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Abstract

The Ganges Valley region is one of the largest and most rapidly developing sections of the Indian
subcontinent. The Ganges River, which provides the region with water needed for sustaining life, is fed
primarily by snow and rainfall associated with Indian summer monsoons. Impacts of changes in
precipitation patterns, temperature, and the flow of the snow-fed rivers can be immense. Recent satellite-
based measurements have indicated that the upper Ganges Valley has some of the highest persistently
observed aerosol optical depth values. The aerosol layer covers a vast region, extending across the Indo-
Gangetic Plain to the Bay of Bengal during the winter and early spring of each year. The persistent winter
fog in the region is already a cause of much concern, and several studies have been proposed to
understand the economic, scientific, and societal dimensions of this problem. During the INDian Ocean
EXperiment (INDOEX) field studies, aerosols from this region were shown to affect cloud formation and
monsoon activity over the Indian Ocean. This is one of the few regions showing a trend toward increasing
surface dimming and enhanced mid-tropospheric warming. Increasing air pollution over this region could
modify the radiative balance through direct, indirect, and semi-indirect effects associated with aerosols.
The consequences of aerosols and associated pollution for surface insolation over the Ganges Valley and
monsoons, in particular, are not well understood.

The proposed field study is designed for use of (1) the ARM Mobile Facility (AMF) to measure relevant
radiative, cloud, convection, and aerosol optical characteristics over mainland India during an extended
period of 9-12 months and (2) the G-1 aircraft and surface sites to measure relevant aerosol chemical,
physical, and optical characteristics in the Ganges Valley during a period of 6—12 weeks. The aerosols in
this region have complex sources, including burning of coal, biomass, and biofuels; automobile
emissions; and dust. The extended AMF deployment will enable measurements under different regimes of
the climate and aerosol abundance—in the wet monsoon period with low aerosol loading; in the dry, hot
summer with aerosols dispersed throughout the atmospheric column; and in the cool, dry winter with
aerosols confined mostly to the boundary later and mid-troposphere. Each regime, in addition, has its own
distinct radiative and atmospheric dynamic drivers. The aircraft operational phase will assist in
characterizing the aerosols at times when they have been observed to be at the highest concentrations. A
number of agencies in India will collaborate with the proposed field study and provide support in terms of
planning, aircraft measurements, and surface sites. The high concentration of aerosols in the upper
Ganges Valley, together with hypotheses involving several possible mechanisms with direct impacts on
the hydrologic cycle of the region, gives us a unique opportunity to generate data sets that will be useful
both in understanding the processes at work and in providing answers regarding the effects of aerosols on
climate in a region where the perturbation is the highest.

il
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1.0 Introduction

The impact of aerosols on climate is highly uncertain, according to the latest assessment of the
Intergovernmental Panel on Climate Change (IPCC), AR-4. Although aerosols affect the global energy
budget, they also have strong regional distributions and impacts. An evaluation of surface measurements
from approximately 700 AErosol Robotic NETwork (AERONET) sites worldwide operated by the
National Aeronautics and Space Administration (NASA) indicated that the regional nature of the aerosol
distribution (Figure 1) is highest in the southern portions of the Western and Northern hemispheres,
specifically in the southwestern United States and Mexico and in the southern and southeastern portions
of the tropical and subtropical eastern Northern Hemisphere—including India and China.
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Figure 1. AERONET aerosol optical thickness (AOT) measurements. The ordinate shows longitude
bins of 30 degrees from 180 W to 180 E. The y-axis shows AOT for each 10-degree latitude
band on a logarithmic scale from 001 to 10, from the equator to 90 N. The longitude bands
are 30 degrees wide.

In the subtropical eastern Northern Hemisphere, the upper Ganges Valley has some of the highest
persistently observed aerosol optical density (AOD) values in the Multi-Angle Imaging
Spectroradiometer (MISR) global data set (Di Girolamo et al. 2004, Figure 2). This region is also home to
about 700 million people and accounts for about 20% of the Indian gross domestic product. It houses
heavy industry such as steel, cement, and power plants and is one of the most ancient continuously
farmed regions of the world. The observed aerosol layer covers a vast region, extending across the Indo-
Gangetic Plain to the Bay of Bengal during the winter and early spring of each year. The AOD shows
variability within the region and is highest in the sub Himalayan regions of eastern India. The aerosols are
composed mostly of anthropogenic pollution particles and are high in sulfate, nitrate, organic, and black
carbon (BC) contents (Singh et al. 2004, Tripathi et al. 2005, Dey and Tripathi 2007). The aerosols may
also include mineral dust from the Thar Desert (Chinnam et al. 2006).



VR Kotomarthi, June 2010, DOE/SC-ARM-10-019

: lo.so

-0.45

0.30

0.15

0.00

Figure 2. Multiangle imaging spectroradiometer AOD values at mid visible wavelengths (558 nm),
averaged over December—February of years 2001, 2002, 2003, and 2004 (from Di Girolamo
et al. 2004).

The consequences of these aerosols and associated pollution for surface insolation over the Ganges
Valley—and particularly for monsoons—are not well understood. During the INDOEX field studies
(Ramanathan et al. 2002, Ramanathan et al. 2005), aerosols from the Ganges Valley were shown to affect
cloud formation and monsoon activity over the Indian Ocean. Doubling of the concentration of the major
greenhouse gas CO, is expected to result in increasing temperatures over the land of the subcontinent and
into the mid-troposphere (Kothwale and Rupa Kumar 2002). This effect could be expected to intensify the
summer pressure gradient differential between the land and ocean and thus strengthen the Indian summer
monsoon (ISM) (Hu et al. 2000). Several recent studies that include aerosols and greenhouse gases have
shown an equally likely possibility that precipitation could be much lower than the range observed during
the Halocene because of changes in orbital parameters. Abrupt changes of this type can result from a
bifurcation in the response of precipitation to planetary albedo changes (Zickfield et al. 2005). Raising
further concern, a recent study showed that the measured surface insolation over India decreased by 4%
between 1980 and 2000. This surface dimming seems to have been accompanied by warming of the
atmosphere. At the same time, over the Indian Ocean, the lower atmospheric solar heating has increased
by about 50% because of the brown cloud (Ramnathan et al. 2007). This is expected to make the
atmosphere more stable over the ocean and thus reduce convective mixing. Increasing air pollution can
thus modify the radiative balance through (1) increased backscattering from anthropogenic aerosols such
as sulfates and nitrates; (2) localized heating of the cloud air mass due to increasing concentrations of BC,
thus leading to droplet evaporation; (3) changes in the size of cloud droplets due to increasing aerosols in
the atmospheric column; and (4) altered precipitation due to changes in aerosol sizes.

2.0 Scientific Objectives

The AMF/G-1 deployment will bring an entire suite of instruments for measuring physical, chemical, and
optical characteristics of aerosols. Included will be capabilities for measuring aerosols’ atmospheric
profiles and spatial extents, as well as for probing the planetary boundary layer (PBL), the mid-
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troposphere, radiative balance, and cloud properties. The proposed study seeks to answer the following
questions:

1. What effect do increasing aerosols in the Ganges Valley have on the ISM?

a. Does the increase in mid-tropospheric aerosols act as a heat pump and drive moist air over from
the Indian Ocean to the northern parts of India and Tibet, thus extending the monsoons and
causing earlier onset?

b. Does the increase in mid-tropospheric aerosol cause increasing cloud heating rates and lead to
evaporation of clouds and decreased rainfall?

c.  What are the vertical profiles of the chemical, physical, and optical characteristics of the aerosols
that cause one of the above to be true?

With the AMF, we will be in a position to make continuous, extended estimates of heating rates within
cloud over continental India by measuring cloud properties, drop sizes, and liquid water content and
making complete radiative balance measurements of clouds. Coupling these estimates with measurements
of in situ cloud properties and aerosol measurements made from the G-1, as well as ongoing Indian
activities (Aerosol Radiative Forcing over India [ARFI]) to obtain a regional footprint, we will be able to
estimate heating rates within clouds over an extended period of time over the region. This will be the first
such effort to synthesize the various measurements into a combined data product over this region. The
results will be available for model validation and evaluating current cloud level aerosol heating
hypotheses and would provide data from the region for evaluating the Ramanathan et al. (2007)
measurements made by using unmanned aerial vehicles.

2. What effect does the diurnal PBL cycle in the Ganges Valley have on the atmospheric distribution of
aerosols?

a. Does the diurnal cycle in the PBL transport smaller and radiatively more active particles for
mixing into the mid troposphere and regional-scale transport?

b. Does the diurnal mixing of aerosols in the atmospheric column have an impact on measured
cloud properties?

Satellite-based measurements show high concentrations of acrosols (measured as AOD) over the Ganges
Valley. However, little is known about the vertical structure of the distribution of aerosols and the fraction
of the aerosols available for regional- and global-scale transport. The AMF is uniquely positioned to make
continuous, high-frequency measurements through the atmospheric column, and our site selection is
nearly ideal for achieving this goal. The G-1 will add the additional capability of generating in situ
measurements and vertical profiles within the PBL and above, to generate estimates of the amounts of
aerosols that are transported into the mid troposphere and to regional scales.

3. What effect do aerosols have on deep convective activity over the northern plains and the Ganges
Valley region, and how does this affect cloud formation?
a. What effect do the changes in heating rates in the PBL have on convection?

b. Does the PBL have a “lifted” profile as a result of aerosol heating, as proposed during the
INDOEX studies?

c. What effect does the additional heating have on convective available potential energy (CAPE) in
the PBL?

d. What is the CAPE at cloud level as compared to the PBL?
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The uncertainty in parameterization of deep convective activity in climate models has a profound impact
on the calculated climate sensitivity to rising CO,. Deep convective activity is common during much of
the summer; the initial onset of monsoon over the southern tip of India is initiated by land-sea circulation
and then enhanced and driven by deep convective activity over the northern Indian plains. This study will
provide an opportunity to measure the influence of aerosols on deep convection. This highly complex,
little understood problem in modeling deep convection is complementary to the elevated heat pump
hypothesis. Measurement of aerosols from surface supersites to identify their chemical and physical
characteristics will provide key constraints to the estimates of radiative forcing heating rates from these
aerosols in the PBL.

The proposed joint activity with Indian scientists and organizations will greatly enhance our capability to
achieve this objective by making available data from the Indian Space Research Organization (ISRO)
Geosphere Biosphere Programme (GBP) network operated by Indian collaborators, where additional
radiosonde ascents will be launched in coordination with the AMF radiosonde launches to give a larger
footprint. In addition to the usual datastreams, a synthesized data set will be developed to greatly enhance
the utility of the measurements for validation of convective activity over the Indian subcontinent.

4. What are the sources and sinks of the aerosols constituting the aerosol plume over continental India,
and what effects does the plume have on clear-sky radiation fields, as well as on cloud microphysical
and macrophysical properties?

What fraction of the aerosol is derived from biomass burning?
b. What fraction of the measured aerosol mass is secondary organic aerosol?

¢. What is the chemical composition of the aerosols in the mid troposphere and hence available for
regional transport?

Recent studies indicate that nearly 50-90% of the measured black carbon aerosols that give rise to brown
clouds over the Indian Ocean are from biomass burning (residential cooking and agricultural burning), but
little quantitative information is available regarding how properties of these aerosols—such as light
scattering and absorption and droplet nucleating properties—evolve as a function of time. The time
evolution of such properties will be studied by using the G-1 aircraft to examine the properties of aerosols
and trace gases from various source types as these emissions age and mix with the ambient atmosphere.
Key issues include the following: What is the rate of accumulation of organic aerosol mass? Is this
consistent with rates derived from other studies? Is the dramatic increase in the aerosol-specific
absorption observed, for example, in Mexico City, also observed with the mix of pollutants present over
the Indian subcontinent?

By combining AMF surface-based measurements and remote sensing capabilities with G-1 measurements
of mid-tropospheric aerosol chemical and physical compositions, the proposed study will develop a
comprehensive data set—extending from pre-monsoon to post-monsoon—that can be used to constrain
convection, cloud properties, and aerosols. This data set will establish a baseline and improve evaluation
of the potential effects of increasing regional-scale atmospheric pollution on the ISM and consequently on
the hydrology of the climatologically sensitive Ganges Valley.

In addition, the proposed study will serve as the focal point for leveraging infrastructure and
complementary efforts by other groups, discussed in Sections 3 and 4. The result will be a greater
completeness of aggregated data, thereby accelerating improved characterization of aerosols and
radiation.
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3.0 Relationship between Proposed Study and Ongoing
Efforts in India: Context and Opportunities

Three programs are under way in India that are complementary to our proposed study. First, ISRO has
undertaken a well-focused activity with long-term objectives for characterizing aerosol properties over
Indian regions with a long-term, dedicated instrumented network, under the GBP. The network currently
has about 12 stations making regular measurements of spectral AOD through use of ISRO’s instruments
(multiwavelength solar radiometer, or MWR), surface aerosol concentrations and size distributions, and
BC aerosols. In addition, several light detection and ranging (lidar) units operating from distinct locations
provide information on the altitude profiles of aerosols. Figure 3 shows the spatial coverage of network
stations under ISRO-GBP, with the red circles indicating places where ISRO-GBP has operational
stations at present or will be installing them shortly. In the Ganga basin, observations have been available
at Kanpur, Dehradun, and Kharagpur; new stations have been operational in Jodhpur, Nagpur, and
Varanasi since 2008. This is an ongoing activity. Dr. K. Krishnamoorthy is a project director, Dr. S.K.
Satheesh is a principal investigator (PI), and Dr. C.B.S. Dutt manages the program. More than a dozen
stations have now been established as AERONET stations. Along with a few additional sites near New
Delhi, these stations form an extensive ground-based observational network that follows NASA data
quality and data collection protocols.

Figure 3. Proposed and existing monitoring sites for aerosols in India under ISRO-GBP. More than a
dozen sites at some of these locations are part of the NASA AERONET ground-based
aerosol observational network.

Second, a new field study in 2008-2011, sponsored by the Indian Climate Research Program, will
evaluate the effect of the continental tropical convergence zone (CTCZ) on the ISM. The large-scale
rainfall over the Indian region during the summer monsoon is associated with a zone characterized by
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intense convergence in the boundary layer, cyclonic vorticity above the boundary layer, and deep moist
convection. This convergence zone is termed continental (CTCZ) to distinguish it from the more common
intertropical convergence zone (ITCZ) seen over tropical oceans. The main objective of the CTCZ study
is to understand the mechanisms leading to space-time variation in the CTCZ during the summer
monsoon. The CTCZ project (with 29 surface observatories and aircraft measurements) is supported by
ISRO-GBP and sponsored primarily by the Department of Science and Technology (DST). The field
study will employ ships, aircraft, and ground observations to develop a more complete understanding of
the role of the ITCZ on the Indian monsoon.

Third, ISRO has recently initiated a large field study to coincide with the Ganges Valley Aerosol
Experiment (GVAX) time period. The project, known as RAWEX (Regional Atmospheric Warming
Experiment), will operate during the pre-monsoon periods of 2010, 2011, and 2012 to coincide with
GVAX operations. This study will use ground-based observations, airborne observations, ship-based
observations, and satellite data sets to generate a pre-monsoon heating profile for much of the Ganges
Valley.

4.0 Support from Indian Agencies

Guest and supporting measurements from Indian scientists are expected to augment the proposed project.
The primary agencies supporting climate research in India—ISRO, DST, the Earth System Ministry, and
the Indian Institute of Science, Bangalore—have all expressed support for the work. We have contacted
technical representatives from these organizations and have discussed the project with them. The
deployment, data collection, and reporting of the data from any guest instruments from these
organizations will be supported by internal funding of the respective Indian agencies, at no cost to the
ARM Climate Research Facility (ARM).

The following resources will be available from our Indian counterparts:
e Assistance in managing logistics and in-country handling of clearances and approvals as needed.
e Ground support for U.S. crew and scientists.
e Cooperative operation of additional ground stations, with full data sharing during the field study.

e A Beachcraft-20 aircraft modestly equipped with aerosol sampling instruments and lidar to support
the AMF deployment. (The Beachcraft-20 has no capability for chemical characterization of aerosols,
as the G-1 does.)

e Data archiving and sharing by the Indian participants, according to ARM data archiving and reporting
requirements.

5.0 Proposed Project Plan

The AMF deployment is the most critical resource request in this proposal; it will ensure the achievement
of many of our science objectives. A deployment starting in approximately April 2011 and lasting to
April 2012 is anticipated for AMF ground operations. The start of the deployment will coincide with the
increase in the concentration of dust and mineral aerosol and the beginning of the hot summer over the
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plains of the Ganges basin. The onset of the monsoon in June coincides with high aerosol concentrations
(primarily dust mixed with regional anthropogenic emissions). Aerosol concentrations were observed to
be larger at the Kanpur AERONET site during this period. At the end of the monsoon period (September—
October), the particle sizes of the aerosols decrease, and anthropogenic emissions from fossil fuel burning
and biomass sources increase. This pattern continues from winter to early spring. Thus, deploying the
AMEF as an anchor facility in the context of other activities being conducted in India during the same
period (as discussed above) over an annual cycle will enable us to measure different periods: the wet
monsoon; the dry, hot summer; and the cool, dry winter.

The G-1 will enable chemical characterization and in situ measurements of aerosols and precursors and
will establish the regional context for the study. The beginning of the intensive period coincides with the
highest observed AOD in the region. An intensive period using the G-1 aircraft and additional surface
monitoring sites is planned for a period of 8-12 weeks, starting in approximately January 2011 and
lasting to the end of March 2011. The period from mid-March to April marks the beginning of increased
convective activity, cloud formation, and the breakup of the thick aerosol layer, primarily because of
vertical mixing. Thus, during the proposed deployment we will have an opportunity to measure different
regimes of the climate: the late winter with high AOD, and the early spring with increasing convective
activity, increasing vertical mixing, and higher mid-tropospheric aerosol concentrations. This will give us
an opportunity to evaluate concentrations, composition, and potential contributions to local heating rates
in the mid-troposphere due to the mixing of boundary layer aerosols.

Table 1 summarizes the ongoing and planned aerosol and climate-related activities in India, particularly
those that coincide in time with the planned study.

o The field studies listed in Table 1 are managed by a variety of agencies in India and the U.S. The
projects have wide-ranging objectives and goals, some of which overlap with the objectives of
GVAX. An umbrella organization will need to be formed to facilitate data sharing and collaboration
during the GVAX. The AMF deployment will provide the catalyst for organizing such an effort with
the cooperation of collaborating PIs from Indian and their sponsoring agencies.

o The use of an aircraft platform requires approvals from the government in India at the highest levels
and formal agreement to that effect with the U.S. Department of Energy (DOE). A bilateral agreement
on Science and Technology signed by the United States and India in October 2005 established a
framework for the exchange of ideas, information, skills, and technologies. Under the terms of this
agreement, the United States and India will be able to advance scientific progress in clean energy
research and development, the sharing of training facilities, and the exchange of materials and
equipment. This agreement most likely will provide the framework for establishing the memorandum
of understanding (MOU) for this project.
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Table 1. Ongoing and planned climate and aerosol-related measurement activities in India. Dates for
activities that overlap with this proposal in time of operation are highlighted in red. The
yellow-highlighted dates signify possible overlap. The proposed activities are highlighted in
green.

Campaign Sponsor Location When Focus

CTCZ DST (India) | Covers most of India _ Space-time variations of the

and surrounding continental tropical

oceans convergence zone
CAIPEX IMD (India) | Covers the coastal 2009-2010 Cloud seeding experiments

areas of India with a

leased C-130

RAWEX ISRO (India) | Ganges Valley region | 2010-2012 Radiative transfer and

aerosol vertical profiles

AERONET NASA About a dozen surface - Acrosol optical depths and

sites spread over India asymmetry factors

GBP ISRO (India) | Over 30 surface sites - Acrosol size, mass, and

spread over India AOT

6.0 Outstanding Aerosol Issues

Beyond the broad science questions in Section 2, process-specific questions arise about our current
understanding of atmospheric aerosols and their role in climate change. A field campaign in the Ganges
Valley provides an excellent opportunity to evaluate these processes in a region where aerosol formation,
transport, and chemistry are potentially the most intense worldwide. The current process uncertainties
discussed below can be resolved by a targeted intensive period using the G-1 aircraft platform as a part of
the extended deployment of the AMF in this region.

An AERONET site has been operational in Kanpur (26.28 N, 80.24 E) for the past six years. Initial
analysis of the data has already yielded interesting results. The measured AOD at this site shows large
variability, with high values during much of the year and lower values during spring. The Angstrom
coefficient has small values during the summer months and higher values during the winter and early
spring (Figure 4). The low Angstrom values during the summer indicate larger particles (most likely
desert dust), while the higher values during winter and early spring indicate an abundance of smaller
particles, potentially of anthropogenic origin. The principal investigator (PI) of the AERONET project for
NASA, Dr. Brent Holbern, will provide full support for this field study using the Kanpur and more
recently established aerosol monitoring sites around India and Nepal.
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Figure4. AERONET data from Kanpur, 2005.

6.1 Aerosol Sources

The Ganges Valley is undergoing rapid industrialization. Coal remains the primary energy source for
heavy industry. The region is dotted with large coal-based power generation facilities, cement factories,
and steel mills, all using extensive amounts of coal (Figure 5). The long-range viability of the aerosol
plume, and hence its regional and global impacts, are highly dependent on the vertical structure of the
aerosol cloud. Climatologically, a high-pressure ridge over the wintertime Indo-Gangetic Plain confines
the pollution to the PBL, creating the high concentrations. The synoptic regional wind is dominated by
westerly flow (Figure 6). This flow pattern is the basis for suggestions that most of the dust observed in
this region has its origin in the western Thar Desert of India and, beyond India’s national boundaries, in
the Middle East (Mishra et al. 2008). The northwesterly flow pattern in the PBL over this region is
marked by light winds. The primary sources of the aerosols are thought to be emissions from large coal-
fired power plants, local and long-range-transported dust, and biofuels and biomass burning. The period
during late December and early January marks the traditional planting of the year’s second crop in much
of the Ganges Valley. This period is also associated with burning of agricultural waste from the previous
harvest, which is a significant additional source of aerosols to the regional aerosol mix (Singh et al. 2006).
The northwesterly winds at the 850 mb level indicate a potential for long-range transport of biomass
burning plumes into the region of observed high aerosols (Figure 6). The measured aerosols thus
constitute a mixture of dust, BC, secondary organic aerosols, and inorganic aerosols from industrial
sources. Measuring aerosols during this time will be ideal for characterizing the anthropogenic component
of the observed aerosols in the Ganges Valley and evaluating their impacts on regional and global scales.
Recent studies have attempted to estimate the ratio of BC to organic carbon and also the ratios of sulfate
to nitrate aerosols over this region, by using primarily AERONET data and similar measurements (Mishra
et al. 2008).
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Figure 5. Left: Carbon emissions from coal usage in India (based on data from CARMA
[http://carma.org/]). The northern part of the country along the Ganges Valley shows a
significant number of emission sources. Right: The increase in coal consumption in India in
the recent past.
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Figure 6. Mean wind field at 850 mb (left) and 300 mb (right) from the National Centers for
Environmental Prediction data set, averaged for 1980 to 2006.

6.2 Climate Impacts and Hypothesized Role of Aerosols

The effect of aged aerosols, potentially from this source region, on the hydrologic cycle was explored in
the context of monsoons over the Indian Ocean during the INDOEX field study in 1998. The current
analysis indicates contradictory effects of aerosols and greenhouse gases on monsoon-related rainfall
over India (Chung and Ramanathan 2006). Aerosols alone have been shown to decrease temperature over
portions of the Indian Ocean and thus reduce monsoon activity and related rainfall. However, increasing
temperatures due to greenhouse gases might increase land-ocean temperature contrasts and hence

10


http://carma.org/�

VR Kotomarthi, June 2010, DOE/SC-ARM-10-019

strengthen the monsoon circulation and precipitation. A recent analysis of monsoon rainfall patterns
showed a trend of increasingly extreme rainfall events over the Indian subcontinent (Goswami et al.
20006).

Lau et al. (2006) recently proposed that an “elevated heat pump” effect could result from heating of the
atmosphere due to accumulation of dust transported from the Indian western desert (Thar) over the upper
Gangetic Plain, with subsequent mixing of aerosols with anthropogenically generated soot, sulfate,
nitrate, and BC. This “elevated heat pump, ” the authors suggest, could provide a diabatic heating source
that leads to additional heating in the upper and middle atmosphere, as well as strengthening of the
monsoon and additional rainfall. The near-source impacts on cloud generation and hydrologic cycles are
relatively unknown, though high concentrations of fine aerosols were recently shown to decrease
precipitation in hilly areas during the Chinese monsoon (Rosenfeld et al. 2007). The Total Ozone
Mapping Spectrometer (TOMS) AOT data set has been used to demonstrate a warming in the mid-
troposphere over the Tibetan plateau and the surrounding elevated regions of the Himalayas over the past
few years (Gautam et al. 2009).

In order to resolve these issues, which are intimately related to the dynamics of the monsoons, cloud
processes, and aerosols, a one-year deployment of the AMF with all its associated capabilities is
anticipated. The AMF measurements—combined with the IGBP, AERONET data sets, and the field
campaigns planned for this region and an intensive period using the G-1 aircraft platform for
characterization of aerosol physical and chemical characteristics—would provide an extraordinary data
set for addressing these issues.

6.3 Secondary Organic Aerosols

The formation, transport, and abundance of secondary organic acrosols and their role in changing
atmospheric radiative balance and cloud processes are highly uncertain (IPCC, AR-4, Jacobson, 2002).
The source of secondary organic aerosols is also uncertain (Jacobson 2002, Volkamer et al. 2006). A
compilation of aerosol mass spectrometer (AMS) measurements (Zhang et al. 2007) of oxygenated
fractions in organic aerosols shows wide variation, worldwide, in the abundance of the oxygenated
fractions (Figure 7). The expected biospheric emissions and high concentrations of volatile organic
compounds (VOCs) in the Ganges Valley should help evaluate the secondary organic aerosol formation
mechanisms and rates proposed by Volkamer et al. (2006). Measurements performed in Mumbai on the
western coast of India—away from the Ganges Valley—suggest organic carbon concentrations of about
30% in the total suspended particulates (Venkataraman et al. 2002). No equivalent numbers are available
for measurements within the Ganges Valley plume.
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Figure 7. Locations of the AMS data sets. The pie charts show the average mass concentration and

chemical composition of organic (green), sulfate (red), nitrate (blue), ammonium (orange),
and chloride (purple).
6.3.1 Sulfate Aerosol Formation/Nucleation Rates

About 70% of the electric power produced in India is generated by coal-fired power plants. The sulfur
content of Indian coal ranges from about 0.5% to very high values of 2—6%, depending on the region
where the coal is mined (Acharya et al. 2005). Indian coal also has very high ash content. The particulate
mass around power plants in India is typically dominated by fly ash. Sulfate emissions from biomass
burning are thought to be very high; of the total sulfur emissions of 2 Tg/yr, approximately 0.5 Tg/yr is
from this source (Venkataraman et al. 1999). Corresponding to the time of high use of biofuels and
biomass burning in northern India, the period of the proposed field study offers an excellent opportunity
to characterize the size of this source and evaluate sulfate formation rates in a heterogeneous environment
with abundant opportunities to evaluate nucleation rates for sulfate formation in the presence of ash, BC,

and fog.

6.3.2 Sulfate/Nitrate Ratios

Measurements over the Indian Ocean suggest a very high sulfate:nitrate ratio in the aerosol mass (Ball
et al. 2003). Measurements near the urban center of Mumbai on the western coast showed sulfate:nitrate
ratios of approximately 1:1 (Reddy et al. 2002), whereas modeled ratios of sulfate:nitrate ratios are
approximately 10:1. The higher observed sulfate:nitrate ratios in the Ganges Valley are not yet fully
explained.

6.3.3 Black Carbon and Organic Carbon Emissions under Various Conditions.

Very high BC emissions from India have been observed (Ramanathan et al. 2002). Researchers
(Ramanathan et al. 2007, Menon et al. 2002) have suggested that the high BC emissions in the Ganges
Valley might cause large-scale changes in local hydrology. Biofuels use was suggested as the primary
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source of the BC aerosols. Characterization of the source signatures of these aerosols and their potential
atmospheric lifetimes will enable estimation of their regional and global impacts. The winter campaign
proposed here offers an excellent opportunity to evaluate the source-sink relationships for BC in the
Ganges Valley and to make preliminary estimates of fluxes of BC aerosols into the regional and global
background.

7.0 Proposed Surface-Based Observations

The proposed measurements are focused on generating a self-consistent data set of chemical, physical,
and dynamic properties of aerosols in the Ganges Valley region during the winter and early spring.
Aerosol physical, chemical, and dynamical characterization instrumentation will be available on the
surface and on aircraft (and potentially on shipboard platforms).

7.1 Surface Measurement Benefits

Surface measurements are crucial in providing the background and context for the proposed field study.
The requested year-long AMF deployment will make substantial contributions to the data sets designed
for understanding convective mixing and surface heating preceding the onset of monsoon, during the
onset of monsoon, and during the dry winter period. The role of aerosols in each of these regimes will be
a key observation. Bringing the resources of the AMF together with the AERONET sites and NASA
Micropulse Lidar Network (MPLNET) sites, as well as support from occasional aircraft-platform-based
measurements from the ISRO throughout the year, will provide a comprehensive suite of data for
understanding the aerosols, their precursors, and their impact on radiative transfer and dynamics of this
region. We also anticipate a shorter, intensive operational period during the winter and early spring of
2012 (January—March), and the pre-monsoon period of 2011, when DOE and Indian science teams will
operate additional surface sites, bringing surface-based chemical speciation and meteorological
capabilities in addition to physical characterization of aerosols.

The deployment of the AMF in the Ganges Valley will also offer a unique opportunity to improve the
characterization of the widespread fog that frequently occurs in northeastern India and Pakistan. These
fog episodes can last for weeks and can cause extensive economic damage and disruptions to transport.
The combination of aerosol, humidity, and cloud observations from the AMF will allow us to investigate
the roles of various meteorological conditions and of aerosol concentration and composition on the
formation and maintenance of this persistent fog. Previous studies from Moderate Resolution Imaging
Spectroradiometer (MODIS) data have suggested that BC might significantly affect fog formation, but
few studies have investigated this phenomenon by using comprehensive ground-based remote sensing
observations. Such observations will also allow us to investigate whether precipitation efficiency is
affected by the presence of aerosols, not only for this widespread fog, but also for other clouds that
develop over the year in heavily polluted conditions. This is an issue of high priority to the Indian
collaborators and will be conducted primarily by them, with assistance from the data collected by the
AMF and other surface sites.
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7.2 AMF Measurements

The proposed AMF deployment offers an opportunity to study the prevailing patterns of cloud,
convective mixing, and aerosol loads that are representative of the Indian subcontinent. Increases in
aerosol concentrations lead to smaller cloud droplets that increase cloud albedo and suppress drizzle (first
and second indirect effects). Where absorption of solar radiation by carbonaceous aerosols is significant,
warming of the cloud layer may lead to a reduction in cloud cover (semi-direct effect). Through these
effects, anthropogenic aerosols can modify the surface radiation budget, the vertical profile of
atmospheric heating and cooling, evaporation from Earth’s surface, detrainment from clouds, and fluxes
of sensible and latent heat. These, in turn, impact cloud cover, feed back to the energy budget and
hydrologic cycle, and induce cloud dynamical responses. However, it is still unknown how cloud
microphysical and macrophysical properties are influenced by further increases in aerosols when the
environment already has heavy aerosol loading. The AMF deployment will allow us to establish a
baseline for evaluating the impacts for the rest of the Ganges Valley and auxiliary sites operated by
AERONET. We will use the data sets from these various sources to investigate the impact of acrosols on
cloud and radiative fluxes. The nearly one-year deployment and the combination of regional-scale field
studies should allow us to separate effects of variations in cloud parameters (e.g., cloud fraction, optical
depth, liquid water path, location of cloud layers, cloud phase) caused by varying AOD values and
meteorological conditions, by using reanalysis products to characterize the background meteorology.
Comparison of trends in the dependence of cloud properties on aerosol parameters derived from the AMF
data against trends obtained from the numerical models will allow us to determine whether models are
replicating the basic physical behavior manifest in the observations.

7.21 Energy Budget—AMF Instruments

The AMF has a full suite of instruments for measuring shortwave and longwave radiative transfer through
the column. The ground radiation system will be deployed to collect upwelling shortwave and longwave
radiation. The sky radiation system will be needed for measuring downwelling shortwave, longwave, and
ultraviolet components. The data from these instruments, archived at 1-minute intervals, will provide the
incident and reflected radiation for the site. To complement the radiative transfer measurements, the eddy
correlation flux measurement system (ECOR) will be deployed. The ECOR measures fluxes of latent and
sensible heats and generates estimates of momentum flux transfer rates. Measurements of CO, and water
vapor fluxes are also part of the system. The data are generally available as 30-minute averages. A total
sky imager will be needed to determine the cloud cover over the site and to help in developing energy
budgets. A multifilter rotating shadowband radiometer (MFRSR) will also be deployed to measure
radiative properties associated with aerosol measurements. The MFRSR provides measurements of
diffuse spectral radiance, direct spectral radiance optical depth, and surface albedo.

7.2.2 Aerosol Measurements—AMF Instruments

The goal of aerosol measurements is to obtain constraints for model calculations of aerosol direct and
indirect effects on radiative transfer. Ideally, achieving “closure” for these measurements would involve
measuring the chemical, physical, and optical characteristics of the aerosols as a function of time and
altitude. The AMF is equipped with a wealth of instrumentation for measuring aerosols in the atmosphere.
The Aerosol Observing System (AOS), which is primarily a surface aerosol characterization facility,
measures a number of physical and optical characteristics of aerosols. Late spring and early summer over
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the Ganges Valley are dominated by dust, and the MFRSR will provide aerosol optical thickness
variability and help in the detection of dust events. The winter/spring period has a mix of aerosols,
including dust, and the combination of the AOS and the MFRSR could provide information on the
compositions of aerosols and their numbers.

The micropulse lidar (MPL) is used extensively by the ARM Facility for cloud detection and
discrimination; however, it is also an excellent tool for detection and evaluation of aerosols. Operating at
a wavelength of 0.52 mm (green), it is engineered to be eye-safe, even immediately at the telescope. The
new instrument in use at the AMF produces circularly polarized and cross-polarized light in alternating
3-second averages; other averaging times between 1 second and 60 seconds are possible. The use of the
two polarized states enables discrimination between ice and water clouds, because ice crystals produce a
measurable signal return from the cross-polarized signal. The ratio of cross-to-circularly polarized signals
(depolarization ratio) can be used as a measure of the amount of nonspherical scatterers in the cloud
(Figure 8). In general, cloud bases up to 15 km are easily detectable, although the instrument cannot
penetrate thick clouds. Aerosols with sizes near 0.5 mm produce a weaker but easily measurable signal
that can be useful for measuring aerosol extinction profiles, AOD, and the height of the well-mixed layer
(because aerosols will be essentially well mixed within the layer and concentrations will be much less
above this height). Moreover, the polarization capability enables some discrimination between air masses
with different acrosol shape characteristics.

Figure 8.  Circularly polarized light (top), cross-polarized light (middle), and ratio (bottom) from two
days (left, right) at the ARM Southern Great Plains site. A descending cirrus cloud layer at
approximately 12 km produces distinctly different depolarization ratios on the two days. The
layered returns below 2 km are from aerosols within the PBL.

15



VR Kotomarthi, June 2010, DOE/SC-ARM-10-019

We propose to use MPL-generated aerosol extinction profiles, along with the AOD values from the
MFRSR and the single-scatter albedo retrieved from the MFRSR direct/diffuse ratio, to estimate PBL
loading of aerosols—and, in particular, dust—to meet similar modeling needs. Water vapor profiles will
also be available from the 6-hour balloon-borne sounding system (sonde) launches that are standard with
each AMF deployment.

7.2.3 Cloud Properties—AMF Instruments

An intensive investigation of indirect effects of aerosols requires in situ sampling of cloud air masses and
accurate estimates of upwelling velocities and particle size, number, and chemical composition with
altitude. The AMF is equipped with a number of remote sensing instruments that together provide a
significant amount of information on cloud boundaries, cloud droplet size distribution, radiative transfer
through clouds, and chemical composition. The W-Band ARM cloud radar (WACR) is designed
primarily to give information on the extent of the clouds and their bottom and top locations. The cloud
internal structure is measured by using the narrow field of view, which measures downwelling spectral
radiance at 869 nm. The MPL can provide insight into droplet distribution within clouds. The widespread
shallow convective clouds that are common during monsoon are embedded with deep convective regions.
The site at Nainital (see Section 7.3.1) offers an excellent opportunity to gather a data set for monsoon
clouds in the middle of the Indian subcontinent.

7.2.4 Surface and Remote Sensing Meteorological Measurements — AMF
Instruments
Measurements of surface and lower troposphere meteorological conditions are needed to contextualize the
data and make inferences on the regional scope of the observations and physical conditions of the
observed states of the aerosols and the atmosphere. The 915 MHz radar wind profiler and the microwave
radiometer profiler (MWRP) will be needed for profiles of temperature, RH, wind velocity, and direction.
The MWRP will provide a measure of the cloud liquid content, another potentially useful parameter in
climate models for developing and evaluating monsoon cloud systems over this region. The vertical
velocities generated could, in principle, be used along with measurements of cloud condensation nuclei to
test models of aerosol activation.

7.3 Sites

The main AMF site will be in Nainital; two other sites will be located at Pantnagar and Lucknow.

7.31 Nainital

The AMF will be located in Nainital, 2 km above sea level, at Manora Peak, the location of the
Aryabhatta Research Institute for Observational Sciences (ARIES) observatory (http://www.aries.res.in/).
The diurnal variability of the AOD at the Nainital site leads to interesting differences in measured AOD.
Recently, differences in the measured AOD were shown to be lower in the morning than in the afternoon
(Figure 9). Much of the difference has been attributed to the growth of the PBL, bringing aerosol
collected in the valley below the site during the night and early morning hours to the site by late
afternoon. This diurnal variability in aerosol of 50% and more can provide a unique opportunity to
estimate the direct radiative forcing impact of aerosols on radiative transfer and collect data leading to

16



VR Kotomarthi, June 2010, DOE/SC-ARM-10-019

better understanding of everyday cloud-aerosol interactions in a predictable manner. The director of the
ARIES observatory, Dr. Ram Sagar, is a co-investigator on this proposal. He will provide all necessary
support for the AMF team. Items needed by the AMF, such as helium gas for the sondes, can easily be
obtained and provided by the ARIES and Indian Institute of Science (IISc) research teams at no cost to
DOE. Facilities for hosting guest scientists are available on campus and also in the town of Nainital,
below the location of the observatory.

Nainital is easily accessible from New Delhi, the capital of India. New Delhi is a transportation hub for
many international airlines, including American Airlines and United Airlines, with connections to many
U.S. cities. New Delhi is 150 miles from Nainital by road (approximately 6—7 hours driving time). The
nearest domestic airport with service to New Delhi is in Pantnagar, 30 miles from Nainital. Pantnagar is
also connected by railways to New Delhi and other major Indian cities. The project co-investigator in
India, Dr. Staheesh, and the [ISc will provide all necessary logistical support needed for the Nainital AMF
deployment. ARIES director Dr. Ram Sagar (a co-investigator on this proposal) has also agreed to
provide all needed support for setting up the site on the Nainital ARIES campus and to provide assistance
with lodging and transportation between Nainital and New Delhi.

7.3.2 Pantnagar

We expect a fully instrumented surface site (a supersite) to be available for the period of G-1 operation,
mostly likely at Pantnagar, adjoining the current ISRO-GBP sites (Figure 10). This site will be augmented
to perform some basic chemical characterization of aerosols for time periods before and after the
intensive period of 8 weeks in winter and early spring. Chemical characterization of aerosols at the
Nainital site could also be immensely interesting, most likely accomplished by using the Aerodyne
mobile van, for example, as the hillsides are covered with pine tree vegetation. The possibility of unique
secondary organic aerosol (SOA) formation chemistry from the VOCs emissions from the pine trees,
mixed with fossil fuel and biofuels burning sources in the valley with a strong signal, could help evaluate
the role of biogenic emissions in SOA formation.

7.3.3 Lucknow

The Mobile Aerosol Observing System (MAOS) is also expected to be available during this period. It
will be located in a high-aerosol loading region in the city of Lucknow. The ISRO operates a regional
center in this city, and we have assurance from ISRO for getting permissions for operating the MAOS
from their facility for this period. Additionally, it is expected that three different sites, Jodhpur, Nagpur
and Kharagpur, will be maintained by ISRO with additional instrumentation and radiosonde launches
every six hours for this time period along with the AMF. We envision the AMF location to be at Nainital
(Figure 13), with many of the aerosol characterization resources closer to the source region in the valley.
The Aerodyne van will b