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1. Introduction

Asia's high population and economic growth has meant that energy demand is doubling every 12 years, which is more than twice the world average, resulting in an increased risk of human exposure to higher air pollution from fossil fuel burning. In countries, where more than third of the population lives in urban areas or where industry accounts for more than third of GDP, estimates of environmental costs dominated the damage to health, agricultural production, natural resources caused by air and water pollution. Air quality related health costs in urban China exceeded 20% of the urban income. The main air pollution concerns in Asia are: airborne particulates (PM) (both organic and inorganic in nature), acid rain from sulfur dioxide (SO2) and nitrogen oxide (NOx) emission, ground level ozone (O3) and  greenhouse gas emissions (GHG’s). Of these pollutants, PM is identified as the main link to increasing number of health risk, as an aid to decreasing visibility in the urban centers via formation of smog along with O3, and altering the local and regional climate due to its invariant composition of aerosols of various origins – black carbon (BC) and elemental carbon (EC) from forest fires in the Southeast Asia and industrial soot in South and East Asia. Asia contains many cities that rank among those with the world’s worst air quality. Recent epidemiological studies have shown that smoke and dust particles, especially PM below 10 micron (PM10) and the finest particles of diameter below 2.5 micron (PM2.5), are primarily responsible for increasing impact of air pollution on human health. 

Over the past twenty years, major advances have been made in understanding the social and economic consequences of air pollution. In both industrialized and developing countries, it has been shown that air pollution from energy combustion has detrimental impacts on human health and the environment.  Studies in India have shown, for instance, that acute respiratory infections in children under 5 is the largest single disease category in the country, accounting for about 13 percent of the national burden of disease – children living in households using solid fuels have 2-3 times more risk of ARI than unexposed children (Smith, 1999).  In China, air pollution from fuel combustion is estimated to cause 218,000 premature deaths (equivalent to 2.9 million life-years lost), 2 million new cases of chronic bronchitis, 1.9 billion additional restricted activity days, and nearly 6 billion additional cases of respiratory symptoms (World Bank, 1997).  The culprit pollutant in both China and India is believed to be PM2.5. While estimates of health impacts are effective in raising overall concern about air quality, they do not specifically answer the question of the sources of fine particulates, nor what measures should be taken to reduce the impacts associated with exposure.

The health effects of particulates are strongly linked to particle size and composition. Small particles, such as those from fossil fuel combustion, are likely to be most dangerous, because they can be inhaled deeply into the lungs, settling in areas where the body's natural clearance mechanisms can't remove them leading to acute respiratory morbidity and mortality. The constituents in small particulates also tend to be more chemically active and may be acidic as well and therefore more damaging. Particles in the air block out and scatter sunlight, reducing visibility. They soil and corrode metals, masonry, and textiles and are also often associated with irritating odors. Knowing the composition and sources of PM is important in better understanding their role on local and regional air pollution management and formulating control strategies. Local and regional governments maintain monitoring networks studying the physical and chemical composition of PM. Despite the improved knowledge about the seriousness of fine particulate pollution in developing countries, these pollutants are often not being targeted for reduction due to lack of understanding of their composition and nature. In the developing countries, most of the regions rely on the international aid and collaborative programs for this kind of work, which makes it hard to achieve a comprehensive picture of constituents, their behavior and their role in the overall air quality management system. The high direct health costs makes understanding of particulate emission composition and reduction a very high priority environmental issue.

In Asia, controls on particulates range from little or none on small sources (household stoves, small industrial boilers) to advanced controls on modern power plants (e.g., electrostatic precipitators, ESP’s).  In addition, a large share of fine particulates in the atmosphere comes from biomass burning.  Another complication is that a considerable portion of fine particulates can be formed by chemical reactions in the air. For instance, sulfur and nitrogen emissions convert to sulfate and nitrate and organic compounds convert to organic aerosols – forming so-called “secondary” particulates.  In some Chinese cities, sulfate is believed to account for one-third to one-half of total fine particulates. Nitrate can similarly account for a large percentage of fine particulates in developed countries (and developing country mega-cities) where transport is a major fuel-consuming sector. Current trends in environmental regulation and industrial development are converging in a manner that encourages a thoughtful and consistent approach to provide a scientific basis that can be used to judge and select appropriate control measures with highest order of benefits to the human health and climate. The continued effect of economic growth and improved awareness on Asian environment depends on questions like – What is the total particulate pollution load composition in a typical Asian environment? How will total pollution loads change with controls and regulations for various constituent pollutants? How will changes in pollution loads translate into higher or lower ambient exposures in Asian countries? What effects will alternative policy regimes have on ambient exposure?

The purpose of this paper is to estimate the total pollution levels and composition of fine and coarse PM in Asia and aims to identify the information needed for a sound assessment of the impact of present levels of PM pollution on public health.  This paper also aims at identifying means to assess the benefits gained due to controls of various PM constituents. In this respect, this paper is meant to develop a broader perspective of understanding the air pollution mixture in Asia, assessing health effects of emerging fuels and technologies and measuring the health benefits of regulations at various levels.

2. Primary Pollutant Emissions in Asia

In contrast to other air pollutants, PM pollution is challenging to estimate. Sulfur pollution, for example, can be estimated in a relatively straightforward manner though bottom-up modeling because there are few source controls on sulfur in most countries.  Also, there is little sulfur emitted from biomass burning, so knowing the sulfur content of coal and petroleum products is sufficient to provide a good estimate of emissions from fuel combustion and easy to conduct a simple modeling study to estimate the pollution levels due to fewer sinks. This is not the case for fine particulates. Particulate air pollution is a complex mixture of small and large particles of varying origin and chemical composition. PM usually comprise of (1) smoke and dust from combustion of fossil fuels in industrial, household, power, and transport sectors, (2) dust from wind erosion, agricultural runoff, construction activities, and road traffic, (3) plant pollen and other natural sources such as periodic dust storms and volcanic eruptions. Further, PM2.5 includes soot from vehicle exhaust, which is often coated with various chemical contaminants and metals. The fine sulfate and nitrate, BC and EC constitute substantial amount of secondary PM. In Asia, the largest sources of secondary particles are coal-fired power plants and vehicular exhaust, especially along busy transportation corridors.

Fortunately, a significant amount of work has already been done in determine the contributing sectors of air pollution in developing countries.  Many cities in developing countries have carried out emission inventories, and, while emission factor analysis has limitations, it provides a first approximation of the sources of air pollution.  Modeling of photochemical compounds and aerosols (PM2.5, black carbon, organic matter) has been conducted for China and the Asian region through a number of international research projects - RAINS-Asia, INDOEX, TRACE-P, and ACE-Asia (Shah et al., 2001, Leliveld et al., 2001, TRACE-P, 1999 and ACE-Asia, 2001). Emission inventories for gaseous pollutants and aerosols by sector have recently been completed for India (Reddy et al., 2002) and for the rest of Asia (Streets et al., 2003). Much of this work has been undertaken at the national or regional level, with the objective of contributing to a wide range of regional and global atmospheric photochemical modeling activities. Table 1 presents annual anthropogenic and biomass emissions for each of the gaseous and particulate species by country. In the table, PM10 indicates all the primary PM emissions with diameter less than 10 m.

Current emissions of PM are available from the ACESS database developed as part of a broad range of programs aimed at integrated assessment of impacts of Asian emissions on regional and global air quality (ACESS, 2001). It includes total annual emissions of SO2, NOx, primary PM10 and PM2.5, BC and EC, and a detailed inventory of VOC’s from both anthropogenic and biomass burning sources. They are calculated for combinations of four main activity sectors – industrial, domestic, transport, power and five fuels – coal, diesel, fuel oil, biofuels and gaseous fuels. The base emissions dataset was developed for the year 2000 each of the species at a spatial resolution of the datasets is maintained at 1( x 1( for area sources and the large point sources (LPS) are assigned to their hundredths of longitude and latitude location. For modeling purposes, the grid resolution was fixed at 1˚ x 1˚ ranging from Pakistan (60˚E) in the west to Japan and Pacific Ocean (150˚E) in the east and Indonesia and Philippines (20˚S) in the south to Mongolia (55˚N) in the north. Further details on Asian emission inventory and the geographical distribution schemes are presented in Figure 2 (Streets et al., 2003). This inventory was used as an input to a variety of atmospheric dispersion modeling activities in validating the datasets and the performance of atmospheric models (Carmichael et al., 2003a and Tang et al., 2003).

2.1 Anthropogenic Emission Estimates
Fossil fuel combustion is the primary source of pollution in most of the Asian countries. Because of its population and the degree of industrialization, China is, by far, Asia's largest energy consumer; its 41% of the region's total energy consumption is followed by Japan's (17%), and India's (16%). Total energy demand is estimated to have increased by 3.6% between 1990 and 2000, and is projected to rise by an average of 2.4 % per year between 2000 and 2010 and 2.0% per year thereafter until 2030 (RAINS-Asia, 2001). Energy demand in Asia is expected to reach 203,000 PJ in 2030. In Asia, coal and fuel oil are the dominant sources of energy followed by the other solids and natural gas. Much of the coal and fuel oil is consumed by the large-scale industries and power plants. Coal consumption in Asia is projected to grow by 2.0% per year through 2010 and 1.2% annually between 2010 and 2030. The share of coal in total primary energy requirements is expected to remain almost constant. Whereas, the contribution of other solids, mainly in the form of biofuels (cow dung, wood, field residue, agricultural waste) and other forms of non-commercial energy is expected to decrease through 2030 due to increased use of natural gas and also due to reduction in rural population, where biofuels are used the most. The countries that rely on oil for the majority of their total primary energy requirements - Japan, South Korea, Malaysia, the Philippines, Taiwan, and Thailand, will continue efforts to reduce their oil dependence, while Asia's other countries will increase oil's share in their energy mix. 

The contributions of economic sectors that dominate the emissions sources are - domestic (DOM), industrial (IND), transport (TRAN), power generation (PG) and seasonal biomass burning (BB). Figure 3 presents fraction of emissions from each of the sectors. For SO2, ~60% of total fossil emissions come from China due to high amount of coal consumption. In China, SO2 emission distribution estimates a large portion of the emissions originating from the provinces of Sichuan, Yunnan, Jiangsu, Shandong, Hebei, Shanxi and Henan, mainly from the power generation sector. Each of the provinces above had emissions of more than 1.5 Tg SO2 per year. Shanghai and Beijing, each had emissions of ~0.5 Tg SO2/year. Similarly, urban centers in other countries like Seoul, Bangkok, Mumbai, Calcutta, Dhaka, and Hong Kong, each had emissions of more than 0.1 Tg SO2/year in 2000 (Guttikunda, 2002). In general, power and industry dominate the SO2 emissions with percentage contributions ranging from as high as 30-50% in China and India to as low as 10-30% in Indonesia, and Vietnam. The transportation sector contributes very little to SO2 emissions in Asia. The domestic sector dominates in under-developed countries like Bangladesh, Nepal, Myanmar, due to high percent use of bio-fuels for household cooking and heating purposes. Seasonal biomass burning also contributes to local SO2 pollution in Southeast Asia up to 5%. Inventory also includes sulfur emissions from international and regional shipping in Asian waters (Streets et al., 2000). Shipping activities also documented to contribute significantly to the local air pollution and enhanced acid deposition levels in Southeast Asia.

Unlike, SO2, transportation sector dominants for NOx and VOC emissions from coastal China, India, Thailand, Korea’s and Japan due to increasing number of automobiles and unchecked emissions from two-stroke and four-stroke engines, especially in the urban areas. These two pollutants generate secondary pollutants such as O3 and other smog products contributing significantly to regional haze problems. Motor vehicles continue to be the most significant contributor to air pollution in most cities in Asia. The contribution is growing rapidly, with fleet sizes doubling every seven years. Bangladesh and Thailand are extreme examples: vehicle numbers increased almost 10 fold over the last decade (World Bank, 2000). China, India, Indonesia, Japan, South Korea and Thailand emit more than 1 Tg of NO2/yr. Of the rest, countries on the raise are Malaysia, Pakistan, Philippines and Taiwan with each emitting ~0.5 Tg of NO2/yr. On average the transport sector contributes from 30% in China to more than 50% in Southeast Asian nations. Megacities of East Asia – Shanghai, Beijing, Tainjin, Taiyuan, Wuhan, Chongqing, Seoul, Pusan, Tokyo and Osaka emit more than 0.1 Tg NO2/ year (Guttikunda et al., 2003). All of the coastal provinces in China, which are industrially more advanced, experience emissions of more than 0.5 Tg NO2/year. Also, in these provinces, NOx to VOC emission ratio, which is critical in explaining the regional O3 forming potential, is also higher. 

The hydrocarbon emission inventory is established using species specific emission factors and by industrial processes. Unlike SO2, NOx and CO emissions, major fraction of the VOC’s are emitted from non-combustion sources such as industrial solvent extraction processes. Table 1 presents only the total VOC’s which are further disaggregated into various hydrocarbon species such as Ethane, Propane, Butane, Ethene, Propene, Acetylene, Acetone, Formaldehyde, Acetaldehyde, Halogen compounds, Cresols, Benzene, Toluene, Xylene, and higher order alkanes, alkenes, alkynes, ketones, aldehydes, and aromatics (Streets et al., 2003). While the formation of inorganic aerosol from SO2 and NOx is relatively well investigated, the composition and formation processes of the secondary organic aerosols (SOA) are not as well known due to a their complex nature of formation involving a numerous oxidation and reduction reactions of VOC’s with O3, NOx and hydroxyl radicals in the atmosphere. In this study, the estimation of SOA is established in a much simpler fashion as discussed in Sienfeld et al., 1995 and Dusek et al., 2000. Discuss about the Sienfeld method to SOA ***.

Household and transportation sectors dominate the contributions to primary PM10 and PM2.5 emissions in Asia. Besides combustion sources, construction activities and re-suspension of dust along the road corridors, also known as fugitive dust, are common sources in the developing countries of Asia (Dorwart, 2001). PM2.5 found in diesel exhaust particles is a growing concern for many of the motorized cities (Akbar et al., 2000). The inventory utilized in this study is the first of its kind in quantifying the emissions of primary PM for all of Asia. 

Organic aerosols are those in which carbon is a primary constituent - elemental carbon particles (EC) and organic carbon particles (OC). EC particles are essentially soot (black carbon (BC) and graphite carbon) and OC particles are directly emitted by sources (primary OC), or formed due to condensation of VOC’s (SOA) in the atmosphere. Together, they account to a total of ~13 Tg C/yr of primary emissions in Asia with domestic biofuels (wood, cow dung, and field residue) dominate the sources from as low as 30% in Japan to ~75% in China and Indian Subcontinent. Highest density of the emissions are observed over agriculturally dominant states and provinces, viz., central India,  central China, Indonesia and Vietnam with each of the states/provinces emitting more than 50 ktons of C/yr. Table 2 presents a comparison of fraction of BC and OC emissions to total primary PM10 in Asia. On an average international shipping activity contributes most to the BC emissions (~20%). Southeast Asian nations emit a higher fraction (~40%) of total carbonaceous PM than the rest of Asia (~30%). Except for countries which are more dependent on oil and gas based fossil fuels (viz., Japan, South Korea, Taiwan, Singapore, all the countries experience a primary PM2.5 fraction of more than 60% emphasizing the importance of fine PM control in industrialized vs. developing nations. Besides forming a significant portion of the fine PM2.5, optically active BC/OC aerosols, typically in the sub-micron size range, effects visibility and climate forcing in urban and rural areas and contribute for photochemical reactions affecting tropospheric O3 formation and removal of oxidizing species.

2.2 Biomass Burning Emission Estimates

The sources of primary and secondary particulates comes from a variety of sources including gasoline and other vapors, combustion processes (natural gas, internal combustion, coal fired power plants, other industrial processes), food cooking, automobile tire wear, and use of pesticides.  It should be noticed that some areas that have significant emissions from seasonal biomass burning (BB), that when combined anthropogenic sources, can exacerbate existing air pollution. Biomass burning emissions have a very strong signature in Southeast and East Asia, especially for CO, OC and BC contributing to regional haze problems from increased photochemical interactions between aerosol surfaces and gaseous pollutants (Crutzen et al., 1990, Galanter et al., 2000 and Tang et al., 2003). For biomass burning emissions, for more realistic temporal variability, fire emissions were estimated using on-line information on a day-to-day basis from the Advanced Very High Resolution Radiometer (AVHRR) to "spot" fires, and aerosol index from Total Ozone Mapping Spectrometer (TOMS), satellite cloud coverage, and precipitation data to reduce noise due to dust storms, industrial dust and cloud water from AVHRR data (Woo et al., 2003). Table 3 presents total monthly emissions of CO, NOx, BC, and OC from BB sources in Asia. In general, BB emissions are more dominant during the spring time in Southeast Asia and during the summer months in Indonesia and Philippines.

3. Particulate Matter Modeling and Composition in Asia
The atmospheric concentrations of primary PM10 and PM2.5 have been calculated using a modified version of Sulfur Transport Eulerian Model (STEM-PM) - eulerian regional chemical transport model for particulate matter. The model uses a three-dimensional eulerian transport numerical scheme, which accounts for transport, chemical transformation and deposition of gaseous and particulate pollutants (Carmichael et al, 2003a and Tang et al., 2003). The current version is designed as a flexible framework that can run in both on-line and off-line modes, and consists of a series of plug-and-play modules. The model’s input-output framework is modified to adapt meteorological inputs from dynamic meteorological model - Regional Atmospheric Modeling System (RAMS). The preliminary version of the model used in this study simulates primary PM and doesn’t consider physical or chemical transformation processes such as coagulation, and nucleation. The chemical conversion of SO2, NOx and VOC emissions is considered linear (Arndt, 1997 and Holloway, 2001 and Sienfeld et al., ****). The initial testing of the model is focused on the analysis of PM pollution estimation and evaluation of the control strategies for PM constituents on human health and costs. Therefore, the chemical transformation routine of the STEM-2K1 photochemical model has been neglected, but the dry deposition parameterization has been modified to allow for a distinction of removal processes according to particle size and land use type. The PM is modeled in two bins – fine (particles less than 2.5 m in diameter) and coarse particles less than 10 m in diameter).The primary BC and OC and secondary sulfate, nitrate and organic aerosols are categorized as fine in this model. It should be noted that fine PM from natural emissions, such as sea salt and wind blown dust, are not included in the calculations presented in this paper. 

3.1 Meteorological Fields

The simulations were conducted for base year of 2000, using the meteorological fields generated by the RAMS model and NCEP reanalysis data. Initially RAMS is run offline generating time dependent met fields and deposition schemes at 6-hr interval for the year 2000 for Asia. 

3.2 Annual Average Particulate Concentrations

The STEM-PM model provides calculations of average PM concentrations and composition in two bins - fine and coarse. It is important to keep in mind that all model results shown here should be regarded as interim and subject to possible changes as work on model and emissions development progresses. Figure 4 shows the overall PM10 and PM2.5 concentrations calculated for the year 2000. Sea salt was not considered in PM modeling, while it contributes to the total PM10 mass in the coastal areas. Annual average PM10 concentrations ranged from 30-200 g/m3 in China with highs estimated around the cities of Shanghai, Chongqing, Beijing, Shenyang and Wuhan.

Figure 5 presents the concentrations of carboneous PM and secondary PM - sulfates, nitrates and organics. 

3.3 Annual Average Particulate Composition

As mentioned earlier, concentrations of secondary sulfates, nitrates and organics play a vital role in regional photochemistry and PM pollution levels in Asia. The relative importance of these components to the PM10 mass concentrations also needs further validation. Initial results show that sulfate is the dominating PM component, accounting for 30-50% of concentrations in eastern and central China. Nitrate is the next important component to the ambient aerosol mass with contributions of up to 5-10% over the western pacific. 

3.4 Comparison With Monitoring Data

4. Health Costs of Air Pollution in Large Asian Cities

Urban air pollution exacts a heavy toll on human health and the quality of urban life. Fatalities in Bangladesh, India, Indonesia, and Nepal account for about 40 percent of the global mortality in young children caused by pneumonia (WHO 1993). Air pollution in South Asian cities causes nearly 100,000 premature deaths per year and over 1 billion work days of lost or reduced productivity. The PRC’s two largest cities, Beijing and Shanghai, regularly exceed emissions for multiple pollutants by double the safe amount recommended by WHO. Levels of smoke and dust, major causes of respiratory diseases, are frequently measured in PRC cities at levels as high as twice the world average. These levels are as much as five times higher than the norm in most European and North American urban areas. In the PRC’s 11 largest cities, smoke and small particles from burning coal are thought to be the primary cause of more than 50,000 premature deaths and 400,000 new cases of chronic respiratory illness every year. In the city of Shenyang, for example, 17 percent of deaths are attributed to the effects of air pollution (UNDP 2000a). Smoke and dust in large cities and in the region are a major cause of respiratory diseases (see Box 1-12). Smoke and dust in large cities are generally twice the world average and more than five times as high as in Latin America (ADB 1997).
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Table 1. Country level annual total emission estimates for Asia for year 2000

	Country
	Total Annual Emissions for year 2000 ( *109 g/year)

	
	PM10
	PM2.5
	SO2
	NOx
	BC
	OC
	VOC

	East Asia
	
	
	
	
	
	
	

	China
	8,704
	6,508
	20,826
	9,847
	1,010
	3,271
	17,171

	Japan
	262
	138
	801
	2,199
	38
	54
	1,923

	Mongolia
	73
	44
	96
	196
	16
	129
	346

	North Korea
	343
	274
	226
	269
	21
	97
	214

	South Korea
	139
	62
	828
	1,322
	19
	24
	1,159

	Taiwan
	78
	30
	376
	521
	8
	10
	510

	
	
	
	
	
	
	
	

	South Asia
	
	
	
	
	
	
	

	Bangladesh
	716
	607
	140
	167
	52
	268
	819

	Bhutan
	20
	18
	6
	5
	2
	12
	36

	India
	10,351
	7,763
	5,536
	4,529
	562
	2,799
	10,844

	Nepal
	261
	239
	38
	54
	21
	135
	346

	Pakistan
	1,511
	1,169
	1,416
	508
	82
	365
	1,344

	Sri Lanka
	211
	169
	58
	73
	11
	56
	286

	
	
	
	
	
	
	
	

	S.E.Asia
	
	
	
	
	
	
	

	Brunei
	4
	3
	6
	18
	0
	0
	43

	Cambodia
	110
	101
	40
	109
	14
	89
	305

	Indonesia
	2,014
	1,899
	892
	1,466
	214
	1,200
	7,190

	Laos
	35
	32
	26
	105
	24
	179
	674

	Malaysia
	180
	116
	273
	479
	25
	150
	1432

	Myanmar
	350
	323
	65
	200
	65
	420
	1,671

	Philippines
	263
	239
	711
	554
	33
	181
	1,347

	Singapore
	253
	156
	163
	185
	3
	2
	81

	Thailand
	418
	349
	961
	1,099
	66
	358
	3,052

	Vietnam
	891
	817
	208
	385
	104
	570
	1,920

	Ships
	270
	185
	1,083
	1,292
	68
	0
	27

	
	
	
	
	
	
	
	

	Asia Total
	27,457
	21,241
	34,775
	25,582
	2,458
	10,369
	52,740


Table 2. Fraction of primary and carbonaceous PM in total PM10 in Asia in 2000

	
	Primary-PM2.5
	BC
	OC

	East Asia
	
	
	

	China
	0.75
	0.08
	0.25

	Japan
	0.53
	0.11
	0.15

	Mongolia
	0.60
	0.07
	0.59

	North Korea
	0.80
	0.05
	0.21

	South Korea
	0.45
	0.10
	0.13

	Taiwan
	0.38
	0.08
	0.10

	Average
	0.58
	0.08
	0.24

	
	
	
	

	South Asia
	
	
	

	Bangladesh
	0.85
	0.05
	0.26

	Bhutan
	0.90
	0.06
	0.35

	India
	0.75
	0.04
	0.20

	Nepal
	0.92
	0.05
	0.32

	Pakistan
	0.77
	0.04
	0.19

	Sri Lanka
	0.80
	0.04
	0.20

	Average
	0.83
	0.05
	0.25

	
	
	
	

	S. E. Asia
	
	
	

	Brunei
	0.75
	0.00
	0.00

	Cambodia
	0.92
	0.07
	0.42

	Indonesia
	0.94
	0.06
	0.35

	Laos
	0.91
	0.10
	0.75

	Malaysia
	0.64
	0.07
	0.42

	Myanmar
	0.92
	0.08
	0.50

	Philippines
	0.91
	0.07
	0.38

	Singapore
	0.62
	0.01
	0.01

	Thailand
	0.83
	0.08
	0.43

	Vietnam
	0.92
	0.07
	0.36

	Ships
	0.69
	0.20
	0.00

	Average
	0.84
	0.06
	0.36

	
	
	
	

	Asian Average
	0.77
	0.06
	0.26
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Figure 1: Particulate pollution in Asia: Study domain 
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Figure 2. Framework for distribution of regional anthropogenic emission estimates to the modeling grid domain
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(f)
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Figure 3. Percentage contribution of emission source sectors to regional estimates of primary gaseous and particulate emissions of (a) SO2 (b) NOx (c) VOC (d) PM10 (e) BC (f) OC in Asia in year 2000. Sector acronyms: Biomass Burning (BB), Power Generation (PG), Transport (TRAN), Domestic (DOM), Industrial (IND), and Fugitive Dust (FD). Regional acronyms: China (CHN), Other East Asia (OEA), India (IND), Other Indian Subcontinent (OIS), Indonesia (INDO), and Other South east Asia (OSEA), 
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Figure 4. Estimated total annual average PM10 and PM2.5 concentrations in Asia in 2000.
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Figure 5. Estimated Percentage contribution of secondary pollutants to total PM10 concentrations in Asia in 2000.
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Figure 6. Estimated percentage contribution of total PM2.5 to annual average total PM10 concentrations in Asia in 2000.
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Figure 7. Estimated percentage contribution of primary pollutants to annual average total PM10 concentrations in Asia in 2000.
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