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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



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

Contents

AADSTTACE ...ttt ettt ettt h bbbt b e e et et e e bt et e bt ea e e bt eh e ea e e bt eht et e ebe et e teebe e beebeeaten il
1.0 TIETOAUCIION ...ttt ettt e b et b e e bt et e bt et e st e e st et e sb e e st e bt eatentesneentenees 1
2.0 SCICNTITIC ODJECTIVES....ueiiieiieiiiieiiieeieeerteeetteertteesteeestteesebeesseeessseessseeessseesssesasssesssseesssseesssessssseesssenans 2
3.0 Relationship between Proposed Study and Ongoing Efforts in India: Context and Opportunities....... 5
4.0 Support from INAIAN AGENCIES......cc.eecviecrieriierierie et ettt e stestesteebeebeessaesssesssessseensaesseesseesseesssennns 6
5.0 Proposed Project Plam.........cccuiiiiuiiiiiiiciic ettt ettt e et e e sve e et eestb e e esbae e abeesntaeennnaeenreeennes 6
6.0 OUtStanding ACTOSOL ISSUES .......eevuviiriiiieiieiie e steete ettt et e ae st e e e ebeessaesteessaessseanseenseesseesssennses 8
6.1 ACTOSOL SOUICES. ....cutiiutietiet ettt ettt b e b e sa e ettt et e et e e sbeesaeesateembeenbeebeenneesneas 9
6.2 Climate Impacts and Hypothesized Role of Aerosols..........ccceevvieeciiiiniiriiieecieecrie e 10
6.3 Secondary OrganiC ACTOSOLS........c.eecviieiieriieriierieiieeteeie et eseeseesaesreesseeseeseesseessaessnesssesssennns 11
6.3.1 Sulfate Aerosol Formation/Nucleation Rates...........ccceeiieiiiiiiiiiiiiieenee e 12
6.3.2  Sulfate/Nitrate RAtiOS ......cceiiiiiiieiieieesteeie ettt sttt e 12
6.3.3 Black Carbon and Organic Carbon Emissions under Various Conditions....................... 12
7.0 Proposed Surface-Based ODSEIVALIONS ..........cccviieriireiiieiiiieesieeeieeerreesveeetreesreesbeeessseessseeeseseesnseaans 13
7.1 Surface Measurement BeNefits. ... .ccoeriiriiiiiiiiiiiee e 13
7.2 AME MEASUIEIMENTS ... ..eeutieiieiieeitiete ettt ettt sttt ettt et e bt e sbe e st sat et esaeesbeesbeesaeesateeaneenne 14
7.2.1 Energy Budget—AMEF INStrUMENts ........cccoeeriiiiiiiiiiiieiieeie ettt 14
7.2.2 Aerosol Measurements—AMEF INStruments ............cccceceeieieninienenieeeeeeeee e 14
7.2.3 Cloud Properties—AMEF INStIUMENTS .......ccccvviiiiiieiieeiiieciieerieeeeieeeeiee v e eveeesveeeneeens 16
7.2.4 Surface and Remote Sensing Meteorological Measurements — AMF Instruments......... 16
R T 5 LSOO URUSRRPRI 16
7301 NAINTEAL..ceeieee ettt ettt et et et e bt e s bt e satesateeate e beesbeesaeeeas 16
R B 11812 . ) USSP 17
7.3.3 LUCKIIOW ...ttt ettt ettt s a et st e e st et ene e e s bt et enaeeaeans 17
8.0 Aircraft Platforms ODSETVALIONS ........ccouiiriiiriiitieiieeie ettt ettt sttt ettt et e bt e sbeesaeeebeebeebeenbeenas 19
8.1 Gulfstream G-1 Operated by DOE .........cccovoiiiiiiiieieeeeere ettt 19
8.2 Beachcraft-20 Operated by Indian Institute of SCIENCe........cccevvuiriiiiiiiiiirieiieecec e 22
9.0 Integrated Implementation Plam............c.ccciiviiiiiiiiiiiiie ettt r et sree s aaeeabeeaveeas 22
10.0 Modeling and Data ANALYSIS ........cceecvireiiiirieriieieesiesteste e eie et esieeseesaessbessessseesaessaesseesssesssesssennns 25
11.0 Data Sharing and ATCRIVIIIZ .........ccccuieiiuiriiiieeiie e eeteeeteesteesteeeereesbeeetaeessseeesraeessseessseeessseessseeans 26
12.0 Additional Guest/Supporting Measurements by Host INSHULES..........ccceeoieririeneniiiienineereeeee 27
12.1 Nainital Site at the Arybhatta Research Institute for Observational Sciences ...........cc.cceceeueee. 27

12.2 Bangalore: Aerosol-Climate Observatory and Instrumentation at the Indian Institute of
SCIBTICE ...euttettette ettt ettt ettt ettt et e bt e bt e bt e e bt e sateeateeabeeabe e bt e bt e shtesateeateenbeebeebeeebeeeneeentas 27
13.0 Science Management Plan.............ccccieiiiiiiiiiiiiie ettt sre e et e e sve e ebaeesaaeesbeeeeseesnbeeens 28

v



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

14.0 Relevancy to DOE Long-Term GOalS ..........ccccuieeiiiiiiiieeiiieieeciee et eereeeteeesiveesveeesiaeessseeeseseessveeens 29
I5.0 RETEIEIICES ....eeuteetieiiieiie ettt ettt s a e et ettt e bt e bt e bt e s bt e e aeeeateenteenbeesbeesbeesaneeaeeenee 29
Figures
1  AERONET aerosol optical thickness measurements. ............cc.ecveeveerienreenieeneeseeseeereesreesveesseesenesenns 1

2 Multiangle imaging spectroradiometer AOD values at mid visible wavelengths, averaged

over December—February of years 2001, 2002, 2003, and 2004 ...........ccoecvevieereereerienieereereenieenieens 2
3 Proposed and existing monitoring sites for aerosols in India under ISRO-GBP ...........ccceceninnnnne. 5
4 AERONET data from Kanpur, 2005. ........cccviiiiieeiieeiiie et eeieeeireesveesveeesveestaeessseessseesssesssseeans 9
5  Left: Carbon emissions from coal usage in INdia ...........cccueeviiieciiiiiiieiiiece e 10
6  Mean wind field at 850 mb and 300 mb from the National Centers for Environmental

Prediction data set, averaged for 1980 t0 2000. ...........cccuvriirrieereerierieeie et ereereee e snesreeseeseenns 10

Locations 0f the AMS data SES ........ceouirieiieriieieie sttt sttt e e s ae et b eaeas 12

Circularly polarized light, cross-polarized light, and ratio from two days at the ARM

SoUthern Great PLAINS SIEE......cc.veoieriereieieeieeietieieie sttt et et e et et e steetesee et eeeseeensenseeseenseeneeneenseans 15
9  AOD measured over Nainital, separated into forenoon and afternoon bins, with the

difference D DetWEen the TWO ......ccoouieieieiieeee ettt ettt e et e e e e eneesseeneas 18
10  Proposed sites for surface stations in the Ganges Valley..........coceecvieeiiiviieiieniiiiecrece e 18
11 The G-1 INStrUMENt IAYOUL. .....oeeiiiiiiieeciie ettt ettt et e sreeeteeesebeessbeeeebeessseeessseessseeessseenssenas 20
12 The yellow tab is Lucknow, the likely base for G-1.........c.coovuiiiiiiiciiiiiiece e 21
13 Proposed flight path for the flight path shown in the middle of Figure 12..........ccccoceeiiiinnninncns 21
14 Proposed flight plan for the IISc/ISRO Beachcraft-20 operations............ccccveevveeecreeenieencieeeeeeesenennn 22
15 Conceptual diagram of the proposed field study ........ccceecviiiiiiiiiiiiiece e 24
16. Timeline for the GVAX field eXPeriment. . ........c.cevvverierieriiesieeieeieeseeseeseeseesreeseeseessaesseessnessneans 24

Tables

1 Ongoing and planned climate and aerosol-related measurement activities in India..........c..cccceeeeeeenne. 8



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

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).
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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 Ind