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Abstract

The rapid growth of the Indian cconomy, spurred by the industrial and urban expansion has been
accompanied by environmental stresses, particularly in air quality. The current capacity in India
in research, education, and operational aspects of air quality measurements, modeling,
forecasting and regulatory management needs further enhancement. Air quality management is a
growing problem in both the urban and rural areas in India. A workshop, with partial support
from the U.S. National Science Foundation brought together several experts from the U.S. and
India with a common vision for identifying priority areas of research and development in the air
quality-climate arena, and a commitment to sustain long-term Indo-US collaboration, during
March 14-24, 2011 in India (Phase I). To engage participation by emerging scientists in the field,
the workshop included three days of invited lectures and presentations, followed by a 7-day
hands-on training on a publicly-available suite of numerical models that are used world-wide in a
variety of air quality applications from basic research to local- and regional-level planning and
management. The training included concepts of Atmospheric Chemistry, Sparse Matrix Operator
Kernel Emissions (SMOKE) model, Weather Research and Forecasting (WRF) model, and the
Community Multiscale Air Quality (CMAQ) model. This workshop helped improve
understanding of the emission sources and meteorological conditions that contribute to regional-
to-urban-scale air quality and climate issues of relevance to protecting public health and the
environment in India. Phase II will contribute towards a scientific understanding of air quality
and climate in the region. Large-scale interest in air quality management and climate research is
incessantly growing in the developing countries due to the increasing trends in air pollution and
greenhouse gas emissions; and they are estimated to grow in coming years. Atmospheric models
are useful for assessment of the nature and magnitude of the air pollution. The model studies
help in formulation of innovative emission control policies for protecting human health and the
environment.



1. Introduction

The United States has made significant advances in confronting environmental challenges by
developing the scientific and technological basis for air-quality measurements, atmospheric
modeling, analysis, and policies for mitigation over the past few decades. However, given the
global nature of environmental concerns (e.g., the global distribution of long-lived species such
as CHs, Hg and CO,, the inter-continental transport of short-lived pollutants, and global climate
change), the scope of these scientific advancements needs to be expanded. In particular, major
air quality studies in the U.S. have focused primarily on extra-tropical urban emissions and
meteorology. Limited attention has been focused on tropical/sub-tropical regions such as South
Asia which are projected to contribute significantly to the global pollution burden (Ramanathan
and Carmichael, 2008).

India has been cited as one of five fastest growing economies in the world, but this growth has
become increasingly attended by concerns regarding its impact on the environment, in particular,
the impact of air pollution on climate and human health. The explosion of vehicular traffic in
both urban and rural areas as well as the rapid transition from a predominantly agricultural to a
mixed agro-industrial economy has led to adverse environmental impacts (Aneja et al., 2001a).
From the perspective of air quality science, the challenges are to accurately characterize the
chemical processes in the regional environment, and their response to the prevailing
meteorological conditions, and to quantify the emissions from the responsible sources and their
representation in current photochemical modeling applications over the tropical region.

2. Air Quality in Southeast Asia: An Emerging Need

The development of air quality science in the tropical regions of the world, especially with
increased industrial activities owing to increasing economic development is rapidly becoming an
emerging need; since global air quality science is increasingly being cited as a critical aspect of
risk reduction and climate change mitigation in the U.S. (West et al, 2006; Tagaris et al, 2007).
Elements associated with air quality issues (e.g., gas and particulate species) are also inextricably
linked to climate perturbations, thus posing a complicated challenge and especially for Asia and
its peoples and their sustenance related to the energy, agricultural and water sectors (Aneja et al.,
2001b; Aneja et al., 2008; Aneja et al., 2009; Ramaswamy, 2009; Horton et al., 2010). Moreover,
recent work in the United States has shown that emissions due to landing and takeoff activities
from a sample growth in aviation activity by a factor of 2.24 in the U.S from 2005 to 2025 leads
to a 4-fold increase in aviation-related PM; s concentrations (Woody et al, 2011). Furthermore,
aviation-related adverse health impacts would increase by a factor of 6.1 from 2005 to 2025,
with a factor of 2.1 attributable to emissions, a factor of 1.3 attributable to population factors,
and a factor of 2.3 attributable to changing non-aviation concentrations which enhance secondary
PM s formation (Levy et al, 2011). India’s recent economic growth has also led to a rapid
increase in aviation activity during the past decade. It is expected that India will be the third
largest aviation market within 10-15 years, with a projected 3-fold increase from 2010 to 2020
(ACL, 2011). Though aviation emissions are a small percent of the overall anthropogenic
emissions budget, given the findings from the U.S. based study, the impacts of aviation activity
on future year air quality in India will be likely even more significant.

3



It is now well established that the current levels of particulate matter (PM) in the U.S. account
for some 40,000 premature mortalities annually, with many more hospital admissions being
attributed to both high ozone and PM levels. These health outcomes are now understood to be
due to, or at least highly correlated with a complex of specific weather patterns, climate
variability and air quality (Hanna et al., 2011). The rapid economic growth in Indian cities over
the past decade, together with their unique atmospheric chemical constituents (very high
carbonaceous PM levels) and meteorology have given rise to more severe problems related to air
quality than seen in most other regions in the world. It should be noted that in 2005 more than 50
Indian cities exceeded the U.S. National Ambient Air Quality Standards for annual average
Respirable Suspended Particulate Matter (RSPM) concentration of 15ug/m? by factors of 6 or
more, with Delhi and Pune being among the top 35 (Aneja 2001; Narain, 2008, Government of
India, 2009). Serious health impacts imposed on the populations by the ambient air quality in
several Indian cities such as Delhi, Pune, Hyderabad, Chennai, and Bangalore have been
documented. This poses a critical need for efficient and reliable means to examine and better
understand the atmospheric chemistry and meteorological conditions that contribute to the urban
pollutant mix. These can best be achieved through the use of advanced decision support systems
that include source-based multi-scale multi-pollutant modeling, relevant observational databases,
and advanced analysis tools to evaluate the performance of models against observations using
approaches recommended by Dennis et al. (2010), and help identify meaningful and effective
mitigation strategies. The insights gained in this effort are expected to benefit from the continued
enhancement of tools and technologies for environmental decision-making in the U.S.

In many developed countries, atmospheric research in urban-to-regional air quality has focused
on understanding ozone and secondary particulate matter (PM) formation and transport during
episodic pollution events over scales of tens to hundreds of kilometers. New concerns with
environmental justice and deliberate and accidental release of air toxics have spurred research
into dispersion of primary pollutants from scales of several meters to over hundreds and even
thousands of kilometers from the release. Several field studies (Allwine et al., 2001; Venkatram
et al., 2004,) have recently been conducted to understand pollutant dispersion in urban areas in
India. Indian scientists have made progress in several areas of modeling, including dispersion
under low-wind speed conditions typical of urban areas, and modeling of accidental releases
(Kesarkar et al, 2007). The Indian Ocean Experiment (INDOEX) of January — March 1999
described by Ramanathan et al. (2001) led to the publication of several seminal papers in the
literature on the impacts of the Indian sub-continental plume on not only air quality but on
climate change and variability in the region and on the issues of identifying and characterizing
the sources responsible (Novakov et al., 2000; de Laat et al., 2000; Guazotti et al., 2001; Mayol-
Bracero et al., 2002; Reddy et al., 2004; Venkataraman et al., 2005). The findings of INDOEX
are still emerging, e.g., regarding the role of South Asian aerosol, including black carbon (BC),
on the formation of atmospheric brown "clouds" that cause global dimming (Ramanathan and
Crutzen, 2003, Ramanathan and Carmichael, 2008). This field campaign not only spawned many
global modeling studies focused on the South Asian aerosol forcing on climate (e.g., Satheesh
and Srinivasan, 2002), but also led to successive refinements of the regionally-relevant high-
resolution emission inventories to drive these models that started with Reddy and Venkataraman
(2000a, b). Regional-scale modeling studies conducted by Shankar et al. (2005) using the
inventory of Reddy and Venkataraman (2000a,b) to drive a coupled meteorology-chemistry
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model clearly showed the continental plume off the South Indian coast even after a 2 week
period in January 1999; Figure 1 (a) shows the spatial distribution of the resulting aerosol optical
depths (AODs). Figure 1(b) shows the AOD trends for this period under future emissions
scenarios (IPCC scenarios A1B and B2) compared to current conditions. Since then research has
continued over South Asia with measurement and modeling studies to improve BC emissions
estimates for the region (Bond et al., 2004; Venkataraman et al., 2005, 2006; Habib et al., 2008).
The scientific expertise available within the Indian air quality research community as evidenced
by these and numerous other studies offers a valuable resource for future collaborative research
among Indian and U.S. scientists.

3. U.S.-India International Workshop

To help address the challenges arising from air pollution over South Asia, the “U.S.-India
International Workshop on Air Quality: Collaborative Science, Research, and Education in Air
Quality Measurements, Modeling and Analysis” was organized by a team of atmospheric
scientists from North Carolina State University (NCSU), the University of North Carolina at
Chapel Hill (UNC), and the US Environmental Protection Agency as Phase I of a two-phase
collaboration. The workshop was convened at the Administrative Staff College of India (ASCI),
in Hyderabad, India, during March 14-24, 2011. The workshop included invited lectures and
presentations by Indian, American, European, and other overseas scientific experts in the field,
and provided an opportunity to share information and discuss the key scientific issues and
challenges to addressing India’s air quality needs. About 250 participants from six countries
attended the workshop. Its outcome was a prioritized list of research areas and a concrete road
map for collaborative research endeavors. The workshop also included hands-on operational
training on the use of a publicly available air quality modeling system shown in Figure 2 to
interested participants consisting of the Sparse Matrix Operator Kernel Emissions (SMOKE)
processing system (Houyoux et al, 2005), the Weather Research and Forecasting (WRF) model
(Skamarock et al., 2008), and the Community Multiscale Air Quality (CMAQ) model (Byun and
Schere, 2006), beginning with a detailed overview of the atmospheric chemistry and physics
involved in their formulations. Additional information on this workshop is available at:
http://www.asci.org.in/agcew/index.html

The workshop provided an improved understanding of the air quality science underlying the
regional-to-global-scale air quality and climate issues of relevance to public health and the
environment. The discussions and presentations provided insights into the prevailing
meteorological patterns and chemical regimes, and the model formulations required to capture
their characteristics to reliably assess air quality in the region. Emission source information as
well as insights on regional circulations provided by Indian participants greatly contributed to the
knowledge gained and disseminated through the workshop.

Research topics discussed include the following:



a.

c.

Meteorology

e Urban canopy parameterization

* Modeling of clouds and precipitation, especially in the monsoon seasons

e Land-sea breezes in coastal cities
Long-range transport (i.e. north-south flow that transports pollutants from source regions
to the remote-rural areas).

Emissions

e Spatial and temporal emissions inventory from agricultural activities, both crop and
animal (Aneja et al., 2011)

e Inventory of pollutants from key source sectors: Emissions of particulate matter (PM)
from paved and unpaved roads. This is of particular concern in Indian cities. Current
methods of estimating emissions from such sources are highly uncertain due to the lack
of adequate inventories (Venkatram, 2001).

e Emission factors for various sources of black carbon (BC): The studies of Venkataraman
et al. (2005) and Bond et al. (2004) has shown strong evidence for the contributions of
domestic biofuel combustion in India to the observed BC budget, identified as a
significant component of the regional climate forcing.

e Vehicular emissions in urban areas such as Hyderabad, Bangalore, Chennai, Mumbai,
Kolcuta, and Delhi, particularly due to the increased use of two- and three-stroke engines.

e Temporal allocation, particularly in the combustion of biomass from crop waste, another
major contributor to the regional black carbon budget.

e Chemical speciation, for soil-derived dust, and fly ash, a large source of primary PM in

India.

Chemical speciation of diesel vs. alternative fuels for sensitivity studies in urban areas

Evolution of anthropogenic emissions under emerging regulations.

Sensitivities of emissions to alternative fuel technologies.

Impacts on emissions in the domestic source sector of pilot projects that have been

undertaken to promote clean cook stove technology.

e Impacts of vehicular emissions of cleaner alternatives such as compressed natural gas to
diesel fuel.

e Development of top-down versus bottom-up emissions inventories to support air quality
modeling studies, with case studies.

Pollutant chemistry and transport

e (as-, aqueous-, and particulate-phase chemistry, and geographic and seasonal differences
in chemical regimes.

e Atmospheric processes (advection, diffusion, transformation, deposition) contributing to
urban pollutant mix

e Fine particle formation associated with photochemistry

e Integrated measurement-modeling studies to perform source attribution
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d. Air quality modeling

Lateral boundary conditions
Chemical mechanisms to examine the very low observed ozone (Dickerson et al., 2002;
Stehr et al., 2002)

o Interactions of meteorology and atmospheric chemistry (i.e., aerosols, radiation, clouds,
and precipitation)

e. Air quality model applications

e Sensitivities to lateral boundary conditions; horizontal and vertical grid resolution;
chemical solvers; numerical schemes; model time step.

o Retrospective analyses to show application of air quality models for effective policy-
making, using a case study
Routine operational applications; optimization techniques.
Research studies

o Future-year modeling including the interactions of climate and chemistry

f. Dispersion of pollutants within the urban canopy

3. Assessing the Future of Air Quality in the Tropics

Future scientific collaborations: As highlighted in previous sections, the primary goal was to
bring together experts in the field of air quality and meteorological science from the U.S. and
India to forge collaborations that will explore fundamental scientific challenges in this field,
especially as it relates to urban- and regional- to global-scale processes. The Phase II expected
outcome is a series of initiatives for scientific research and proposals for the same to be
submitted to U.S. (e.g., NSF), and Indian funding agencies. The initiative will lay the
groundwork for the subject areas and the order of priority of the challenges to be tackled via
multiple research projects.

Contribution to enhancement/improvement of scientific, engineering, and/or educational
activities: A key scientific contribution of this initiative will be an assessment of the state of the
art in air quality management in India, and the development of a set of recommendations for
possible improvements, which would exploit recent advances reported in the scientific literature
that are relevant to air quality issues in India. This summary assessment along with the set of
recommendations are expected to be used to move forward to the next phase where concrete
actions are taken by appropriate organizations/agencies that are involved in air quality
management in India, both at the central and local/regional levels.

On the educational front, it is anticipated that a new generation of air quality and climate
scientists drawn from various organizations and educational institutions in India will become
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proficient in Atmospheric Chemistry, Climate Science, and using the state-of-the-science models
WRF, SMOKE and CMAQ to understand the various scientific issues related, respectively, to
regional-to-urban-scale emissions, meteorology and air quality (http:/www.epa.gov/amad) and
assess the usefulness of the modeling system to Indian conditions. Further, the scientists from
UNC on this team are senior staff at the U.S. EPA-funded Center for Community Modeling and
Analysis System (CMAS) (cmascenter.org). CMAS is a means to promote the use of key
modeling systems such as SMOKE and CMAQ and provide support and outreach to a growing
world-wide user base (Rao, 2010). The bug-tracking facility on the CMAS website
(http://bugz.unc.edu) as well as the CMAS listservs provide users tools to report problems on the
use of these models, as well as query the system and the user community for existing help tickets
and learn from solutions that have been offered in the past decade by the CMAS support staff.
CMAS staff will continue to foster the expertise of this new generation of modelers in India
using the existing infrastructure.

4. Linkages between Air Quality and Climate

An emerging challenge in the science of air quality is its critical linkage to the climate change
problem. This arises because certain atmospheric species have the ability to affect both air
quality and climate. Changes in emissions of primary or precursor pollutants can result in
increases or decreases in some of the climate-active species, e.g., BC and sulfate aerosol, which,
in turn, represent a positive and negative forcing, respectively, on the climate system. Changes in
surface emissions affect tropospheric chemistry, in turn affecting tropospheric ozone and
methane which are climate-warming gases. Thus, reduction in methane a greenhouse gas that
leads to a net increase in tropospheric ozone, is a potential “win-win-win” circumstance, with
gains to be accrued in climate, air quality, and health outcomes (Horton et al., 2010). In contrast,
changes in climate such as warming can act to enhance tropospheric ozone levels and thus
exacerbate air quality degradation. Similarly, actions undertaken to reduce sulfur emissions from
fossil fuel combustion to improve visibility and removing a respiratory health hazard in dense
metropolitan areas has consequences for climate. In this case, however, this climate impact,
unlike the methane/tropospheric ozone case mentioned above, may represent a “win-loss”
situation because there is potential for rapid warming in the short term when the negative forcing
of sulfate is removed (Horton et al., 2010). This near-term warming occurs because CO, and the
other greenhouse gases have much longer lifetimes than the short-lived sulfate aerosols, and
because their atmospheric concentrations are projected to continue to increase due to present
levels of emissions. The Indian air quality issue and its links to climate are juxtaposed with
corresponding challenges in the entire Asiatic region (Ramaswamy, 2009), and have relevance in
the global dimension. Thus the key scientific considerations for air quality include a
quantification of the agents causing the air quality problems, understanding and interpreting their
observed trends, and assessing the potential future trajectories in response to various emissions
abatement strategies. The corresponding climate question is: how does the evolving atmospheric
composition under current and projected emissions growth scenarios relate to the climate forcing
of key gaseous and aerosol species, and what are the resulting societal impacts on regional-to-
global scales (e.g., heat waves, changes to monsoon patterns resulting in droughts and floods and
the impacts on the food and water security in geographically similar parts of the world)?
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Figure 1. (a) Spatial pattern of aerosol optical depth (AOD) predicted by METCHEM in the
350-700 nm wavelength band, comparable to the 500 nm AERONET observations;
(b) comparison of modeled AOD at Dharwar, Kashidoo Climate Observatory (KCO),
Male and Goa, India, for the period January 1-10, 1999 against available observations
from AERONET. Modeled AODs at KCO and Male are indistinguishable due to the
close proximity of these sites.
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Figure 2. Flow diagram of the WRF-SMOKE-CMAQ modeling system distributed by the
CMAS Center for research and regulatory applications. Also shown is an example
modeling grid (vertical axis shows the height above surface in meters).
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