sub-
    populations.

21. As some of  the toxicological studies 
    being used for data extrapolation to 
    ABCs (that is, those relating to particulate 
    matter [PM]) demonstrate dramatic 
    effects on fetal health, such as preterm 
    delivery and low birthweight, there is a 
    need for studies on the effects of  prenatal 
    exposure to “modelled” ABC effluents, 
    individual ABC components, and/
    or biomass smoke, to determine fetal 
    susceptibility and ABC-induced effects on 
    pregnant women and their unborn fetuses.

22. A careful characterization of  real world 
    exposure levels needs to be carried out 
    to ensure the relevance of  animal studies. 
    A workshop organized among ABC 
    exposure assessment scientists and 
    scientists assessing human health effects 
    should be considered.

ASSESSMENT AND INTERPRETATION 
OF AvAILABLE DATA

23. To improve future health impact 
    assessments of  ABC exposure in Asia, 
    the availability and quality of  baseline 
    mortality and morbidity data in Asia  should 

    be assessed and, where necessary, research 
    should be started to improve the data.

24. To improve future health impact 
    assessments of  ABC exposure in Asia, 
    population exposure to ABCs should be 
    assessed quantitatively in the context of  
    other, often larger, air pollution exposures 
    from indoor and outdoor urban sources.

25. To improve future health impact 
    assessments of  ABC exposure in Asia, 
    ABC-specific exposure-response 
    relationships should be determined, 
    based on both epidemiological and 
    toxicological studies.

ECONOMIC CONSEQuENCES OF 
ABC IMPACTS ON HEALTH

26. As a first step towards the economic 
    valuation of  the human health impacts of  
    ABCs, these impacts should be 
    quantitatively assessed.
 
27. The health impacts of  ABCs should 
    be distinguished from the health 
    impacts of  other environmental sources, 
    to avoid double-counting and consequent 
    overestimation of  economic consequences.

28. The best approach(es) to valuation in 
    economic terms of  the health effects of  
    ABCs should be ascertained.

    Note: while the willingness to pay (wTP) 
   approach is the theoretically correct 
   measure to value health changes, 
   difficulties in estimating wTP, particularly 
   in developing countries, may require the 
   use of  human capital or cost of  illness 
   approaches.

29. A thorough investigation of  existing 
    health valuation literature should be carried 
    out to identify and assess the suitability   
    of  existing health values for use 
    in the ABC context.
    Note: It is essential to know if  are there 
    studies that have estimated economic 
    values for the effects of  similar types of  
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    pollutants, and if  there are studies that 
    have produced health values for sites 
    similar to ABC-affected sites, permitting 
    application of  the benefits transfer 
    approach.

30. A study should be carried out to 
    determine if  health values from a non-
    environmental context can be transferred 
    to an environmental context, such as 
    those involved in ABC-related health 
    impacts.

     Note: Non-environmental contexts tend to 
    be associated with immediate health 
    risks, such as accidents, while 
    environmental contexts are typically 
    associated with both immediate and  
    future risks.

31. A critical assessment should be made 
    as to what may be the limitations and 
    uncertainties of  the benefits transfer 
    approach and whether the margins of  
    errors associated with the transfer 
    procedure are acceptable for policy 
    purposes. 

32. Any required studies should be 
    prioritized with regard to types of  health 
    impact, affected areas and methodology.

33. In the current context, consideration 
    should be given to replacing the value 
    of  statistical life (VOSL) approach with the 
    value of  a life-year (VOLY) approach. 

    Note: when the time of  death is reduced 
    by only a few weeks or months, it may 
    be inappropriate to adopt the value of  
    statistical life.

34. Special consideration should be given to 
    the valuation of  childhood risks arising 
    from ABCs since children cannot 
    articulate their willingness to pay for risk 
    reduction.
35. Consideration should be given to the 
    effect of  age on the value of  mortality risks.

    Note: It is possible that the preference for 

    the willingness to pay (wTP) approach for 
    a reduction in the risk of  death occurring 
    in the coming year changes with age.
36. The effect of  latency of  risk on the value 
    of  mortality risks should be assessed.

    Note: Reducing ABCs would lower the 
    average exposure over a lifetime, as well 
    as exposure to peaks in acute episodes. 
    In this case, for younger people, the 
    relevant value tends to be the current wTP 
    to reduce a future risk. Very few attempts 
    have been made to calculate such values.

37. There is a need to take stock of  
    numerous research questions in 
    available literature in relation to how 
    factors increasing morbidity may relate 
    to impacts of  the ABC problem. Questions 
    requiring attention include the following:
• what are the most appropriate study 

methods to establish the effects of  ABCs 
on different types of  morbidity?

• Is there a higher wTP to avoid cancers
than to avoid other diseases?

• what is the best method to assess the
value to be attached to increased severity 
and duration of  important health effects?

The reports by Professors Michael Brauer and 
Luke Naeher, which appear in  the full report of the 
health impacts of ABCs (accessible from http://
www.cri.or.th), review the Sources and Chemical/
Physical/Biological Composition of ABCs and 
provide recommendations for future studies. The 
report by Professor Jin Yinlong, which also appears 
in that same report, reviews the public health 
situation in China as well as the health effects of 
ABC-relevant pollutants, summarizing 54 case 
studies with extensive references and important 
recommendations for future studies of ABC Health 
effects. The highlights of the reports on Sources 
and Chemical/Physical/Biological Composition of 
ABCs have been reflected part I, while those from 
the review of the public health situation in China 
are reflected in the chapter on epidemiology in this 
report.
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