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1. Introduction

Large parts of the Asian atmospheric environment experience high aerosol loadings. This is illustrated in Figure 1a, where the four year mean (2001-2004) distribution of satellite-derived aerosol optical depth (AOD) is shown. The aerosol components contributing to AOD in Asia include soot, sulfates, organics, and dust, among others. This rich mixture of aerosols and their precursors comprise what is commonly referred to as the Atmospheric Brown Clouds (ABCs). The anthropogenic component of ABCs start as indoor and outdoor air pollution consisting of primary particles and secondary aerosols produced from chemical reactions involving pollutant gases, such as Nitrogen Oxides (NOx), Sulfur Dioxide (SO2), Ammonia (NH3), and hundreds of organic gases and acids. Widespread ABC plumes result from the combustion of biofuels used in indoor cooking and heating, open biomass burning outdoors, and fossil fuels used broadly throughout diverse economic sectors. As a result of these activities aerosol emissions are high throughout large parts of Asia as shown by the regional emissions of BC (Figure 1b) and high levels of PM10 (Figure 1c) are found throughout Asia.
Worldwide an estimated 3 billion persons live under ABCs, with implications for urban environments and beyond. The links between the high particulate levels associated with ABCs and human health are widely appreciated. We are also learning that ABCs have a significant impact on the climate system, significantly altering the radiative forcing over Asia, causing dimming at the surface and an increased solar heating of the atmosphere due to the absorbing components of ABCs (Ramanathan et al., 2008a). These perturbations have given rise to major areas of concern, some of the most critical being the observed decrease in the Indian summer monsoon rainfall, the north-south shift in eastern China rainfall patterns, the accelerated retreat of the HKHT (Hindu Kush Himalayan-Tibetan) glaciers and decrease in snow packs. All these suggest significant negative effects on water resources and crop yields, which are not yet fully understood (Ramanathan et al., 2008b). 

For the above reasons the study of Asian aerosols have expanded greatly over the last decade. Large scale field experiments such as INDOEX (Ramanthan et al. 2001, Clarke et al., 2002) and ACE-Asia (Huebert et al., 2003) have provided invaluable information regarding Asian aerosol, and have helped stimulate follow-on studies. One notable example is The United Nations Environmental Program (UNEP) international project ABC. The goal of the ABC project is to create a holistic view of air pollution over Asia, one which integrates science of air pollution and public policy (Ramanathan et al., 2008b). The project has set up experimental stations throughout Asia including sites in the Maldives, at the base camp of the Himalaya’s, and in Kyrgyzstan, central Asia, and conducted and stimulated several intensive field experiments (Nakajima et al., 2007; Ramanathan et al., 2007; Stith et al., 2008). 

As part of these studies chemical transport models have been used to help in the interpretation of the observations and to help integrate the observations over broader geographic scales. In this paper, we present results using our chemical transport model to help describe the regional distributions and seasonal cycles of Asian aerosols. We also discuss some of the impacts of Asian ABCs on human health and the climate system. Finally we look to the future and discuss the implications for aerosol emissions in Asia, and the opportunities for win-win strategies built upon addressing air quality and climate change together.

2. Analysis Methodology

2.1 STEM Model

The STEM, regional chemical transport model, developed at the University of Iowa was used to simulate the transport/transformation/deposition of primary aerosols and secondary aerosols from precursor trace gases in Asia. The STEM model has been successfully used in the past to study the seasonal cycle and outflow of aerosols from South and East Asia (Tang et al., 2004a; Adhikary et al., 2007). In this study, we simulate aerosol distributions within the Asia domain shown in Figure 1a for a period of four years starting from January 2001 to December 2004. The meteorological variables necessary to drive chemical transport model, were obtained from the MM5 model at a temporal resolution of 3 hours. The horizontal grid resolution of this application was 50x50 km with 24 different USGS (United States Geological Survey) defined land use types. The STEM vertical height extended up to 14 km with 23 layers between the surface and model top. The aerosols simulated for this study were sulfate, BC, OC, other PM2.5 (i.e., non carbonaceous aerosols such as fly ash, road dust, cement, nitrates etc), fine and coarse mode sea salt and fine and coarse mode dust. These components are used to represent PM2.5 and PM10 values. The dry depositions of aerosols were based on resistance in series mechanism described by Wesely et al., (2000). Wet deposition in STEM model was modeled as a loss rate that varies with precipitation. Dust and sea salt emissions in the STEM model were calculated online as a function of meteorological variables based on the work by Tang et al., (2004b) and Gong et al., (2003) respectively. Further description of the STEM model can be found elsewhere (Carmichael et al., 2003; Tang et al., 2003).

2.2 Assimilation

Modeled-derived estimates of aerosol distributions have significant uncertainty due the uncertainties associated with emissions and key processes such as wet and dry deposition (Bates et al., 2006). To better constrain the estimates of aerosol distributions we have performed an assimilation of aerosol optical depth (AOD) data. The STEM modeled aerosol mass distribution was used to calculate the aerosol optical depth using aerosol specific extinction coefficients. For this study, we have used the extinction coefficients for aerosols as reported in the IPCC report by Penner et al., (2001). Satellite and ground based AOD were then assimilated. The observation data is described in the next section. We used an optimal interpolation technique described by Collins et al., (2001) for our assimilation algorithm. Our technique differs from Collins et al. as we used additional information from satellite based observation, i.e., the aerosol fine mode fraction, and AERONET AOD in our assimilation algorithm. The fine-mode AOD data provides additional information to use in the adjustment of the fine-mode components such as BC and sulfate. Here we performed the assimilation on a monthly basis. The STEM modeled aerosol AOD was converted to a monthly mean AOD and used as input for assimilation. The ratio of model AOD to assimilated AOD was then used to recover the aerosol mass concentration. The use of total and fine mode AOD in the assimilation allowed for the anthropogenic and natural aerosols to be adjusted separately. Further details of the assimilation algorithm used and its evaluation are described by Adhikary et al., (2008).
2.3 PMF

Positive Matrix Factorization (PMF), a form of factor analytic method, used to discern the source profiles and contribution from different sources to observed phenomenon, was employed to study the seasonal cycle affecting the AOD throughout Asia. We have used the PMF model developed by Paatero et al., (1994). The aim of PMF is to obtain two matrices G and F, which explain the variation in the data set X, a matrix, consisting of n number of observations and m chemical species. The PMF output also produces a matrix called Explained Variation (EV), which summarizes the relative importance of each factor in explaining the variability of different species within the PMF input; i.e., a large EV value of a species in a factor indicates that this particular factor explains a major portion of that species variability. The STEM modeled aerosol-species-specific AOD was used as input to the PMF model. In this study, we have assumed 25 % of the predicted AOD values as uncertainty estimates for PMF input. A three factor solution was found by trial and error that minimized the unexplained variance while simultaneously yielding physically meaningful results. For example, a megacity located far from oceans and sandy desert should not have a high factor loading of dust and sea salt as the factors that primarily explain the variation in AOD. The AOD profiles and contributions were obtained by regressing the predicted total AOD against the G matrix. Detailed description of the PMF methodology and inherent assumptions are described in the paper by Paatero et al., (1994) and Paatero et al., (2000). 
2.4 Observations and data description
The observation data used in the assimilation is the AOD from Moderate Imaging Spectroradiometer (MODIS) onboard the National Aeronautics and Space Administration (NASA) Terra satellite. Chung et al., (2005) compared monthly mean AERONET (Aerosol Robotic Network) AOD with MODIS AOD and found large differences. To constrain the satellite-based observations further, we have integrated AERONET level 2 (quality assured for cloud screening and calibration) AOD available throughout Asia. The technique used to integrate AERONET AOD with MODIS AOD is described by Chung et al., (2005). In our assimilation, we have used AOD over land and the fine mode fraction information over oceans where ever they were available. Despite integration of AERONET and MODIS the observations still have regions of data gap. These regions are primarily over the desert regions of Asia. Studies have shown that a different retrieval algorithm called the ‘Deep Blue Retrieval’ is able provide AOD over bright and desert surfaces (Hsu et al., 2006). However, for this study, the algorithm was not yet available, and was not used. 

Surface observations from ABC sites and from the EANET (Acid Deposition Monitoring Network in East Asia) network were also used. The EANET network, consisting of 51 sites, measures concentration of several gaseous and aerosol species to understand the state of acid deposition in East Asia. In this study, we have used the available monthly mean PM10 data during 2001-2004 period from the selected EANET sites (EANET 2001; EANET 2002; EANET 2003; EANET 2004).

2.5 Emissions

Anthropogenic emissions of SO2, BC and OC used are from the emissions inventory developed by Streets et al for Asia for the year 2000 (Streets et al., 2003). The gridded emissions inventories were available at a spatial resolution of 0.5x0.5 degrees. Monthly mean emissions of carbonaceous aerosols from open biomass burning were taken from the GFEDv2 data base (van der Werf et al., 2006). The biomass emissions inventory, available at 1x1 degree resolution, was mapped to the model grid resolution. For scenario analysis gridded emissions for the year 2030 were taken from the emissions inventory developed by (Streets et al., 2004; Streets et al., 2007). SO2, OPM2.5 and OPM10 emissions rate were constant through out the four years of the simulation. Emissions of BC and OC varied on a monthly basis due to monthly varying biomass burning emissions inventory. Dust and sea salt emission varied on a three hourly basis as they are calculated online with changing meteorology. Figure 1b shows the total BC emissions within the model domain. Higher BC emissions are seen in areas with high population density such as the Ganges Valley in India and Eastern China as well as areas with high open biomass burning such as Southeast Asian countries of Vietnam, Cambodia and Indonesia. BC emissions over Pacific and Indian Oceans are from shipping and aviation.
With rapidly growing Asian economies, the emissions are changing rapidly through out much of Asia. Recent emissions inventory show significant changes in the emissions of these primary aerosol and precursor trace gas. Asian emissions of BC, SO2 and NOx have changed by 43.4%, 61.8%, 46.9% respectively (Streets et al 2008). These emissions are not strictly due to growth or reduction of emissions inventory. The changes have also occurred due to better understanding of the emission processes and emission factors associated with such processes, better understanding of the spatial locations of emission sources and corrections to the emissions from the year 2000. Regardless the emissions are a source of uncertainty and thus use of satellite and ground based AOD assimilation to further constrain modeled distribution has greater significance in understanding the spatial and temporal distribution of aerosols through out Asia.
3. Aerosol Distributions


3.1 The regional distribution of aerosols 

The calculated four year mean AOD distribution is shown in Figure 2d. These values are derived from the STEM model calculations assimilated with MODIS AOD to constrain the aerosol distributions. The AOD distribution after assimilation is shown in Figure 2d and can be compared with the satellite-derived distribution shown in Figure 1b. It can be seen that the assimilated model AOD distribution (Figure 2d) captures the magnitude and spatial pattern displayed by the observed MODIS AOD. However, in places where the observed AOD data was unavailable or limited, the model predicts high AOD values as seen for the desert regions of Gobi and Taklimakan in East Asia and desert regions of India Pakistan border and the Middle East. The average AOD value of > 0.4 is seen throughout South Asia and East Asia with significant contribution of anthropogenic aerosols. Adhikary et al., 2008 performed a detailed evaluation and comparison of the modeled AOD distributions with MODIS and AERONET observations on a daily basis for the period of April 2005 in this region. This study showed that the satellite-constrained AOD distributions accurately predicted AOD values at locations with independent AERONET AOD data. This modeling study also analyzed the inter-annual variability for the 2001-2004 period and found that the inter-annual variability is low over regions heavily influenced by anthropogenic pollution such as Indo Gangetic Plain but high in areas dominated by natural dust and open burning emissions. In this paper, we discuss the four year mean regional and temporal variation with the focus on the megacities and selected regional observation sites.
The calculated four year mean distribution of PM10 is shown in Figure 1c. PM10 values exceed 50µg/m3 throughout Asia and exceed 100 µg/m3 over vast regions. The high PM regions include regions in and downwind of major desert areas (e.g., Central China, Middle East, Pakistan), around heavily populated and industrialized areas (e.g., Indo Gangetic Plain, Eastern China), and areas impacted by biomass burning (e.g., Southeast Asia). The predicted aerosol distributions have been evaluated using surface observations at ABC and EANET sites throughout Asia. Illustrative results are presented in Figure 3, where the available observed and predicted monthly mean PM10 values at a sample of ABC and EANET sites are shown. The location of these sites is shown in Figure 1d. The top two panels, which show Kathmandu and Hanimadhoo, represent data from ABC sites and the rest of the data are from EANET sites. The impact of the assimilation on the predicted PM mass distributions is discussed in detail in Adhikary et al., (2008). The predicted values capture many of the important aspects in the observed values in terms of regional differences in aerosols. For example in Jinyunshan, located downwind of Chinese desert regions, the predicted high PM10 values (~160 µg/m3) and the seasonal variations are seen in observations. The model also does fairly well in predicting the lower PM10 values (~60 µg/m3) farther away from dust source regions as evident from the time series of Gosan (Korea) and Petaling Jaya (Malaysia) where the simulated PM10 matches the observations closely. The modeled values are also able to capture important aspects of the seasonal cycles across the region, as seen at Chiang Mai, Bangkok, Jinyunshan and Gosan. This seasonality will be discussed in more detail later in the paper. 

The regional distributions of sulfate, BC and fine mode dust after assimilation are shown in Figure 2. The sulfate distribution (Figure 2a) shows highest concentration in the Indo Gangetic plain and East China. These regions are highly populated urban areas with substantial fossil fuel consumption (largely coal), which in turn leads to high sulfate concentrations. In contrast, the BC distribution in Figure 2b shows a somewhat different pattern with high BC values extending into more rural regions, such as those in southern India and SE Asia. This reflects the fact that BC has diverse emission sources including biofuels, open biomass burning and fossil fuel sectors, which result in high BC areas encompassing most of urban and rural Asia. Dust emissions arise in the arid and semi arid regions located in the western parts of Asia. The dust distribution shown in Figure 2c is consistent with this emissions pattern as evident from the high dust values in the desert regions of China and Western Asia. The aerosol composition predictions have been compared to observations in numerous studies (Carmichael et al., 2002; Carmichael et al., 2003; Tang et al., 2004; Bates et al., 2006; Adhikary et al., 2007). In general, the modeled fine mode species are consistent with observations and show the similar variability seen in observations. Sulfate is predicted with best skill due to greater accuracy in its emissions and model representation of chemical conversion and removal processed. The coarse mode species (e.g., Ca) have relatively higher differences when compared with observations due to large uncertainties in the underlying emissions of these species. 

To illustrate further the regional variability of aerosol composition, the mean predicted aerosol mass and composition at selected megacities and regional ABC observation sites (Figure 1d) are shown in Figure 4a. The aerosol composition shown in Figure 4a highlights the significant contribution of dust throughout most of Asia, with the exception being Southeast Asia. The fine mode aerosol composition (SO4, BC, OC, other PM2.5, Fine Mode Sea Salt, Fine mode Dust) vary between the cities. The megacities in the Middle East and West Asia (Tehran and Karachi) have high fine mode dust contribution to PM2.5. As we move from West to East across the domain, we see a rise in the contribution of anthropogenic aerosols to PM2.5 mass (cf, the Indian Megacities Mumbai, New Delhi and Kolkata). It is important to note the significant contribution of other PM2.5 (for e.g. construction dust) to the aerosol mass of Indian megacities in particular New Delhi and Kolkata. In the Southeast Asian megacities (Jakarta and Bangkok) the carbonaceous aerosols, dominate the PM2.5 composition consistent with high open burning emissions of the region. The East Asia megacities (Beijing and Shanghai) have a large contribution from sulfate. In fact sulfate is a significant contributor to PM2.5 throughout all of Asia except Southeast Asia. Virtually all the cities have BC levels exceeding a few µg/m3 (e.g., BC at Jakarta is ~6 µg/m3), reflecting the influence of diverse emission sources on BC mass.

The six regional observation sites (shown towards the far right in Figure 4a) in general have lower values of PM2.5 when compared with megacities. The composition of the remote sites is typically governed by the outflow from the upwind source regions. The Waliguan and ABC KRSU Lidar site are located in the arid regions of West Asia and have high dust contribution to PM2.5, while Gosan and Hanimadhoo, located downwind of the populated regions of China and India, have significant anthropogenic contribution. Gosan has the highest sulfate concentration among the regional observation sites while Bukit Koto Tabang has the highest carbonaceous aerosol contribution. 

The mean aerosol AOD contribution of the megacities and regional observation sites discussed above is shown in Figure 4b. The fine mode and anthropogenic components dominate the AOD. Sulfate is a major contributor to the AOD. However, fine mode dust is also an important contributor to AOD throughout much of Asia. The contribution of BC to the AOD is also significant. In most regions the BC contribution represents 5-10% of the total AOD. This diversity in the composition of aerosol mass and AOD across the Asian region, and the significant contribution of absorbing aerosol, have implications on the atmospheric radiative forcing and thus photochemistry, heterogeneous chemistry along with global climate change repercussions, which will be discussed in more detail later.

3.2 Seasonality

The aerosol loading in Asia is greatly impacted by the prevalent seasonal cycles. In terms of precipitation, there are two broad seasons namely monsoon and dry seasons in the Asian region. However, the transition period between these two seasons and duration they last, varies across the region. So there is great diversity in this region even in terms of seasonality of aerosols as evident from Figure 5 where the annual mean monthly variation of PM2.5 aerosols at regional sites is shown. The mean seasonal values shown here were calculated as monthly averages of specific months for the years 2001-2004. Distinct seasonal cycles are shown in the various regions. For example, in South Asia, the seasonal cycle is characterized by the monsoon (June – September), postmonsoon (October – November), the dry (December- April) and the post dry transition (late April – May) seasons. At Hanimadhoo, high anthropogenic aerosol loading with significant amounts of sulfate, OC and other PM2.5, can be seen building from September through March which represents the post-monsoonal and the dry periods in South Asia. There is a sharp decline in anthropogenic aerosols in the transition months of April –May and continuing through the monsoon season. The fine mode dust is a significant contributor to PM2.5 during the monsoon period with peak dust loading occurring in March. 
In East Asia, there is strong outflow of pollutants in spring and fall seasons with significant dust sources in spring and biomass burning in late spring. These features can be seen in the seasonal cycle of Gosan, where dust along with anthropogenic aerosols peak around March – April signifying the impact of long range transport of dust mixed with pollution along its path. There is another peak of fine mode aerosols around June, which represents the impact of boreal biomass burning in late spring/early summer. In Southeast Asia, the seasonality is characterized by monsoon (May – October), the early dry (November-December) and peak dry (January-April) seasons. Most of the open burning occurs during the dry season. In insular Southeast Asia (Indonesia) the peak biomass burning occurs in the months of June through November due to the different meteorology prevailing in the Southern Hemisphere. At Bukit Koto Tabang, the impact of widespread open burning in Southeast Asia is reflected in the carbonaceous aerosols, which are persistent throughout the year with a seasonal high in February. The monsoonal months have lower aerosol amounts when compared to the dry months.
 
In order to better see how the various species are correlated within the seasonal cycles PMF was applied to the four year monthly average sulfate AOD, BC AOD, OC AOD, Sea Salt (coarse and fine) and dust AOD (coarse and fine) data at selected sites. Since there are seven AOD constituents, three factors were found to best explain most of the variability (> 80%). The three factors include a factor related to high dust conditions, a factor that reflects marine flows associated with the monsoons, and a mixed combustion factor. The PMF results are shown in Figure 6 where the panels on the left show the variability of the individual species explained by the three factors while the right panels show the seasonal variation of the factor contributions on an annual basis similar to the regional sites discussion above. The dust factor is a combination of fine and coarse dust AOD, with smaller contributions from sulfate, BC and OC, which reflect pollution mixed with dust during the transport. The dust factor is shown to have a significant contribution to the seasonal cycle of AOD throughout Asia. For example, the dust contribution is shown clearly in the springtime in Beijing and the summertime at Hanimadhoo. 
The marine factor is a combination of sea salt with BC, sulfate, OC, with a contribution from dust at certain sites (e.g. Karachi). The marine factor shows clearly the arrival of the monsoonal flows at the sites along with the BC, sulfate and OC components associated with these flows, as seen in the South Asian megacities of Delhi, and Dhaka, and at the high altitude Himalaya ABC Pyramid site. The monsoonal flows and their contribution to AOD are also clearly seen in East Asia (e.g., Beijing and Waliguan). The mixed combustion factor is dominated by the BC, sulfate and OC components. The seasonal contribution of this factor at some sites reflects the seasonal changes in the flows, and is high when the flow directions are such that pollution sources are upwind of the site. This is shown at the remote sites such as the ABC Pyramid site where the monsoonal flows bring with them aerosols from the polluted regions in the IndoGangetic plain and the Kathmandu Valley. This is also the case at Hanimadhoo where the flow conditions in the pre- and post-monsoon bring with them pollution from the continents. At many sites, the pollution contribution is high throughout the year (e.g., Delhi). But the increased contribution in winter reflects the fact that winds are weak and local pollution levels are able to accumulate for longer periods. At other sites changes in the emissions drive the seasonality in the combustion factor. This is the case at Bukit Koto Tabang, where the seasonal cycle in open burning drives the seasonality in AOD. 

It is useful to further split this mixed combustion factor into factors that reflect various source categories (e.g., open burning, biofuels). However, it was not possible to distinguish the contribution of these sources in this study due to lack of individual sector-specific species contributions to AOD. The inclusion of additional species and source contributions (e.g., biofuel and open burning AODs) are required to further resolve this factor. Such analysis is currently underway. 
4. Implications/Impacts

The high aerosol loading in Asia has important implications for the environment. For example the aerosols in the atmosphere reduce visibility, and provide surfaces for heterogeneous reactions to occur. They also alter the photolysis rate constants. The net affect of these processes can be to accelerate the production of aerosol sulfate, increase the lifetime of NOx in the source regions, slowdown gas phase ozone production and provide additional ozone loss mechanisms, and modify the lifetime and optical properties of the particles (Tang et al., 2003; Mena-Carrasco et al., 2008). They also have profound impacts on health and climate as discussed below. 

Human Health: The high aerosol levels have direct impact on human health. Throughout Asia humans are exposed to ABC particles both indoors and outdoors. The most serious health impacts of particles associated with the ABCs include cardiovascular and pulmonary effects leading to chronic respiratory problems, hospital admissions and deaths. Figure 7 shows the population weighted exposure to PM2.5 using annual mean PM values and population from the Gridded Population of the World Version 3 (GPWv3) Available at http://sedac.ciesin.columbia.edu/gpw. As discussed above the seasonal (as well as the actual values within each of the model grids) exposure levels can be significantly higher. The result shows that the Ganges Valley in India, Chongqing, Pearl River Delta and eastern China region are primary hotspots for PM exposure in our model domain. The results also show the PM exposure hotspots at various megacities and urban centers within the model domain. Recently these data have been used by health specialists in Asia to estimate the health impacts due to exposure to these levels of aerosol (UNEP, 2008). Using concentration-response relationships from the existing literature, it is estimated that exposure to each increase in anthropogenic PM2.5 of 20 g/m3 results in ~330,000 excess deaths per year, with a 95 per cent confidence interval of 180,000 - 500,000. These numbers are for India and China only, and these numbers are in addition to a WHO publication estimate of ~381,000 total deaths for China and 407,000 total deaths in India from indoor air pollution attributable to solid fuel use. 
Climate Change: ABCs in Asia also have profound implications for the climate system. ABCs have significantly altered the aerosol radiative forcing over Asia (Ramanathan et al., 2008a; Ramanathan et al., 2008b). For example ABCs have caused significant dimming at the surface, amounting to a decrease in solar radiation reaching the surface of at least 6% over India and China when compared to pre-industrial levels. It is important to point out that the impact of ABCs on climate forcing depends strongly on the composition of the aerosol. Most aerosol components scatter incoming solar radiation (e.g., sulfates), and thus act to cool the atmosphere. However some components (e.g., BC) absorb incoming radiation and thus act to warm the atmosphere. Ramanathan et al., 2008a estimate that the BC in ABCs have likely increased the vertically averaged annual mean solar absorption in the troposphere (the region from the surface up to 14 km in altitude) by about 15 % and the solar heating at elevated levels (1- 4 km) over India and China by as much as 20-50 %. They further estimate that the net effect of ABCs is to mask ~45% of the warming due to greenhouse gases (net TOA forcing due to all GHGs of 3 W/m2 vs. ABCs net-forcing of -1.4W/m2). In addition they estimate the TOA forcing due to BC to be ~55% of that due to CO2 (+0.9 vs. +1.6 W/m2, respectively). An additional concern regarding the high levels of BC in ABCs in Asia is the significant soot deposition in the Hindu Kush-Himalaya-Tibetan (HKHT) glaciers and snow packs. Collectively ABCs have given rise to major areas of concern, some of the most critical being the observed decrease in the Indian summer monsoon rainfall, the north-south shift in eastern China rainfall patterns, and the accelerated retreat of the HKHT glaciers and decrease in snow packs. All these have led to negative effects on water resources and crop yields in Asia (Ramanathan et al., 2007). 

5. Future

Given the significance of ABCs in Asia it is important to think about how the aerosol amounts and composition may change in the future. Considering what we know presently about the health and climate change impacts from ABCs offers the opportunity to identify win-win goals in terms of targets for future characteristics of ABCs. From the health perspective we know that reducing PM2.5 levels will have widespread benefits. From the climate change perspective, aerosols currently play an important role in masking the true impact of the greenhouse gases. Thus to minimize the impacts of GHGs it is desirable to change aerosols in the future in a manner that maximizes the net cooling (masking) effect of ABCs. But strategies to meet this goal must recognize that how the composition of ABCs change in the future will affect the climate response. This climate change goal can be accomplished by either increasing or decreasing the amount of ABCs, but the key is to do it in a way that the absorbing to scattering ratio of ABCs decreases. A win-win strategy that emerges is to reduce the amounts of ABCs in Asia and do it in a manner where the absorbing aerosols decrease more rapidly than the scattering components. This requires the identification of emission reduction strategies that preferentially reduce BC emissions. This is a challenge as the emissions of absorbing and scattering aerosols are often highly correlated (e.g., the emissions of BC and OC combustion processes including biomass burning, Streets et al., 2004). Below we take a closer look at possible futures for BC and sulfate aerosols in Asia. 

It is important to look more closely at the various sources of BC and how they vary by region. We performed additional simulations where we isolated the contributions of biofuel, and fossil fuel to the carbonaceous aerosol distributions from the same emissions inventory of Streets et al., (2003). The regional distribution of BC concentration for the current year (circa 2001) is shown in Figure 8a. We show BC column mass loading as it provides an indication for both air quality and human health impact assessment. BC shows substantial mass loading along the eastern India/Bangladesh region, Southeastern Pacific island countries, Laos, Vietnam along with southeastern and east central China. OC also shows similar distribution but with much greater magnitude consistent with emissions (not shown). In Figure 8b, we show the BC column mass loading for the current year but resulting only from bio-fuel emissions. As results in Figure 8a and 8b show, bio-fuel emissions contribute significantly to BC mass loading throughout much of South Asia and China. 
The contribution of different sectors for BC aerosols (column amounts) is summarized in Figure 9c on a regional average basis. The region west of Afghanistan is designated west Asia, South Asia region is designated for the countries of Pakistan, Nepal, India, Bangladesh, Bhutan and Sri Lanka. Southeast Asia is defined by the countries south of 25 degree latitude and east of Bangladesh within our model domain. East Asia is defined by the region enclosed by the area from 20-40 N latitude and 100-125 E longitude. Biofuels used for cooking currently are the largest source of BC in South Asia, and play a significant role in Southeast and East Asia. Fossil fuel sources (industrial and transport uses) are the major contributor to BC in China. The contribution of biofuels to surface concentrations can be larger than that shown. For example, over the Indian subcontinent the contribution of biofuels to surface BC can reach 70-90% while the values range from 20-80% over China. 
We also performed simulations for future emission scenarios for Asia to see how PM2.5 and the relative amounts of BC and sulfates may change. Here we chose the A1B, A2, B1 and B2 scenarios from IPCC defined development pathways. Fossil and bio fuel emissions along with projected open biomass burning emissions inventory consistent with these IPCC scenarios were obtained from published work of Streets et al. (Streets et al., 2004; Streets et al., 2007). Detailed discussion of the various development pathways and main drivers of the scenario are discussed in the IPCC documentation (IPCC 2000). Briefly, the A scenarios are seen to be probable growth pathways with A1B being more realistic while A2 pathway leads to worsening of conditions in developing countries. B1 and B2 scenarios both favor sustainability and greater attention to environmental protection. For SO2 emissions we chose A1B and B1 scenarios, which reflect differences in the global coal usage estimate for the year 2030; A1B has the highest use with 185.3 EJ while B1 scenario has a 110.0 EJ (Streets et al., 2007). 

Figures 8c and 8d show the change in PM2.5 mass at the surface layer based on projected emissions inventory for the year 2030. These results are based on simulations that used the same meteorology as the current year and thus show the influence based solely on changes in emissions. The A1B emissions scenario shows an annual increase of PM2.5 mass concentration of more than 15 µg/m3 over the highly populated Ganges valley and eastern China. Significant increases in aerosol mass are also found in outflow regions as seen over Bay of Bengal and East China sea/Pacific Ocean. The B1 emissions scenario also shows an increase in aerosol mass loading over much of South Asia while only slight increase in aerosol mass over China. It is important to point out that in both of these scenarios the health impacts of ABCs would increase. 
Figure 9c shows how the BC aerosols change in the various regions for the different scenarios. Only for the B1 and B2 scenarios do the BC levels in Asia decrease. In the A1B, B1 and B2 scenarios the BC from biofuels decrease significantly. This is significant as biofuel sources offer an important target for reduction as it is a source category that has much higher BC than sulfur emissions. Thus reducing biofuels has the advantage of both reducing BC emissions and decreasing the BC to sulfate ratio in ABCs. The BC/Sulfate AOD over Asia for the current year is shown in Figure 9b. The areas with the highest BC to sulfate ratios are those with a large contribution of biofuels and open burning, e.g., S and SE Asia. The BC/sulfate ratios for three megacities in Asia representing different emissions source profiles are shown in Figure 9d for present as well as future emission scenarios. Model simulations show that both A1B and B1 show significant reductions in the BC/sulfate ratios compared to the base year, however, B1 shows a significant decrease in BC mass as well. 

These current scenarios show that there are ways to decrease the BC contribution to ABCs, and thus enhancing the masking effect of ABCs. Targeting biofuel reductions is a key strategy and has the added benefit that biofuel reductions are expected to also reduce indoor levels of carbonaceous aerosol, and thus have a substantial positive impact on human health. Controls focused on diesel emissions from vehicles (e.g., particle traps) is also an important target for BC emission reductions. Unfortunately these scenarios still show an increase in PM2.5 levels and thus do not succeed in reducing the health impacts due to outdoor exposure to aerosols. However, there are ways to reduce both BC and sulfate. For example there are lessons to be learned from the recent Beijing Olympics where a variety of emissions reductions measures were put into place. These included permanent (e.g., improved quality of transport fuels, closing of some industries) as well as temporary (e.g., banning cars from use on certain days, halting of construction) measures. Preliminary analysis suggests that these measures reduced emissions of both SO2 and BC in the region, and in a way that reduced the BC to sulfur ratio (i.e., SO2 emissions were decreased by ~15% and BC emissions by ~40%). Clearly more work is needed to identify possible future emission scenarios for aerosols and precursors that address the health and climate change issues (while not increasing GHG emissions). 
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8. Figure Captions

Figure 1: (a) Four year averaged MODIS &AERONET AOD (b) BC emissions used in the model (c) Simulated PM10 mass and (d) Megacities, EANET and Regional Observation sites
Figure 2: Modeled four year averaged aerosol distributions (a) Sulfate (µg/m3) (b) BC (µg/m3) (c) Fine mode dust (µg/m3) (d) Data assimilated STEM model AOD.

Figure 3: Comparison of observed and modeled PM10 at selected ABC and EANET sites for the years 2001-2004.

Figure 4: Contribution to (a) PM2.5 mass (µg/m3) and (b) AOD at the megacities and regional observation sites.

Figure 5: Seasonal cycle of PM2.5 (µg/m3) aerosols at the regional observation sites.

Figure 6: PMF modeled AOD profiles and contributions at the regional observation sites and selected megacities 

Figure 7: Population weighted exposure to PM2.5 (Units Population (millions)* (µg/m3)).

Figure 8: (a) Base year column BC loading (µg/m2), (b) BC loading (µg/m2) with emission contribution only from bio fuel. Also shown is the change in surface layer aerosol concentration from the year 2030 to the base year via IPCC A1B (c) emissions pathway and (d) B1 emissions pathway.

Figure 9: (a) Carbonaceous aerosols (from bio-fuel emissions alone) contribution to AOD, (b) modeled BC/SO4 AOD and regional average BC column concentration (µg/m2) illustrating the (c) sectoral contribution and (d) ratios of BC/sulfate concentration from base and projected future emissions at selected megacities.
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