ABSTRACT

Title of Dissertation: A STUDY OF REMOTELY SENSED
AEROSOL PROPERTIES FROM GROUND-
BASED SUN AND SKY SCANNING
RADIOMETERS

David M. Giles, Doctor of Philosophy, 2012

Directed By: Professor Russell R. Dickerson and
Professor Anne M. Thompson,
Department of Atmospheric and Oceanic Science

Aerosol particles impact human health by degrading air quality and affect climate
by heating or cooling the atmosphere. The Indo-Gangetic Plain (IGP) of Northern India,
one of the most populous regions in the world, produces and is impacted by a variety of
aerosols including pollution, smoke, dust, and mixtures of them. The NASA Aerosol
Robotic Network (AERONET) mesoscale distribution of Sun and sky-pointing
instruments in India was established to measure aerosol characteristics at sites across the
IGP and around Kanpur, India, a large urban and industrial center in the IGP, during the
2008 pre-monsoon (April-June). This study focused on detecting spatial and temporal
variability of aerosols, validating satellite retrievals, and classifying the dominant aerosol
mixing states and origins. The Kanpur region typically experiences high aerosol loading
due to pollution and smoke during the winter and high aerosol loading due to the addition

of dust to the pollution and smoke mixture during the pre-monsoon. Aerosol emissions



in Kanpur likely contribute up to 20% of the aerosol loading during the pre-monsoon
over the IGP. Aerosol absorption also increases significantly downwind of Kanpur
indicating the possibility of the black carbon emissions from aerosol sources such as
coal-fired power plants and brick kilns. Aerosol retrievals from satellite show a high bias
when compared to the mesoscale distributed instruments around Kanpur during the pre-
monsoon with few high quality retrievals due to imperfect aerosol type and land surface
characteristic assumptions. Aerosol type classification using the aerosol absorption, size,
and shape properties can identify dominant aerosol mixing states of absorbing dust and
black carbon particles. Using 19 long-term AERONET sites near various aerosol source
regions (Dust, Mixed, Urban/Industrial, and Biomass Burning), acrosol absorption
property statistics are expanded upon and show significant differences when compared to
previous work. The sensitivity of absorption properties is evaluated and quantified with
respect to aerosol retrieval uncertainty. Using clustering analysis, aerosol absorption and
size relationships provide a simple method to classify aerosol mixing states and origins
and potentially improve aerosol retrievals from ground-based and satellite-based

instrumentation.
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Preface

This document contains original scientific content produced by the author and

collaborators. Significant scientific findings were reached by:

Analyzing measurements and retrievals from ground-based Sun/sky scanning
radiometers distributed around Kanpur, India, to show detectable changes in
aerosol properties and quantify increases in aerosol concentration attributed to
emissions from the Kanpur region with respect to the background pollution and
dust in the Indo-Gangetic Plain (IGP). (Chapter 2: Giles et al., 2011)
Validating 3 km and 10 km MODIS retrievals and AERONET measurements of
aerosol loading over Kanpur and the surrounding IGP in the midst of complex
land surface brightness and mixed aerosol types during the pre-monsoon (April-
June). (Chapter 3: Giles et al., 2011)

Demonstrating that the aerosol absorption and particle size relationship can
estimate the dominant absorbing aerosol type in Kanpur. Analysis shows the
spectral single scattering albedo (SSA) varies smoothly with changing aerosol
types (i.e., from dust to black carbon). (Chapter 4: Giles et al., 2011)
Comparing the aerosol absorption at AERONET sites worldwide located near
aerosol source regions shows significant differences compared to previous work
(up to 0.02 SSA) and reveals that aerosol mixtures (e.g., dust and black carbon)
exhibit stronger spectral absorption and increased dominance of absorbing
carbonaceous particles than for dust alone. (Chapter 5: Giles et al., 2012)
Analyzing absorption Angstrom exponent (AAE) for Urban/Industrial pollution
and Biomass Burning smoke shows similar distributions and the analysis shows
approximately 10% of the retrievals had AAE values below 1.0 for most
categories but as high as 22% for Urban/Industrial. (Chapter 5: Giles et al., 2012)
Performing a sensitivity study by perturbing the SSA shows significant AAE
changes (up to +0.6) and quantifies the improvement of AAE resulting from
reducing the SSA uncertainty. (Chapter 5: Giles et al., 2012)

Comparing the results of a cluster analysis for aerosol absorption and size
relationships that show at least five distinct aerosol type clusters [Dust, Mixed-
Large Particle, Mixed-Small Particle, Urban/Industrial, and Biomass Burning
(with two sub-clusters)]. (Chapter 5: Giles et al., 2012)
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Chapter 1: Introduction

Reproduced by permission of American Geophysical Union.

1.1 Motivation

Aerosols are particles suspended in the air—such as dust, carbon, sulfate, nitrate,
sea salt or mixtures of them—that heat or cool the atmosphere to a significant degree of
uncertainty. For example, according to the Intergovernmental Panel on Climate Change
in 2007 [IPCC, 2007], the overall aerosol direct effect on radiative forcing (—0.5+0.4
W/m?, a net cooling) has significant uncertainty with estimates ranging from near zero to
~0.1, which affects the net anthropogenic radiative forcing estimate where greenhouse
gases (including CO,, CHs, N0, and halocarbons) dominate heating (+2.6+0.3 W/m ?).
Aerosols can also impact the hydrological cycle. Particles in the vicinity of clouds may
have “indirect effects” acting as cloud condensation nuclei to change the cloud albedo
[—0.7 (—1.1, +0.4) W/m 2, net cooling], cloud lifetime, and precipitation efficiency
[TPCC, 2007]. Further, deposition of black carbon particles on snow pack and glaciers
may possibly lead to a positive radiative forcing response (+0.1+0.1 W/m?) and
accelerated melting [[PCC, 2007]. Aerosols in the lower troposphere degrade air quality
and impact human health (e.g., respiratory disease), aesthetics, and transportation (e.g.,
reduced visibility) [ Watson 2002; Menon et al., 2002]. High aerosol loading also reduces
the total solar radiation reaching Earth’s surface leading to solar dimming [ Pinker et al.,
2005]. Depending on meteorological conditions, airborne particles typically have a
lifetime in the atmosphere of up to a few hours to one or two weeks and they may travel
large distances (up to thousands of kilometers). While aerosols are observed in the

troposphere and stratosphere, the highest aerosol concentration is in the boundary layer of



the troposphere, which typically extends from the Earth’s surface to about 3 km. High
temporal and spatial observations are needed to properly quantify the magnitude of the
aerosol properties with respect to concentration, size, type, and absorption to properly

understand these aerosol impacts on regional and global scales.

Aerosol size and absorption can vary greatly depending on the origin of the
aerosol. Weakly absorbing sulfates and nitrates and weakly to strongly absorbing
carbonaceous particles (e.g., organic carbon or black carbon) have radii less than ~1 pm
(i.e., the fine mode of the size distribution) resulting from varying fuel types (e.g.,
automobile exhaust, power plant emissions, or open burning of forest land), combustion
phases (e.g., smoldering or flaming), and chemical and microphysical processes (e.g.,
humidification and aggregation). Sulfates and sea salt are hygroscopic and can grow in
high humidity environments (e.g., leading to haze in summer or fog in winter), while
aerosol particles may aggregate when transported away from the source (e.g., aged
biomass burning smoke). Weakly absorbing sea salt and moderately absorbing iron-ore
containing mineral dust have radii greater than ~1 pm (i.e., the coarse mode of the size
distribution). Volcanic gas and ash eruptions can lead to a variety of aerosol sizes (e.g.,
coarse mode ash as well as small and large fine mode sulfates) producing trimodal
volume size distributions and these volcanic aerosol particles can be dispersed over large
distances (possibly globally) in the upper troposphere or lower stratosphere after extreme

events such as Mount Pinatubo [McCormick et al., 1995; Eck et al., 2010].

Routine measurements on a global scale are needed to quantify aerosol properties.
These measurements are performed utilizing passive or active remote sensing techniques.

The NASA Aerosol Robotic Network (AERONET) was established to measure aerosol
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properties in the early 1990s and continues to operate over 450 Sun/sky radiometers
worldwide [Holben et al., 1998; http://aeronet.gsfc.nasa.gov]. AERONET provides a
freely available database of aerosol properties allowing for aerosol characterization,
satellite validation, and aerosol transport model verification. The seasonal and multi-year
variability of aerosol optical depth (AOD) and other aerosol properties have been
characterized at long-term AERONET sites in or near aerosol source regions [Holben et
al., 2001; Dubovik et al., 2002; Eck et al., 2010]. Satellite passive remote-sensing
measurements, such as the Moderate Resolution Spectroradiometer (MODIS) instrument
on Terra and Aqua satellites, have utilized the AERONET data to validate aerosol
retrievals over land and ocean surfaces [Levy et al., 2007a]. Aerosol transport models,
such as the Goddard Chemistry Aerosol Radiative Transport (GOCART) model, have
used AERONET data for verification and evaluation [Chin et al., 2009]. Globally
distributed AERONET observations improve satellite retrievals and model predictions to
increase our knowledge of aerosols and their impact on climate, the hydrological cycle,

and air quality.

1.2 Aerosol and Water Vapor Properties from Collimated Solar Measurements

Direct sun and sky radiance measurements are conducted using the fully
autonomous robotic Cimel Electronique CE-318 model Sun/sky radiometers (referred to
as Cimels hereafter) deployed by the NASA AERONET project (see Figure 1.1). The
measurement protocols, calibration techniques, and data processing have been described
by Holben et al. [1998] and Eck et al. [1999, 2005], but important details are provided
here. The AERONET Cimels have a full field of view of 1.2° and use two common filter

configurations: standard 8-filter (340, 380, 440, 500, 675, 870, 940, 1020 nm) and



extended 9-filter (standard plus 1640 nm). For almucantar scans, the instrument points to
the Sun, moves £180° azimuth from solar origin at a constant elevation angle to perform
a total of 76 sky radiance measurements for each sky wavelength (e.g., 440, 675, 870,
and 1020 nm) [Holben et al., 1998]. Field instruments are inter-calibrated against
AERONET reference Cimels, which are calibrated at Mauna Loa Observatory in Hawaii
using Langley analyses [Shaw 1980, 1983; Eck et al., 2005]. Columnar AOD, columnar
water vapor (CWV) in centimeters, and almucantar retrievals utilized AERONET
Version 2 algorithms and data quality criteria [Smirnov et al., 2000; Dubovik et al., 2000,
2006; Holben et al., 2006]. The estimated accuracy of AERONET field Cimels varies
spectrally from £0.01 to £0.02 for measured columnar AOD with higher errors in the
ultraviolet channels [Holben et al., 1998; Eck et al., 1999], is within 10% for CWV
retrievals [Schmid et al., 2001; Smirnov et al., 2004], and is typically less than 5% for

calibrated sky radiances [Holben et al., 1998].



Figure 1.1 Cimel Sun/sky Radiometers deployed in Kanpur, India. Using a robot
controlled by azimuth and zenith motors, the instrument points directly at the Sun
given the time, location, and aid of a 4-quadrant detector. Light passes through a
collimator tube, sensor head lens, and wavelength-dependent transmission filter on
a filter wheel until it reaches a Silicon or InGaAs detector inside the sensor head
canister. Photo courtesy of Sheng-Hsiang Wang.

In addition, the manually-operated Solar Light Microtops II sun photometers
(referred to as Microtops hereafter) performed direct sun measurements [Morys et al.,
2001]. The Microtops had varying sets of five filters utilizing the nominal wavelengths
440, 675, 870, and 940 with either 340 nm or 500 nm. Microtops data were collected
using measurement and data processing protocols established by the Maritime Aerosol
Network (MAN) component of AERONET [Smirnov et al., 2009]. An artifact of the
Microtops ~2° full field of view is to allow more stray light than the AERONET Cimels;

however, during dust events, any reduction in Tsonm 1S estimated to be less than 0.02



[Kinne et al., 1997]. The estimated accuracy of Microtops instruments is +0.02 for

measured columnar AOD at the nominal aerosol wavelengths [Smirnov et al., 2009].

The direct sun voltage (V) measured by the radiometer is proportional to the
irradiance (I). For Cimel reference instruments, the estimated top of the atmosphere
irradiance (I,) in terms of voltage (V,in mV) is obtained by Langley measurements at the
Mauna Loa Observatory in Hawaii. Mauna Loa (19.54°, 155.58°, 3397 m) is located in
the remote south central North Pacific above most boundary layer aerosols except for the
occasional emissions of volcanic aerosols and episodic middle to upper tropospheric
Asian dust that affects the measurements during the boreal spring [Holben et al., 2001;
Eck et al., 2005]. The Langley plot is used to determine V, by using a linear fit of In V
versus the optical air mass (m, between 2 and 5 at visible and near infrared wavelengths)
and extrapolated to m=0 to obtain V,. The total optical depth [t(A)rot1] can be obtained
using the Beer-Lambert-Bouguer law (Transmission, T=I/I,) and given I is also

proportional to V (the measured direct sun voltage in mV):

V() = Vo)*d **exp[~tW) o * m] (1

where d is the ratio of the average to the actual Earth-Sun distance and m is the optical air
mass [Holben et al., 1998]. Other atmospheric constituents can scatter and/or absorb
light and must be considered when calculating the AOD. The optical depth due to water
vapor, Rayleigh (molecular) scattering, and other wavelength-dependent trace gases must

be subtracted from the total optical depth to obtain the AOD:

T(M) Acroso=T(A) Total=T(A) Water—T(A)Rayleigh—T(A)03—~T(A)N02—T(A) co2—T(A)ch4 (2)



AERONET field instruments are inter-calibrated against reference Cimels. The
calibration transfer may occur during low aerosol loading conditions (<0.2 at AOD 500
nm) and near solar noon when the solar zenith angle changes most slowly allowing
improved instrument time synchronization and reducing the relative AOD error due to air
mass dependent instrument characteristics (e.g., filter transmittance). The relative error
in AOD has a cosine solar zenith angle dependence (0Vo/V, * 1/m), where m~1/cos(0,)
for solar zenith angle (0,) less than 75°; therefore, the greatest relative error in AOD
occurs when the optical air mass is 1. The spectral AERONET AOD data are retrieved
from measurements taken when the sun is not obscured by clouds and thus cloud optical
depth is not a factor in the computation. If clouds contaminate the measurement, most of
these points are removed from the Level 1.5 AOD data set automatically on the basis of
temporal variability thresholds on the optical depth [Smirnov et al., 2000]. The Level 2.0
AOD product applies pre- and post-deployment calibrations to the Level 1.5 AOD data

and these data are further inspected for anomalies.

The dominant aerosol particle size can be determined using the Angstrom
exponent (o)) [Angstrom 1964], which is defined by the logarithms of AOD and

wavelength [Eck et al., 1999]:
o= —dIn[t(A)]/dIn[A] 3)
a is calculated for the inclusive wavelength range from 440 to 870 nm using a linear fit of

T versus A on a logarithmic scale; values closer to two indicate that small particles

dominate and values approaching zero indicate larger aerosol particles dominate [ Holben



et al., 1991; Kaufman et al., 1992; Eck et al., 1999; Reid et al., 1999]. « is related to the
Junge or Power Law size distribution by the expression 0=3-v, where v is the parameter
of the aerosol size distribution which is defined as dN/dIn r=Cr™ [Junge 1955]. Some
deviation in the linear fit may occur for high fine mode AOD events where curvature
(i.e., o or the derivative of o) becomes more significant [Eck et al., 1999]. While a
combination of o and o provides a more complete understanding of the aerosol size
distribution, a is more commonly used by ground-based and satellite-based remote
sensing techniques to interpret aerosol particle size [Eck et al., 1999; 2001]. Using the
AOD measurements, the spectral deconvolution algorithm (SDA) retrieves the columnar
optically equivalent fine mode (tr) and coarse mode (1) AOD as well as the fine mode
fraction of AOD [n=t¢/(tst1.)] at 500 nm. The SDA assumes a bimodal aerosol
distribution, the coarse mode Angstrdm exponent (o.) and its derivative (a.') are near
zero, and a second order polynomial fit of spectral AOD in logarithmic coordinates
[O’Neill et al., 2001, 2003]. The SDA product quality depends on the input AOD
wavelengths (i.e., N>4 for Level 2.0), the spectral range (i.e., 380-870 nm for Level 2.0),
the combination of aerosol loading and optical air mass dependence (i.e., T > 0.02/m), and

the removal of outliers.

Columnar water vapor is determined by AERONET simultaneously with aerosol
properties and uses three wavelengths: 675 nm, 870 nm, and 940 nm. The total
transmission (T) is computed for 675 nm and 870 nm using Rayleigh and aerosol optical
depths and extrapolated to obtain the total transmission at the nominal 940 nm
wavelength. The extrapolated transmission for 940 nm is subtracted from the measured

transmission at 940 nm (i.e., In(T) = In[Ty940 nm(measured)] ~1N[ To40nm(extrapolated)] ) providing



the transmission only due to water vapor (T), which can be expressed by the following

equation:

—In(Ty) = [V 940 am * d°] — In[Voag nm] — (14*Ta + mr*TR) 4)

where Vs nm 18 the measured voltage (mV) at 940 nm, V949 nm 18 the extraterrestrial
constant (mV), m, and mp are the optical air masses for aerosol and Rayleigh
contributions, respectively, and T, and tr are the optical depths for aerosol and Rayleigh
contributions, respectively, while effects by other trace gases are negligible for the 940
nm channel. Further, the columnar water vapor (CWV, u) in cm can be determined using

the following equation:

u=[-In(Ty)/a]"®/m,, (5)

where a and b are filter-dependent constants, and m,, is the water vapor optical air mass
[Schmid et al., 1996, 2001]. The CWYV calculations are typically accurate to less than
10% [Schmid et al., 2001; Smirnov et al., 2004]. In addition, Prasad and Singh [2009]
showed high correlation (~0.95) between CWYV retrieved from AERONET and GPS over

Kanpur, India.

1.3 Aerosol Properties Using Almucantar Sky Radiance Measurements

In combination with the direct sun measurements, the Cimel performs sky
radiance measurements at 76 azimuth angles at +180° from the solar zenith angle origin;
this sky scan is known as an almucantar measurement [Holben et al., 1998]. Aerosol
optical and microphysical properties were computed from inversions of almucantar sky

radiance measurements simultaneously with spectral AOD at the 440, 675, 870, and 1020



nm nominal wavelengths. Almucantar-retrieved aerosol properties include the aerosol
volume size distribution, complex index of refraction, phase functions, and fraction (f) of
particle sphericity [i.e., fiphericity = fsphericat/(fspherical T fspheroida)]. The retrieved number size

distribution is expressed as a volume size distribution using equation (6):

dV(@)/dInr=V(r) *dN(r)/dInr=4/3 = ¥ dN(r)/dInr (6)

where 1 is the radius of the aerosol particle (um), V(r) is the volume of the aerosol
particles with radius r (um’/um?), and N(r) is the number of particles with radius r (in 1/
um?). The volume size distribution may be integrated to calculate the volume
concentration (Cy in pm?/um?), effective radius (ref in pm), volume median radius (ry),
the standard deviation (width) [Dubovik et al., 2002]. The fine mode and coarse mode
separation is ~1 pm; however, the threshold may vary slightly depending on the
inflection point between the fine mode and coarse mode maximums [Eck et al., 2010]. In
addition, aerosol fine mode and coarse mode AOD, asymmetry parameter, single
scattering albedo, and absorption Angstrdm exponent are derived from the retrieved
quantities [ Dubovik and King, 2000; Dubovik et al., 2002, 2006]. The single scattering
albedo (w,) 1s defined as the ratio of scattering to the extinction (Tex=TscarTabs) and

indicates the probability that a photon will be scattered by an aerosol particle:

o = Tscat/ Text (7)

where 14, 1S the retrieved scattering aerosol optical depth, Tey is the measured aerosol

optical depth. A single scattering albedo of 1 indicates perfect particle scattering of
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incident light, while values near zero indicate perfect particle absorption. By rearranging

equation (7), absorption aerosol optical depth (t.ps) can be expressed as:

Tabs = Text *(1_(00) (8)

providing a formulation to obtain the absorption AOD from the retrieved single scattering

albedo and measured extinction AOD.

The almucantar retrieval aerosol parameters depend on the measured AOD,
angular distribution of sky radiances, and the magnitude of the sky radiances at each
wavelength [Dubovik and King 2000]. The AERONET Version 2 almucantar retrieval
assumes (1) a plane-parallel atmosphere, (2) particles are homogeneously distributed, (3)
randomly oriented spheres or spheroids with a fixed aspect ratio exist in the sample
volume, (4) surface reflectance for land is based on bidirectional reflectance distribution
function (BRDF) models using on Moody ecosystem type input and water reflectance is
based on Cox-Munk calculations using NCEP reanalysis wind speeds, and (5) the
retrieved parameters represent optically effective columnar aerosol parameters [ Dubovik
et al.,2006; Eck et al., 2008]. The AERONET Version 2 almucantar inversion
algorithms, data processing, quality controls, and input surface reflectance were

discussed further by Holben et al. [2006] and Eck et al. [2008].

1.4 TIGERZ Experiment in the Indo-Gangetic Plain
The TIGERZ experiment (2008-2011) was conducted by the NASA Aerosol

Robotic Network (AERONET) project within the Indo-Gangetic Plain (IGP) in northern
India located south of the Himalayan foothills, and the intensive operational period (IOP)

occurred during the 2008 pre-monsoon (April-June). The TIGERZ IOP foci included (1)
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the spatial and temporal characterization of columnar aerosol optical, microphysical, and
absorption properties; (2) the identification of aerosol particle type mixtures; and (3) the
validation of remotely sensed aerosol properties from satellites. Data collection and
analysis involved scientists, engineers, and graduate students from 20 institutions in
Europe, India, and North America. Of note, the TIGERZ experiment (i.e., “tigers”) was a
larger follow-on effort to the smaller Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) And Twilight Zone (CATZ) experiment (i.e., “cats™)
held in the Baltimore/Washington D.C. region during the summer of 2007 [ McPherson et

al., 2010].

Anthropogenic activities within the IGP produce pollution from urban, industrial,
and rural combustion sources nearly continuously and convection-induced winds drive
desert and alluvial dust into the atmosphere over the IGP during the pre-monsoon
[Middleton, 1986; Littman, 1991; Chu et al., 2003; Dey et al., 2004; Singh et al., 2004;
Prasad et al., 2007a; Remer et al., 2008; Gautam et al., 2009]. Atmospheric brown cloud
formation over northern India influences the scattering and absorption of solar radiation
and initiates radiative forcing effects such as solar dimming, surface cooling, and surface
evaporation [Jacobson et al., 2001; Ramanathan et al., 2005; Ramanathan and Ramana,
2005; Pinker et al., 2005; Dey and Tripathi, 2007; Gautam et al., 2010]. Atmospheric
turbidity measurements were initially conducted in the 1960s over India [Mani et al.,
1969], and aerosol field campaigns and monitoring networks have continued to be
established in order to monitor aerosol loading and other properties. Recent field
campaigns included the Indian Ocean Experiment (INDOEX) [Ramanathan et al., 2001,

Lelieveld et al., 2001], Arabian Sea Monsoon Experiment (ARMEX-II) [Moorthy and
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Babu, 2005], Indian Space Research Organization Geosphere Biosphere Programme
(ISRO-GBP) [http://www.isro.org/gbp/aerosol.apx], and Integrated Campaign for
Aerosols, gases, and Radiation Budget (ICARB) [Beegum et al., 2008; Moorthy et al.,
2008; Satheesh et al., 2009]. A ground-based network using the Multi-Wavelength
Radiometers (MWR) has been deployed in India through ISRO-GBP activities [Moorthy
et al., 1989; Gogoi et al., 2009]. Furthermore, Microtops have been operated by ISRO-
GBP and others to measure aerosol optical properties in India [Niranjan et al., 2005;
Singh et al., 2005; Mishra et al., 2008; Satheesh et al., 2009]. In addition to these
programs, the AERONET Kanpur site has collected aerosol data since January 2001
[Singh et al., 2003, 2004; Tripathi et al., 2005a; Dey et al., 2005; Prasad and Singh,

2007a, 2007b, 2009].

To improve the understanding of aerosols in the IGP, the NASA AERONET
project and several international partners organized a multi-year, ground-based TIGERZ
measurement campaign in May 2008. International partners included Canada
(AEROCAN), Finland (Finnish Meteorological Institute) and France (PHOTONS) with
collaborators in India including the India Meteorological Department (IMD), India Space
Research Organization (ISRO), Indian Institute of Technology (Kanpur, Kharagpur, and
Delhi), and Indian Institute of Tropical Meteorology (IITM). The first TIGERZ intensive
operational period (IOP) occurred around the city of Kanpur from 1 May to 23 June 2008
(Figure 1.2b). Measurement activities during the IOP included the deployment of
AERONET Cimel and Microtops instrumentation on selected days within the footprint of
NASA Earth-observing satellites including Terra, Aqua, and Cloud-Aerosol Lidar and

Infrared Pathfinder Satellite Observations (CALIPSO) as well as spatial variability
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studies (SVSs) in and around the city of Kanpur. The CALIPSO satellite was given first

priority for along-track instrument deployments due to a narrow 70 m footprint. Table

1.1 provides the instrument inventory deployed to the region and dates when data were

collected during the intensive operational period (IOP). Furthermore, semi-permanent

AERONET sites (i.e., Bareilly and Pantnagar) were deployed north of Kanpur to the

Himalayan foothills (Nainital) to characterize aerosols across the IGP (Figure 1.2a).

Table 1.1 Instrument inventory and availability during the 2008 TIGERZ IOP.
Table from Giles et al. [2011a].

Location Coordinates Instrument Period
Kanpur (or IIT-Kanpur) 26°30° 46N, 80° 13’ 53”E Cimel 1 May — 23 June
Mobile N_050608 26°30° 22N, 80° 26’ 21”E Cimel 6 May
Mobile C 050608 26° 18’ 10”N, 80° 29’ 19”E Cimel 6 May
Mobile S 050608 26° 07’ 30”N, 80° 31° 58”E Cimel 6 May
Hand N 050608 26°19° 317N, 80°29’ 01”E  Microtops 6 May
Hand S 050608 26° 17" 08”N, 80° 29’ 34”E  Microtops 6 May
Hand E 050608 26° 18’ 38”N, 80° 30’ 49”E  Microtops 6 May
Hand W_050608 26° 18° 09”N, 80°27° 47”E  Microtops 6 May
Mobile Kanpur West(W2)  26° 25’ 09”N, 80° 07" 24”E Cimel 10, 26 and 30 May
Mobile Kanpur East 26° 27 317N, 80° 26° 22”E Cimel 10, 26 and 30 May
Hand Kanpur North 26° 29’ 55N, 80° 18’ 44”E  Microtops 10 and 26 May
Hand Kanpur South 26° 24’ 397N, 80° 19’ 02”E  Microtops 10 and 26 May
Hand Kanpur Panki 26° 28’ 44N, 80° 15’ 23”E  Microtops 10 and 26 May
Hand Kanpur RR 26° 27’ 20N, 80° 21° 02”E  Microtops 10 and 26 May
Mobile_Kanpur South 26°21° 10”N, 80° 18’ 03”E Cimel 30 May
Mobile_Kanpur SE 26°22° 43”N, 80° 25’ 05"E Cimel 30 May
Mobile N 060708 26°31° 50N, 80° 30’ 21”E Cimel 7 June
Mobile C 060708 26°26° 58”N, 80° 31’ 36”E Cimel 7 June
Mobile S 060708 26° 06’ 21N, 80° 36’ 39”E Cimel 7 June
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Figure 1.2 Atmospheric flow originating over the Thar Desert, Arabian Sea, and
Bay of Bengal is restricted by the Himalayan Mountains to the north of the Indo-
Gangetic Plain (IGP) allowing aerosols to accumulate here. Map (a) shows the
regional distribution of Cimel sites within the IGP and map (b) shows the
distribution of sites around Kanpur, India (26.51°N, 80.23°E). The red star
represents the IIT-Kanpur site and location of the permanent AERONET site. The
green symbols represent Cimel sites, where circles indicate sites for Terra and Aqua
satellite overpasses and diamonds represent sites for CALIPSO satellite overpasses.
Yellow squares indicate Microtops sites. The Ganges River bisects the region.
Figure from Giles et al. [2011a].



1.5 Scientific Objectives and Outline of Dissertation

The major objectives of my dissertation include:

e Quantifying the spatial and temporal variability of columnar aerosol
properties such as aerosol optical depth, volume size distribution, and
single scattering albedo over Kanpur during the 2008 TIGERZ
experiment.

e Analyzing aerosol retrievals from satellite over the IGP to determine how
the mixture of dust and carbonaceous aerosols in combination with the
semi-bright land surface affect the quality of the retrievals during the 2008
TIGERZ experiment.

e Evaluating relationships of aerosol size and absorption properties to
determine black carbon and dust particle mixtures over Kanpur, India.

e Summarizing aerosol absorption properties (i.e., single scattering albedo
and absorption Angstrom exponent) at AERONET sites worldwide near
aerosol source regions dominated by dust, urban/industrial pollution,
biomass burning, and mixtures of them.

e Perturbing single scattering albedo to determine the response of the
absorption Angstrom exponent, which is a parameter that may determine
the dominant absorbing aerosol type (e.g., dust, black carbon, or organic
carbon).

e Evaluating and comparing aerosol absorption and size relationships at
AERONET sites to determine the dominant aerosol mixing states and

origins.
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The Ph.D. dissertation was based on my two first-authored papers in the Journal
of Geophysical Research — Atmospheres: (1) Giles et al. [2011a], a comprehensive study
of aerosol properties and types using ground-based and space-based instrumentation over
the Indo-Gangetic Plain during the 2008 TIGERZ experiment and (2) Giles et al. [2012],
a comprehensive study of aerosol absorption properties at AERONET sites worldwide
and classification of aerosol mixing states and origins. Chapter 2 (from Giles et al.,
2011a) presents climatology of aerosol properties over Kanpur, India, a comparison
between Cimel sun photometer and Microtops instrumentation, and an assessment of the
spatial and temporal variability of aerosol properties during TIGERZ. Chapter 3 (from
Giles et al., 2011a) evaluates the performance of MODIS operational and research
satellite retrieval algorithms using data from several ground-based instruments distributed
around Kanpur during TIGERZ. Chapter 4 (from Giles et al., 2011a) presents an analysis
of aerosol absorption and size relationships used to identify dominant aerosol types such
as dust, black carbon, and mixtures of them using the Kanpur data set. Chapter 5 (from
Giles et al., 2012) uses data from 19 AERONET sites to compute aerosol absorption
property statistics and compares these findings to previous work, quantifies the sensitivity
of aerosol absorption Angstrom exponent to changes in the single scattering albedo, and
presents a cluster analysis for various aerosol absorption and size relationships to
determine possible aerosol mixing states and origins. Finally, Chapter 6 (from Giles et
al.,2011a; 2012) provides the major findings of this work and addresses the potential
impact of studies such as TIGERZ, additional work using TIGERZ aerosol data, and

possible directions to provide more detailed aerosol classifications.
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Chapter 2: Aerosol Properties in Kanpur during TIGERZ

Reproduced by permission of American Geophysical Union.

2.1 Motivation and Methodology

Aerosol conditions over the IGP during the pre-monsoon are affected by locally
generated and regionally transported aerosol particles such as fine mode pollution
containing secondary organic carbon (OC) and black carbon (BC) from urban and
industrial sources as well as dust mainly from nearby arid agricultural lands and the Thar
Desert [Middleton, 1986; Littman, 1991; Chu et al., 2003; Dey et al., 2004; Singh et al.,
2004; Prasad et al., 2007; Remer et al., 2008; Gautam et al., 2009, Arola et al., 2011].
These aerosol particles challenge remote sensing algorithms for ground-based sensors
due to the combined temporal and spatial variability of dust resembling thin cirrus clouds,
and algorithms for space-based sensors due to assumed aerosol absorption models and
semi-bright land surface during the pre-monsoon. General circulation models have
simulated shifts in the monsoon circulation due in part to high aerosol loading and
radiative effects of BC and dust particles over the IGP. The Elevated Heat Pump (EHP)
hypothesis proposed by Lau and Kim [2006] and Lau et al. [2006] was explored by the
2007-2011 Joint Aerosol-Monsoon Experiment (JAMEX) activities to further understand
aerosol-monsoon interactions [Lau et al., 2008]. Within this context, the AERONET
project initiated the TIGERZ experiment to measure aerosol properties at sites spanning
the IGP in 2008. Although the TIGERZ experiment had several components, one
element was to establish up to seven temporary sites near Kanpur, India (26.51°N,
80.23°E) located ~300 km south of the Himalayan foothills. In addition to the long-term

monitoring AERONET site at the Indian Institute of Technology (IIT) Kanpur, these
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TIGERZ sites provided the framework to quantify the spatial and temporal variability of
columnar aerosol optical depth (AOD, 1), volume size distribution, and single scattering
albedo (SSA). Long-term AERONET Kanpur data and TIGERZ results were examined
to identify BC and dust particle mixtures from aerosol size, shape, and absorption
properties. Lastly, the TIGERZ mesoscale deployment data set was utilized for
validation of aerosol retrievals from satellite [e.g., Moderate Resolution Imaging

Spectroradiometer (MODIS)].

To further understand aerosol remote sensing measurements performed within the
IGP, the NASA AERONET project and several international partners organized the
TIGERZ multi-year, ground-based measurement campaign. TIGERZ sites were
deployed spatially within the mesoscale domain based on definitions by Orlanski [1975].
A mesoscale-a (200-2000 km) distribution of semi-permanent AERONET sites (e.g.,
Bareilly and Pantnagar) was established north of Kanpur to the Himalayan foothills
(Nainital) to characterize aerosols latitudinally across the IGP for the multi-year effort
(Figure 1.2a) [Dumka et al., 2012, in preparation]. The TIGERZ IOP occurred in the
greater Kanpur region from 1 May to 23 June 2008. Figure 1.2b shows the site
distribution and Table 1.1 provides site deployment details. Temporary sites were
established within mesoscale-y (2-20 km) and -f (20-200 km) domains using AERONET
Cimels and Microtops to assess the influence of Kanpur pollution to the IGP aerosol
loading as well as provide validation points for Terra, Aqua, and CALIPSO satellite
retrievals [ Vaughan et al., 2004; Anderson et al., 2005]. Due to the deviation from
standard AERONET protocol during TIGERZ (i.e., ~30-second rather than ~15-minute

data collection intervals), temporary site Level 1.5 AOD data are manually cloud
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screened and quality assured using the detailed field logs. The low optical air mass
(m<1.3) during satellite overpass times precluded useful almucantar sky radiance
measurements due to a limited range of measured scattering angles [ Dubovik et al.,
2000]. A temporary deployment of sites with 15-30 km site separation, conducted from
09:45-12:45 UTC (1.3<m<6.3) on 30 May 2008, provided the first-of-its-kind spatial

variability assessment of sky radiance derived AERONET aerosol properties in India.

2.2 Aerosol Variability and Transport over Kanpur, India

The AERONET long-term monitoring site at IIT-Kanpur is positioned ~17 km
northwest of Kanpur’s main industrial region (Figure 1.2). Previous work has shown that
distinct seasonal patterns of aerosol properties are controlled by the monsoon (~June-
September) and post-monsoon (October-December) over Kanpur [Singh et al., 2004;
Jethva et al., 2005; Dey et al., 2005; Eck et al., 2010]. Figure 2.1 shows the AERONET
Kanpur climatology (2001-2009) of AOD (T500nm» T£500nms> Te500nm)»> Ns00nm, and CWV with
total AOD and CWV variability resembling seasonal fluctuations shown by Singh et al.
[2004], Jethva et al. [2005], and Eck et al. [2010]. During the pre-monsoon (April-June),
Tesoonm 1NCreased by 0.21, while tsonm increased by 0.03 and nsoonm decreased by 0.03
indicating dust contributed strongly to the tsponm increase of 0.24. A climatologically-
averaged CWYV increase of ~3 cm between April and July over Kanpur corresponded to
CWYV increases observed by MWR, MODIS, and Global Positioning System (GPS)
retrievals in northern India indicating the transition to the monsoon [Moorthy et al., 2007;
Kumar et al., 2011]. Figure 2.2 depicts 3-day back trajectory analyses starting from

Kanpur at 1000 m, derived from the NOAA Air Resources Laboratory (ARL) Hybrid
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Figure 2.1 The 2001-2009 Kanpur multi-year monthly averages are plotted for
aerosol optical depth and water vapor (a,e) and spectral deconvolution algorithm
(SDA) retrievals (b-d) at the Level 2.0 quality level. Maximums in total and coarse
mode aerosol optical depth in May and June indicate the presence of transported
desert dust and the maximum in water vapor (cm) during July and August indicates
the peak of the monsoon. Figure from Giles et al. [2011a].
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Figure 2.2 The NOAA HYSPLIT 3-day back trajectory analyses are shown for
Kanpur, India (26.51°N, 80.23°E). The trajectories start at 06 UTC and at a height
of 1000 m daily from April-July 2008 (a-d). Colored trajectory lines show
differentiation among trajectory days. The trajectories are based on the Global
Data Assimilation System (GDAS) data available from NOAA Air Resources
Laboratory (ARL, http://ready.arl.noaa.gov/HYSPLIT.php). Figure from Giles et
al. [2011a].
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Single Particle Langragian Integrated Trajectory (HY SPLIT) model [Draxler and Rolph,
2010; Rolph 2010]. The April 2008 trajectories show potential aerosol transport
pathways originating to the west and northwest of Kanpur in Pakistan and northern India,
and May 2008 trajectories show a transition to air parcels originating in the Arabian Sea
and travelling across the Thar Desert; these trajectories resemble dust transport pathways
to Kanpur as shown by Chinnam et al. [2006] and Prasad and Singh [2007a]. The June
2008 and July 2008 trajectories show that most air parcels originate over the Arabian Sea

and Bay of Bengal transporting moisture inland as the monsoon develops.

The pre-monsoon (April-June) climatologically-averaged Tcsoonm and Tesoonm of
0.46+0.11 and 0.22+0.03, respectively, represents the dominance of long-range desert
dust transport and regionally generated alluvial dust over pollution particles. Emission
sources near Kanpur include vehicles powered by a variety of fuels, coal-fired power
generation, leather factories, brick kilns (Figure 2.3) [Reddy et al., 2002; Singh et al.,
2004; Jethva et al., 2005; Dey et al., 2005; Chinnam et al., 2006; Prasad et al., 2006;
Gautam et al., 2009; Eck et al., 2010; Singh 2010], and wood fuel and agricultural waste
from biomass fuel burning [Dickerson et al., 2002; Gustafsson et al., 2009; Ram et al.,
2010a, 2010b]. The interaction of fine and coarse mode particles during the pre-monsoon
over Kanpur provided a unique opportunity to study remotely sensed properties of

complex aerosol mixtures from the surface and space.
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Figure 2.3 Fossil fuel aerosol sources, such as the coal-fired Panki power plant (top
panel) and a coal-fired mix of agricultural waste and/or wood in a Bull’s Trench
kiln (bottom panel), emit black carbon particles and precursor gases (e.g. nitrogen
oxides and sulfur dioxide) to form nitrates and sulfates contributing to aerosol
loading in the atmosphere over Kanpur, India.
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2.3 Comparison of Microtops and AERONET

The AERONET reference Cimels obtain calibration at the Mauna Loa
Observatory in Hawaii [Shaw 1980, 1983; Eck et al., 2005] and routinely cycle through
the NASA Goddard Space Flight Center (GSFC) calibration facility to provide
calibration transfer to Cimel and Microtops field instruments during clear and stable
atmospheric conditions [Holben et al., 1998; Smirnov et al., 2009]. The accuracy of
AERONET reference Cimels for measured columnar AOD is ~0.004 in the visible and
near-infrared wavelengths and ~0.01 in the ultraviolet wavelengths [Eck et al., 1999].
Although none of the AERONET reference Cimels was deployed during TIGERZ, a
consistency check among the field Cimels and Microtops was performed by comparing
the AOD measured at IIT-Kanpur for a 30-minute period from 05:19 UTC to 05:49 UTC
on 25 May 2008 (Figure 2.4). The AERONET Cimel #83 (or C83) was chosen
arbitrarily as a “reference” to compare with other Cimels and Microtops. The C83
instrument average Tsoonm for the period was 0.390+0.029 and the other Cimel and
Microtops averages were within £0.01 and +0.02, respectively. The T¢soonm and Tesoonm
averages of 0.235+0.02 and 0.150+0.01, respectively, from C83 indicate the presence of
fine mode pollution (e.g., primarily OC, sulfates, nitrates, and BC) and dust particles.
Given that Microtops and Cimels averaged AOD were similar, the apparent effect of dust
particles to scatter more light into the Microtops larger field of view was not evident in
this case. Overall, the Cimel and Microtops comparison showed that AOD differences

were consistent with the stated field instrument uncertainties.
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Figure 2.4 Cimel and Microtops aerosol optical depth at 500 nm (Ts0onm)
measurements were compared to an arbitrary Cimel #83 (C83) at IIT-Kanpur
between 05:19 UTC and 05:49 UTC on 25 May 2008, and ranged within the stated
uncertainty. The “C” indicates a Cimel instrument number and “M” indicates a
Microtops number. The “i” at the end of the Microtops number indicates that data
were interpolated to 500 nm. The values adjacent to the legend represent the Tsyopm
average values for each instrument during the comparison period. Figure from
Giles et al. [2011a].

2.4 Spatial and Temporal Variability of AOD
The TIGERZ IOP aerosol temporal variability was evaluated at [IT-Kanpur and

spatial variability was determined over an area covering ~50 km® around Kanpur (Figure
1.2). Spatial variability can be analyzed by comparing one site to many nearby sites
using time coincident measurements and observing the change in correlation or
coefficient of variability as a function of site separation distance [ Hay and Suckling,

1979, Holben et al., 1991]. Although the TIGERZ IOP data set did not meet temporal

26



requirements for computation of the coefficient of variability, the correlations of
coincident observations at 5- and 15-minute discrete intervals were analyzed for 6 and 30
May 2008; however, matchups were still statistically insignificant. Instead, TIGERZ IOP
data are presented temporally as site averages and deviations and spatially as area-

averages and area standard deviations derived from all sites during coincident periods.

The IIT-Kanpur AERONET Cimel Level 2.0 daily averaged AOD temporal
variability is shown in Figure 2.5. From 1 May to 12 June 2008, averaged Tsoonm, T500nm»
Te500nm, and Nsponm Were 0.65+0.18, 0.24+0.13, 0.42+0.15, and 0.36+0.14, respectively,
indicating high aerosol loading and mainly coarse mode particle contributions to the
AOD. On temporary deployment days, IIT-Kanpur daily averages for tsoonm and Msoonm
varied from 0.28-0.78 and 0.21-0.37, respectively, due to transported dust. The
coefficient of variation (CV) is calculated by dividing the standard deviation by the mean
and multiplying by 100 to calculate the relative variability with respect to the mean. For
the period, total and coarse mode aerosol loading CV was ~25-55% of the mean, which
may represent dust transport and the removal of aerosols due to dry deposition and

rainfall.
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Figure 2.5 Substantial day-to-day variation of aerosol loading occurred during the
TIGERZ IOP possibly due to dust transport, dry deposition, and precipitation.
Aerosol optical depth (AOD) daily averages of AERONET Level 2.0 are plotted for
IIT-Kanpur, India, from 1 May to 12 June 2008. Temporary sites were deployed on
6 May, 10 May, 26 May, 30 May, and 7 June 2008. Figure from Giles et al. [2011a].

Spatial aerosol variability was assessed using area averages for deployment days
(Table 2.1). Most area averages for Tsoonm, Trs00nm, aNd Tesoonm 1€ Within one standard
deviation of the multi-year monthly averages (Figure 2.1); however, on 30 May 2008,
area-averaged AOD (tsoonm = 0.30; T¢500nm = 0.09; Tesoonm = 0.21) were anomalously low
for May and June. For temporary deployments on 10 and 26 May 2008, when Microtops

were located within the industrial sector and Cimels in the outer sections of Kanpur,
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Microtops Tsoonm area averages were 0.03 and 0.09 higher than Cimel area averages,
respectively. Coincident period tsoonm area-averaged standard deviations were up to
+0.04, indicating significant spatial variability in the measurements over different
deployment configurations, whereas Microtops deviations on 6 May were only £0.01
likely due to their proximity to each other. The Angstrém exponent (0. = 0.20 to 0.39)
and fine mode fraction of AOD (n50onm = 0.21 to 0.33) area-averages represent the
presence of mainly super-micron radius or coarse mode particles region-wide on
deployment days, except on 7 June 2008, when a ~0.95 and nsponm 0f 0.55 were observed
indicating a reduction of coarse mode particle AOD. Near-surface winds from the Navy
Operational Global Atmospheric Prediction System (NOGAPS) model were analyzed to
identify the change in aerosol loading between upwind and downwind sites. Although
aerosol sources in Kanpur emit both particles (e.g., OC and BC) and precursor gases (i.e.,
SO,, NOy, etc.) into the atmosphere over the IGP [Tripathi et al., 2005b; Arola et al.,
2011], sites downwind of the Kanpur urban center reported an increase in Tsoonm only up
to ~0.10 near these sources. On the 30 May deployment day with only Cimels, the IIT-
Kanpur and Mobile West sites upwind of Kanpur industrial sector had lower average
AOD (t500nm=0.28%0.02, 0.29+0.01, respectively) than the Mobile Southeast site
(T500nm=0.33+0.02) by as much as 0.05. These upwind/downwind AOD increases were
consistent with differences between Microtops within and Cimels outside the city of
Kanpur on the 10 and 26 May 2008. Approximately 10-20% of the aerosol loading
detected by ground-based sun photometers on temporary deployment days resulted from
the Kanpur city emission contributions to the upwind aerosols comprised of a mixture of

pollution and dust.
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Table 2.1 Mesoscale deployment day area averages of aerosol properties for
coincident measurement periods®. Table from Giles et al. [2011a].

Group T o Tr Te n Time (UTC)
6 May 2008
All 0.75+0.03  0.22+0.03  0.17+0.02 0.58+0.03  0.23+0.03  07:30-08:37
Cimel 0.77£0.02  0.20+0.03  0.16+0.02 0.61+0.01 0.21+0.02 03:00-11:17
Microtops  0.73+0.01  0.22+0.01 0.17+0.02  0.55+£0.03  0.24+£0.03 07:30-08:37
10 May 2008
All 0.69+0.03  0.30+0.06 0.19+0.03 0.51+£0.04 0.27+0.04 05:00-06:06
Cimel 0.68+0.04 0.26+0.06 0.16+£0.02 0.51+£0.04 0.24+0.03 04:51-06:06
Microtops  0.71+£0.04  0.32+0.05 0.21+0.03 0.51+£0.04 0.29+0.03  05:00-08:36
26 May 2008
All 0.88+0.04 0.38+0.05 0.27+0.04 0.61£0.03 0.31+0.03  05:00-07:30
Cimel 0.84+0.03 0.36+0.06 0.25+0.03  0.59+0.02 0.30+0.03  05:00-07:30
Microtops  0.93+0.04 0.39+0.05 0.32+0.05 0.64+0.03 0.33+0.03  04:30-08:47
30 May 2008
Cimel 0.30+£0.02 0.38+0.01 0.09+0.01 0.21£0.01 0.30+0.01 10:05-12:30
7 June 2008
Cimel 0.60+£0.04 0.94+0.03 0.33£0.03 0.26+0.02 0.55+£0.02 03:38-05:48

*Aerosol properties at 500 nm, except o was calculated between 440 and 870 nm.

2.5 Spatial and Temporal Variability of Absorption and Size Properties

Temporary site deployments within mesoscale-y and -f (15-30 km site separation)

domains provided a unique opportunity to acquire up to eight almucantar inversions on

30 May 2008. All of the products were processed utilizing the AERONET Level 2.0

inversion criteria [Holben et al., 2006], except the input AOD may have been Level 1.5

as discussed in Section 2.1. To help interpret absorption results when T440nm 1s <0.40, a

development version of the inversion code provided uncertainty estimates for each SSA

retrieval. Area-averaged aerosol properties for the size distribution, single scattering

albedo, and parameterizations describing the size distribution were calculated for the

region covered by the temporary deployment on 30 May (09:40-12:27 UTC). The

volume size distribution shows coarse mode dominated aerosol loading for all sites

(Figure 2.6a). Calculated from volume concentration (C,), effective radius (tes), volume
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mean radius (ry), and standard deviation (o) derived size distribution quantities in Table
2.2, the coefficient of variation was less than 10% of the area-averages indicating mainly
uniformly sized particles over the region. Spectral SSA area-averages in Figure 2.6b
were 0.87+0.01, 0.91+0.01, 0.924+0.01, and 0.93+0.01 for 440, 675, 870, and 1020 nm
nominal wavelengths indicating spatially homogeneous absorption by aerosol particles.
While average t440nm Was ~0.33, the average uncertainties for SSA (Figure 2.6b) were
approximately +0.04 over the 440 nm to 1020 nm range, consistent with increased
uncertainty during low aerosol loading (T440,m<0.4). The SSA uncertainty has not been
quantified for the AERONET Version 2 almucantar retrievals; however, it has been
estimated as +0.03 for T440nm>0.4 for Version 1 retrievals [Dubovik et al., 2002].
Although temporal SSA averages vary within the calculated uncertainty of +0.04, Figure
2.6b suggests a higher probability of more absorbing aerosols downwind of Kanpur at the
Mobile_ SE site (where higher AOD was also found) with higher SSA values at sites
north and east of the city. Black carbon particles emitted from the Panki power plant and
other sources possibly increased aerosol absorption downwind of Kanpur [ Tripathi et al.,
2005b]. Stronger spectral absorption at 440 nm represented the absorption by iron oxides
in dust, whereas increasing absorption at longer wavelengths possibly represented a

greater contribution of BC to the optical mixture.
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Figure 2.6 Data from TIGERZ IOP sites indicated spatially homogeneous,
uniformly sized, spectrally absorbing pollution and dust particles. Temporally
averaged almucantar retrieval plots for aerosol volume size distribution (a) and
spectral single scattering albedo (SSA) (b) for the Mobile East site (pink),
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(light green) sites are shown for the temporary site deployment on 30 May 2008.
The vertical bars indicate the standard deviation in each plot. The average T440nm
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Table 2.2 Area-averaged aerosol volume size distribution quantities for fine mode (f)
and coarse mode (c) aerosols on 30 May 2008". Table from Giles et al. [2011a].

Tegr (M) C, (um’/pm?) r, o N
S ¢ f ¢ f ¢ S ¢
Mobile Kanpur East 0.12 2.11 0.016 0.227 0.14 252 0.52 0.59
Mobile Kanpur SE 0.11 220 0.019 0246 0.12 273 050 0.64
Mobile Kanpur South 0.10 2.17 0.021 0235 0.11 2.67 043 0.64
Mobile Kanpur West 0.09 223 0.018 0223 0.11 284 046 0.67
Kanpur 0.11 221 0.018 0212 0.12 271 050 0.62
0.11 218 0018 0229 0.12 269 048 0.63
+0.01 +0.05 =+0.001 =+0.013 +0.01 =+0.12 +0.04 =+0.03

* Corresponds to Figure 2.6a.

Site

| \ORRU, T \SJRUS o)

Area Average
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Chapter 3: Evaluation of MODIS over Kanpur during TIGERZ

Reproduced by permission of American Geophysical Union.

3.1 Motivation

Passive satellite remote sensing techniques utilize the reflectance of solar
radiation that has passed through the atmosphere from the Sun and returned to space.
The spectral magnitude of the radiances varies depending on the aerosol properties in
addition to properties of the Earth’s surface. Other factors such as instrument field of
view, viewing angles, and orbit also play a role in the radiances. Lookup tables are
necessary in satellite remote sensing retrievals to establish a priori set of expected
conditions to produce a result consistent with ground-based measurements. Over bright
(deserts) and semi-bright surfaces, aerosols can be difficult to detect due to the strong
contribution by the Earth’s surface. While algorithms have been developed for the bright
surfaces where the blue spectrum can be utilized due to lower signal, the semi-bright
surface still remains an issue especially in regions with high aerosol loading dominated
by dust. The Normalized Difference Vegetation Index (NDVI) is calculated using the
radiance of near infrared (0.75-1.5 um) and visible (0.6-0.7 pm) bands [(NIR-
VIS)/(NIR+VIS)] from satellites, such as Advanced Very High Resolution Radiometer
(AVHRR) and MODIS, to determine areas of green vegetation with positive values near
0 indicating sparse green vegetation and values near 1 indicating dense green leaf
vegetation [Kriegler et al., 1969; Tucker 1979]. For example, during the spring months
(March-April-May), the Indo-Gangetic Plain (IGP) has sparsely vegetated agricultural
land (Figure 3.1), while more dense green vegetation usually exists in the IGP between

the monsoon and winter seasons. Satellite retrieval algorithms may not have enough
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sensitivity or confidence level to detect aerosol properties in the presence of dust when
present over semi-bright surfaces, skewing the statistics that otherwise show good

algorithm performance over the region.
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Figure 3.1 Aqua MODIS Land Normalized Difference Vegetation Index (NDVI) 250
m product over the Indo-Gangetic Plain averaged between April 30 and May 15,
2008. Light brown and brown regions indicate areas of sparse vegetation
(NDVI<0.3), while green regions indicate areas of more dense vegetation. The
region around Kanpur mainly has NDVI values in the 0.11 to 0.20 range. Source:
USDA/NASA/UMD Global Agricultural Monitoring (GLAM) Project.
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3.2 Analysis Technique
Terra and Aqua MODIS satellite data were evaluated using the TIGERZ IOP data

set. Collection 5 (C005) and 5.1 (C051) processing utilizes the MODIS dark target and
Deep Blue algorithms [Kaufman et al., 1997; Remer et al., 2005; Hsu et al., 2006; Levy et
al., 2007b]. Retrievals of MODIS (MODO04 1.2/MYDO04 L.2) ts50,m Were compared to
ground-based measurements of AOD interpolated to 550 nm using the linear fit of the
logarithms of AOD and wavelength. The subset statistics generated from 10 km MODIS
AOD granules were computed following the procedure presented by Ichoku et al. [2002]
for a 50x50 km (5x5 pixels) box, whereas 3 km granules used a 48x48 km (16x16 pixels)
box around the Kanpur AERONET site. The MODIS/AERONET matchups were
performed when MODIS had at least five pixels for the overpass and AERONET had at
least two observations within £30 minutes. Modifying the procedure to use actual
geographic pixel dimensions for the bounding box or decreasing the average time from
overpass for ground-based measurements had a negligible effect on statistics when
compared to the method suggested by Ichoku et al. [2002]. Each 10 km MODIS product
provided quality assurance (QA) flags to indicate the confidence level of each pixel
ranging from 0 (poor) to 3 (very good) and were generated based on the presence of
clouds, fitting errors, limits on AOD, and semi-bright land surface in addition to other
quality checks [Remer et al., 2009], although these QA flags were not available for the 3

km MODIS product.

3.3 Comparison of MODIS and AERONET

The Terra and Aqua MODIS comparisons for the five TIGERZ deployment days

are shown in Figure 3.2 for MODIS aerosol product QA flags >0. Depending on the
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deployment day, sun photometer data represent Cimel and Microtops or Cimel area
averages (Table 2.1). As indicated by Remer et al. [2008], MODIS retrievals with QA<3
are generally used for qualitative rather than quantitative purposes; however, due to the
lack of QA=3 retrievals for 10 km and the 3 km products, 0<QA<3 flags were analyzed
here. In Figure 3.2, the overpass matchups for these five days show higher MODIS 1t5504m
values over most of the range when compared to sun photometers consistent with Jethva
et al. [2006]. This finding is not consistent with other studies showing MODIS AOD
biases as a function of ground-based sun photometer AOD, where MODIS AOD is
overestimated at low AOD and underestimated at high AOD [Remer et al., 2008];
however, the small sample size here limits the robustness of the trend analysis. In this
case, very high MODIS ts50nm values are likely the result of non-spherical particle
scattering by dust aerosols over the semi-bright surface reducing the contrast between the
atmosphere and surface [Jethva et al., 2006]. In comparison to the MODIS 10 km
retrievals, the MODIS 3 km retrievals show similar or better agreement with the ground-
based instruments (Figure 3.2). In addition, three matchups were made on 6 May 2008
(Terra and Aqua) and 7 June 2008 (Terra). For the Terra overpass on 7 June 2008,
clouds were visible in the northern portion of the 50x50 km domain when 10 km MODIS
retrievals were not available; however, the immediate vicinity of Kanpur did not have
clouds and allowed the retrieval of 3 km MODIS AQOD pixels. Consistent with results
from Johnson et al. [2009] and Ginoux et al. [2010], on 30 May 2008, the Aqua C051
Deep Blue retrieval shows improvement over the Aqua C005 Deep Blue retrieval with a

reduction in Tssonm by ~0.18 due to an improved characterization of the land surface.
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Figure 3.2 MODIS AOD retrievals with QA>0 were biased high with respect to
TIGERZ IOP area-averaged measurements. MODIS AOD 3 km retrievals
improved spatial representativeness during some conditions (e.g., clouds) that
prohibited the retrieval of 10 km products. Area-averaged MODIS
(MOD04_L2/MYDO04 1.2) 3 km and 10 km 7559,y Versus area-averaged sun
photometer (Cimel and Microtops) Tssonm Were compared for each temporary
deployment. The vertical and horizontal error bars indicate standard deviations for
MODIS and sun photometer area averages, respectively. The blue dashed lines
indicate the calculated MODIS uncertainty compared to sun photometer AOD. The
green dotted line is the one-to-one line. The red dashed line shows the trend in
reported MODIS retrievals, for all AERONET sites globally, based on a several
validation studies as reported by Levy et. al. [2007b]. Figure from Giles et al.
[2011a].

The MODIS 10 km 1550, Was evaluated using the AERONET long-term
monitoring Cimel at I[IT-Kanpur during the TIGERZ 1OP (1 May 2008 to 23 June 2008).
Figure 3.3a shows moderate correlation between MODIS and AERONET with R? values

(and root mean square error in parentheses) of 0.52 (0.12), 0.69 (0.11), and 0.68 (0.17)
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for Terra-MODIS, Aqua-MODIS, and Aqua-Deep Blue MODIS, respectively. These
correlations with respect to other validation exercises at Kanpur were slightly lower than
those reported by Tripathi et al. [2005a] (R*= 0.72) for dust events using MODIS
Collection 4 (C004) Level 2 data set in 2004, higher than those reported by Prasad and
Singh [2007b] (R* = 0.29) using C004 Level 3 MODIS AOD during the pre-monsoon
season (April-June), and lower than those reported by Jethva et al. [2007b] (R* = 0.83)
for MODIS C005 from 2002 to 2005. Furthermore, the MODIS and AERONET
correlations are similar to those reported by Dey and Di Girolamo [2010] (R* = 0.69) for
Multiangle Imaging Spectroradiometer (MISR) over Kanpur from 2001 to 2008, higher
than those reported by Kar et al. [2010] (R* = 0.25) for CALIPSO over Kanpur from
2006 to 2009, and similar to those reported by Hyer et al. [2011] (R* = 0.71) for MODIS
C005 Level 2 data compared to all AERONET sites on the Indian sub-continent from
2005 to 2008. The Terra and Aqua-MODIS retrievals had better agreement with
AERONET within the stated MODIS uncertainty [ Remer et al., 2008] than Aqua-Deep
Blue retrievals for QA>0. In Figure 3.3a, the linear regression through each standard
MODIS retrieval suggests an overestimation at low Tssonm and underestimation at high
Tssonm With the inflection point near 0.45; this result is a well-known bias in the MODIS
retrieval and depends on particle size distribution, shape, and absorption [Ichoku et al.,
2005; Levy et al., 2005; Remer et al., 2005]. The linear regression for the Aqua Deep
Blue retrieval gives a slope near 1.0 and high offset of ~0.29 due to issues with the
assumed bidirectional reflectance distribution function (BRDF) model over the Kanpur

region.
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Figure 3.3 MODIS AOD 10 km retrievals with the lowest quality assurance (QA>0)
had moderate correlation with the Kanpur AERONET site, whereas retrievals with
QA>0 were limited in number over the semi-bright land surface. Area-averaged
MODIS (MOD04_1.2/MYDO04_1.2) 10 km T550nm Versus Kanpur AERONET 7s50pm
compared from 1 May to 9 June 2008, and partitioned for each QA level >0 (a), >1
(b), 22 (c), and 3 (d) for the Terra MODIS, Aqua MODIS, and Aqua Deep Blue
MODIS algorithms. The vertical and horizontal error bars indicate the standard
deviation for the MODIS area-average and AERONET temporal average,
respectively. Figure from Giles et al. [2011a].

Quality assurance flags 1, 2, and 3, representing increased confidence in the
retrieved pixel, were evaluated and used to remove significant portions of the MODIS
data. In Figure 3.3b-d, higher quality retrievals show all MODIS products were biased

high when compared to AERONET. For these overpasses, significant cloud cover was
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not identified by either on-site observers or by manual inspection of MODIS Rapid
Response true color images generated for the Kanpur AERONET site. On 18 May 2008,
dust over the semi-bright surface reduced the aerosol to surface contrast and resulted in
no Terra/MODIS aerosol retrievals on this cloud-free day, while Level 2.0 AERONET
measurements were available during the overpass time. The MISR instrument had one
cloud-free scene on 18 May 2008, where MISR retrieved a tssspm of 0.70 [R. Kahn
personal communication, 2010] and the corresponding AERONET Kanpur interpolated
Tssgnm Was 0.72 for £30 minutes of the Terra overpass at 05:15 UTC. However, Dey and
Di Giorlamo [2010] showed that MISR AOD typically underestimated Kanpur
AERONET observations when analyzing all seasons similar to results from Kahn et al.

[2005] and Prasad and Singh [2007b].

Further investigation of the ground-based data revealed that some data were
removed by the AERONET cloud-screening algorithm during cloud-free periods when
aerosols were primarily dust. Dust occasionally exhibits a similar spectral AOD
signature to spectral cloud optical depth by having almost no spectral dependence and
high triplet variability causing the AERONET cloud-screening algorithm to misclassify
dust as cloud [Smirnov et al., (2000)]. During over-cloud-screened days, Level 1.0 AOD
data were inspected for anomalies, verified with observer sky condition logs, and
incorporated into the MODIS overpass comparison to provide additional valid points.
Potential MODIS days were based on retrievals made for QA > 0 during mainly cloud-
free and low aerosol loading conditions. Re-inspected AERONET data provided 29
additional validation points within £30 minutes of MODIS overpass for

MODIS/AERONET matchups between 1 May 2008 and 23 June 2008. Reconstituted
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AERONET points (within £30 minutes of satellite overpass) increased observations
available for four previously identified MODIS/AERONET matchups (i.e., one for Terra
and three for Aqua) and added two or more AERONET validation points to enable six
additional potential MODIS/AERONET matchups (i.e., four for Terra and two for Aqua).
As a result, these additional AERONET validation points increased the potential
MODIS/AERONET matchups by 24% from 25 to 31 (Table 3.1). During the period, 55
MODIS retrieval days were possible over Kanpur; however, less than 50% of the
overpass days (18 days for Terra and 20 days for Aqua) were retrieved by MODIS due to
clouds, elevated dust, or surface reflectance issues. In summary, both AERONET and
MODIS algorithms occasionally misclassified dust as clouds, and additionally, semi-
bright surface effects sometimes resulted in screening by the MODIS algorithm over the

IGP during the pre-monsoon.

Table 3.1 Potential and actual MODIS, AERONET Level 2.0 (L2), and Level 2.0 +
Level 1.0 screened (L2+L1) matchups from 1 May to 23 June 2008. Table from
Giles et al. [2011a].

Matchups Potential Potential Potential AERONET Actual
MODIS AERONET L2 L2+L1
Satellite Days Days Days Days
Terra 18 9 13 9
Aqua 20 16 18 8

The evaluation of MODIS aerosol products over the IGP has shown the need for
additional algorithm or parameterization improvements. MODIS retrievals for C005 and
CO051 overestimated and under-sampled aerosol properties when compared to TIGERZ
IOP measurements at Kanpur; this is consistent with MODIS C004 retrieval biases

identified by Jethva et al. [2007a] over the IGP during the pre-monsoon. However,
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Jethva et al. [2007b, 2010] have adjusted both the absorbing aerosol model assumed by
the MODIS CO005 algorithm and the surface reflectance to produce more accurate
retrievals. Although spatially distributed MODIS aerosol retrievals are commonly
compared to ground-based sun photometer point measurements, the TIGERZ IOP has
provided a unique data set on the same spatial scale to provide a more robust validation

of satellite retrievals.
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Chapter 4: Dominant Absorbing Aerosol Types over Kanpur

Reproduced by permission of American Geophysical Union.

4.1 Motivation

Single scattering albedo (SSA) retrievals from AERONET have been compared to
surface-based and airborne in situ measurements in atmospheric environments affected
by biomass burning emissions, dust, or mixtures of them. Leahy et al. [2007], Johnson et
al. [2009], Miiller et al. [2010], and Toledano et al. [2011] show that spectral SSA
differences between AERONET and in situ retrievals were well within uncertainty
estimates. However, ground-based in situ measurements may exhibit large diurnal
variability in SSA due to anthropogenic processes and boundary layer meteorology
[Garland et al., 2008]. The spectral SSA [@,(A)] and extinction AOD [Te(A)] relate to
the absorption AOD [1,,s(A)] as given in equation (8). Analogous to the extinction
Angstrém exponent (o) in equation (3), the absorption Angstrdm exponent (0luys) is

derived using equation (9).

Olabs = _dln[TabsO\‘)]/dan\‘) (9)

oaps 18 calculated for the inclusive wavelength range from 440 to 870 nm. The linear fit
of T.bs versus A on a logarithmic scale cannot differentiate among particle types alone.
Comparing o,ps to an aerosol size proxy (€.g., dext OF Ne7snm, the fine mode fraction of
AOD at 675 nm from the almucantar retrieval) relates particle absorption spectral
dependence to particle size and potentially characterizes the dominant absorbing particle
type or optical mixture. Assuming a spectrally constant refractive index, Bergstrom et al.
[2002] suggested that small BC particles (#<0.01pm) will have a A~' dependence or tps

of 1.0, whereas larger, optically effective BC particles (#>0.01um) will have a,ps of 1.3.
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Deviations from these o,ps values occur when spectral changes in the imaginary part of
the refractive index vary due to the composition of the aerosol particle [Kirchstetter et al.,
2004]. From Nuclepore filter measurements collected 50 km east-southeast of Beijing,
China, Chaudhry et al. [2007] demonstrated that coarse mode particles with diameters
ranging between 2.5 pm and 10 um had a subtle increase in absorption from 350 nm to
600 nm. Bergstrom et al. [2007] showed that aerosol particles from different regions
have distinct o,ps values (e.g., 0ps = ~2.3 for Saharan dust and Asian dust/pollution
mixtures, oaps = ~1.5 for South Africa biomass burning, and ~1.1 for urban/industrial,).
Lewis et al. [2008] also showed that a,,s for biomass burning particles varies by fuel type,
combustion phase, and organic to black carbon ratio. Russell et al. [2010a] used
AERONET Version 1 almucantar retrieval data from Dubovik et al. [2002] to show dust
separated from other discrete aerosol types using the o,ps versus oy (hereafter defined as
“Olabs/Oext ) Telationship to classify data clusters (e.g., 0aps = ~1.2 to ~3.0 for dust,, oups =
~1.2 to ~1.5 for biomass burning, and o,,,s=~0.75 to ~1.3 for urban/industrial), although
particles with absorption dominated by BC content (i.e., urban and biomass burning

aerosols) were less defined and required more information [Giles et al., 2010].

4.2 Aerosol Absorption and Size Relationships

Both the aups/0ext and oups Versus ng7snm (hereafter defined as “oaps/Me750m”)
relationships were examined with AERONET Version 2, Level 2.0 AOD and almucantar
retrievals for Kanpur. For all months from 2002 to 2008, the 0aps/0lext and Olabs/M6750m
relationships (Figure 4.1a and Figure 4.1c) show a non-linear dependence over the
aerosol size ranges, whereas the sphericity fraction, generally valid for only 0ex<1.0

according to Dubovik et al. [2006], has a strong transition from non-spherical to spherical
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particles around oy 0f ~1.3 or ng75nm 0f ~0.66. The “Mostly Dust” category [i.e.,
0ext<0.5 (M675nm <0.33) and sphericity fraction < 0.2] with o,ps >2.0 and the “Mostly BC”
category [i.e., 0ex>0.8 (Ng75nm >0.66) and sphericity fraction >0.2] with 1.0< 0,,s<2.0 are
consistent with results reported by Bergstrom et al. [2007] and Russell et al. [2010a].

The “Mostly Dust” category identifies aerosol mixtures where iron oxide in dust is the
dominant absorber and the “Mostly BC” category represents a mixture of biomass
burning and urban/industrial emissions with BC as the dominant absorber, although other
absorbers such as brown carbon and soot carbon may exist [ Gustafsson et al., 2009]. The
Oext>0.8 (M675nm >0.66) and a,ps >2.0 may indicate a greater organic carbon concentration
[Arola et al., 2011]. The Olaps/Oext and 0ps/Me75nm relationships during the pre-monsoon
(Figure 4.1b and Figure 4.1d) revealed the dominance of large particles with a,ps ranging
mainly from 1.25 to 3.0. Centered on the maximum density at dex~0.5 (Ng750m ~0.33)
with agps~1.5, the “Mixed BC and Dust” category likely represents an optical mixture of
fine mode BC and coarse mode dust as the dominant absorbers. Notably, these
classifications are complicated by the fact that 6% of the Kanpur Level 2.0 data set
(2002-2008) had oaps < 1.0, where a,ps ~1.0 is often identified as indicative of exclusively
BC absorption. Bergstrom et al. [2007] showed that o, < 1.0 occurred frequently in
Particle Soot Absorption Photometer (PSAP) data and suggested that the imaginary
refractive index may decrease with wavelength due to absorption AOD spectral
dependence or the low a,ps values are related to measurement uncertainties. For
AERONET data, a,ps < 1.0 may be related to higher SSA retrieval uncertainty for low
aerosol loading cases [Dubovik et al., 2000; Giles et al., 2010], non-linearity of

absorption optical depth [Eck ef al., 2010], the quality of the almucantar measurement
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sequence, and the spectral range chosen for the calculation [Lack and Cappa 2010].
Some a,ps < 1.0 cases at Kanpur revealed potential measurement inconsistencies between
sun and sky collimators (e.g., spider webs or dust) or possible diffuse cloud
contamination (e.g., uniform optically thin cirrus). Kirchstetter et al. [2004] reported ops
values below 1.0 for similar wavelength regions using in situ measurements, therefore

some AERONET retrievals with a,,s < 1.0 may be the result of actual spectral variation.
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Figure 4.1 Level 2.0 absorption Angstrom exponent () and sphericity fraction as
a function of extinction Angstrém exponent (0.y) and fine mode fraction of AOD at
675 nm (Ne75nm; from the almucantar inversions) from the Kanpur AERONET
record (2002-2008) in all seasons (a,c) and April-May-June (b,d). a.ps is plotted
from 0.0 to 3.5 (in red) and sphericity fraction is plotted from 0.0 to 1.0 (in blue).
The green ellipses represent probable aerosol mixture categories. a,ps of 1.0
indicates A" dependence and a sphericity fraction of 1.0 indicates a 100% spherical
particle. Figure from Giles et al. [2011a].

4.3 Absorption Wavelength Dependence Effects on Aerosol Properties

Remotely sensed aerosol retrievals cannot determine whether BC coats dust;
however, the likelihood for this interaction increases over the IGP during the pre-

monsoon and results from Arimoto et al. [2006] and Guo et al. [2010] in China and Dey
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et al. [2008] and Figure 4.2 in India suggest this interaction is likely. The volume size
distribution and SSA retrievals were binned based on o,s (Figure 4.3). As a,,s decreases
to 1.0, coarse mode particles became less dominant for both the annual cycle and pre-
monsoon (Figure 4.3a and Figure 4.3¢). In Figure 4.3b and Figure 4.3d, SSA transitioned
from spectra representing dust (i.e., typical iron oxide absorption in the blue wavelength
region and relatively weak absorption in the near-infrared) to urban/industrial pollution
containing BC (i.e., stronger absorption in longer wavelengths); the interpretation of
these SSA spectra are consistent with results reported by Dubovik et al. [2002], Singh et
al. [2004], Eck et al. [2003a, 2003b, 2005, 2008, 20091, Prasad and Singh [2007a], and
Derimian et al. [2008]. Single scattering albedo binned by o,,s was further partitioned
based on the o intervals of 0.0-0.8 and 0.8-2.0 and 1g75mm intervals of 0.0-0.33, 0.33-
0.66, and 0.66-1.0 (Figure 4.4). Strong absorption is noted at 440 nm relative to longer
wavelengths due to large dust particles, but increasing absorption at longer wavelengths
indicates a greater absorption contribution by fine mode BC. For nearly 75% of cases,
mainly large particles (aex~0.0-0.8) were classified as “Mixed BC and Dust” whereas the
other 25% of cases were classified as “Mostly Dust” (see Figure 4.1a approximate
ellipses). For nearly 75% of cases, mainly small particles (aex~0.8-2.0) were classified
as “Mostly BC” (for a,,s<1.5), whereas the other 25% of the cases were classified as
“Mixed BC and Dust”. Using Figure 4.4, the “Mixed BC and Dust” classification
represents ~40% of the Kanpur data set. Further, ~33% of retrievals were classified as
“Mostly Dust” and 67% as “Mixed BC and Dust” for coarse mode particles (n¢750m
<0.33), whereas, by definition, all of the retrievals were classified as “Mostly BC and

Dust” for mixed size particles (0.33<n¢75nm <0.66) and “Mostly BC” for fine mode
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particles (Me75nm >0.66). The optical mixture of dust transported over or mixed with
pollution dominates during the pre-monsoon, and the small particle dominated optical

mixtures are consistent with pollution occurring during winter [Singh et al., 2004].

—H kLl 1

Figure 4.2 Scanning electron microscope image analyzed using filter samples taken
at IIT-Kanpur on 10 May 2008. The image shows large dust particles with ~2 pm
radii and an open black carbon particle cluster (as shown by Martins et al. [1998])
with individual particle radii likely between ~0.1 pm and 0.2 pm. These black
carbon particles have similar radii to the aerosol volume size distribution fine mode
peak in Figure 4.3 (a,c) for a,ps less than 2.0. Image courtesy of Vanderlei Martins
and Adriana Lima (UMBC).
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Figure 4.3 As absorption Angstrém exponent decreased to 1.0, coarse mode particles
became less dominant for both the annual cycle and pre-monsoon. Further, single
scattering albedo transitioned from spectra representing dust (i.e., typical iron oxide
absorption in the blue wavelength region and relatively weak absorption in the
near-infrared) to urban/industrial pollution containing black carbon (i.e., stronger
absorption in longer wavelengths). Level 2.0 almucantar retrievals from the
Kanpur AERONET (2002-2008) all years (a, b) and April-May-June (c, d) for
aerosol volume size distribution (a,c) and SSA (b,d) averaged by a.,s bins. Averages
with N<25 were removed from the plots. Figure from Giles et al. [2011a].
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Figure 4.4 Level 2.0 SSA data were averaged for o,y bins and further partitioned
based on 0.y and Ng75nm using Kanpur AERONET (2002-2008). (a) represents the
case for large particle dominated conditions (i.e., 0.y is <0.8) and (b) represents the
case for small particle dominated conditions (i.e., 0> 0.8). (¢) represents mainly
coarse mode particles (1675nm<0.33), (d) represents mixed size particles
(0.33<1675nm=<0.66), and (e) represents mainly fine mode particles (1675nm>0.66).
Averages with N<25 were removed from the plots. Figure from Giles et al. [2011a].
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Chapter 5: Classifications of Aerosol Dominant Mixing States and
Origins

Reproduced by permission of American Geophysical Union.

5.1 Motivation

Particles suspended in the atmosphere are difficult to characterize both temporally
and spatially due to their short lifetime and geographically diverse sources. Aerosol
mixtures—whether dominated by dust, sulfate, carbon, sea salt, or mixtures of these
particles—pose a challenge to satellite and sub-orbital remote sensing techniques when
identifying aerosol type [Jeong and Li 2005; Levy et al., 2007a; Kalapureddy et al., 2009;
Lee et al., 2010; Kahn et al., 2010; Russell et al., 2010a]. Remote sensing techniques can
quantify the aerosol particle size using spectral aerosol optical properties, but inferring
aerosol type requires knowledge of the source regions usually obtained through use of
ancillary data sets (e.g., back trajectory models, satellite product, and electron
microscopy) to determine emission sources, transport mechanisms, composition, and
morphology. The discrimination of aerosol types increases accuracy of the assessment of
the aerosol radiative impact and therefore is important to climate modeling [Diner et al.,
1999; Satheesh and Moorthy 2005]. Variations in spectral aerosol absorption magnitudes
can enable partitioning among aerosols from various source regions, fuel types, or
combustion phases. Aerosol absorption together with size can potentially determine

dominant aerosol types from remote sensing and in situ measurements.

Various methods have been proposed using aerosol optical and microphysical
properties to distinguish aerosol types. The magnitude of the aerosol optical depth

(AOD, 1) and the spectral dependence of AOD with respect to wavelength (i.e.,
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Angstrém exponent, 0.x) is commonly used in aerosol remote sensing to infer dominant
aerosol types given knowledge of the source region or typical aerosol transport
mechanisms [e.g., Kalapureddy et al., 2009, Boselli et al., 2012]. Other techniques using
the derivative of the Angstrdm exponent or spectral difference of Angstrém exponent
wavelength pairs along with aerosol loading and particle effective radius may provide
further information on particle type with respect to size and growth of particles [ Gobbi et
al., 2007; Basart et al., 2009]. Although size varies among particle types, the spectral
absorption also varies. Studies [Omar et al., 2005; Levy et al., 2007a; Mielonen et al.,
2009; Lee et al., 2010; Russell et al., 2010a] have suggested relationships utilizing the
aerosol absorption and size properties to determine the dominant aerosol type from
Aerosol Robotic Network (AERONET) retrievals [Holben et al., 1998; Dubovik et al.,
2000, 2002, 2006]. Information content from these relationships varies from generic
identification of major aerosol particle types (e.g., dust, mixed, urban/industrial pollution,
and biomass burning smoke) to specific degrees of absorbing aerosols. Recently, Russell
et al. [2010a] have proposed using the absorption Angstrém exponent (AAE, o), the
spectral absorption aerosol optical depth dependence on wavelength, to further define
aerosol type from AERONET retrievals. For comparison to the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) instrument, Mielonen et al. [2009] utilized the
AERONET single scattering albedo (®,) difference between 440 and 1020 nm (as
suggested by Bergstrom et al. [2002] and implemented by Derimian et al. [2008]) and
Oext to estimate aerosol type. Further, Lee et al. [2010] modified this relationship to use
only ®, from 440 nm and the fine mode fraction (1) of the AOD at 550 nm to determine

the particle size partitioning. Other techniques using spectral lidar ratios and multiple
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aerosol optical and microphysical properties retrieved from AERONET have been
implemented to determine aerosol type categories for various applications [ Cattrall et al.,

2005; Omar et al., 2005; Qin and Mitchell 2009; Burton et al., 2012].

5.2 Methodology

Nineteen AERONET sites were selected for the analysis based on the availability
of an extensive data record (i.e., greater than five data equivalent years of AOD
measurements from 1999 to 2010) and the geographic distribution among aerosol source
regions (Figure 5.1). The sites were designated as one of four commonly used aerosol
classifications: Dust, Mixed, Urban/Industrial (U/I), and Biomass Burning (BB). The
classifications were established based on the source regions and known seasonal changes
in aerosol type over these regions (see references in Table 5.1). Further, these selected
sites should be subject to high aerosol loading (i.e., T440nm>0.4) to meet the Version 2,
Level 2.0 almucantar retrieval sensitivity requirement for absorption parameters (e.g., ®,,
Tans) [Dubovik et al., 2000; Holben et al., 2006]. Sea salt (as well as biogenic) aerosols as
a dominant particle type category were not considered in this study since tsponm 18
typically less than 0.1 for pure maritime environments [Smirnov et al., 2002]; however,
for maritime locations affected by aerosol plumes (e.g., Saharan dust transport over Cape
Verde islands), T440nm>0.4 can be satistied [Smirnov et al., 2009]. Hence, the T440nm>0.4
criterion biases the data set only to high aerosol loading periods to ensure enough
radiometric sensitivity to compute absorption reliably [ Dubovik et al., 2002]. Although
Dust, U/I, and BB categories may represent the dominant aerosol type, episodic aerosol
incursions outside of their classification category likely have occurred at any site during

the analysis period (e.g., dust over Shirahama or Lake Argyle, biomass burning smoke
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over NASA Goddard Space Flight Center (GSFC)) [Sano et al., 2003; Qin and Mitchell
2009; Eck et al., 2003b; O Neill et al., 2005]. The Mixed aerosol category encompasses
sites primarily affected by different mixtures of aerosol types (e.g., dust and pollution or
dust and biomass burning smoke mixtures) on a seasonal basis, increasing the probability
of at least an optical mixture state [Derimian et al., 2006; Eck et al., 2010]. Although no
explicit seasonal partitioning is performed, the T440n,m>0.4 criterion captures mainly
seasonal increases in aerosol loading at some sites (e.g., GSFC and Mongu) [Holben et

al., 2001].

N
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iy 7 XiangHe

Shirahama

Mexico_-CitSr

Ouagadougou
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Figure 5.1 Distribution of the AERONET sites based on the dominant particle type.
Sites were selected based on data volume, geographic location, and primary aerosol
source region. Other dominant particle types (e.g., sea salt and biogenic aerosols)
were not considered due to low aerosol loading conditions (T440nm<0.4), which was a
limiting threshold for AERONET Version 2, Level 2.0 aerosol absorption retrievals
[Dubovik et al., 2002; Holben et al., 2006]. Figure from Giles et al. [2012].

56



Table 5.1 Previous studies identifying regional aerosol sources affecting AERONET
sites. Table from Giles et al. [2012].

Aerosol Type
Source Regions

Affected AERONET Sites

Selected References

Most Regions with
Various Types
Dust - African
Dust - Asian

Smoke -Amazonia

Smoke - Australian
Smoke - Boreal
Smoke - African

Pollution - Europe

Mixed - Asia

Mixed - India

Mixed - Africa

Most Sites

Banizoumbou, Capo
Verde, Dakar,
Ouagadougou,

XiangHe, Shirahama

Abracos Hill, Alta
Floresta
Lake Argyle
Bonanza Creek
Mongu

Ispra

XiangHe, SEDE_ BOKER

Kanpur

Ilorin

Holben et al. [2001]

Tanre et al. [2001]; Reid et al. [2003]
Eck et al. [2005]

Eck et al. [2003b]; Schafer et al.
[2008]
Mitchell et al. [2006]
Eck et al. [2009]
Eck et al. [2003a, 2003b]

Melin and Zibordi [2005]

Derimian et al. [2006]; Eck et al.
[2010]; Yang et al. [2009]

Dey et al. [2004]; Singh et al. [2004];
Prasad et al. [2007]; Giles et al.
[2011a]

Eck et al. [2010]

The Aerosol Robotic Network is a ground-based network of standardized Cimel

Sun and sky scanning radiometers measuring AOD at multiple wavelengths from 340 to

1640 nm and retrieving other columnar optically effective aerosol properties (e.g.,

volume size distribution, complex index of refraction, and single scattering albedo) from

sky radiance measurements at four wavelengths: 440, 675, 870, and 1020 nm [Holben et

al., 1998]. The AOD estimated uncertainty varies spectrally from +0.01 to £0.02 with

the highest error in the ultraviolet wavelengths [Holben et al., 1998; Eck et al., 1999] and

calibrated sky radiance measurements typically have an uncertainty less than 5% [Holben
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et al., 1998]. Further descriptions of the instrumentation, calibration, methodology, data
processing, and data quality are described elsewhere [Holben et al., 1998, 2006; Eck et
al., 1999, 2005; Smirnov et al., 2000]. For all sky radiance wavelengths (i.e., 440, 675,
870, and 1020 nm), the m, uncertainty is expected to be +0.03 based on Version 1
almucantar retrieval computations when t440nm>0.4 [Holben et al., 1998; Eck et al., 1999;
Dubovik et al., 2000, 2002]. When compared to AERONET o, retrievals, in situ
measurements of ®, were within AERONET uncertainty estimates [Leahy et al., 2007;

Johnson et al., 2009; Miiller et al., 2010; Toledano et al., 2011].

In-depth discussions of the almucantar retrieval products are given by Dubovik
and King [2000] and Dubovik et al. [2000, 2002, 2006] and quality criteria are discussed
by Holben et al. [2006]. Dubovik et al. [2002] provided averaged almucantar retrieval
aerosol optical and microphysical properties based on aerosol types and source region
using AERONET pre-Version 1 data (i.e., data collected and analyzed prior to the release
of quality assured Version 1 retrieval data set in 2003). These results have been used
throughout the literature to define aerosol type based on the aerosol absorption
characteristics [Russell et al., 2010a and references therein]. Notably, the Version 2
retrievals (i.e., released in 2006) utilized new input data sets (e.g., NCEP reanalysis,
MODIS ecosystem type-based BRDF functions, and geographically and temporally
varying black sky albedo), more dynamic calculations of the surface reflectance than the
Version 1 assumption of a green Earth surface reflectance, robust quality checks of the
measured sky radiance inputs, and improved criteria for acceptable sky residual fits
[Holben et al., 2006; Leahy et al., 2007; Sinyuk et al., 2007; Eck et al., 2008 and

references therein]. For example, in the United Arab Emirates and Arabian Gulf, Version
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2 improvements provided more consistent ®, magnitudes and spectra for coarse-mode
dust aerosol over two vastly different surfaces (i.e., small island versus bright desert) with
o, differences of less than 0.01 compared to 0.03 for the Version 1 spheroid inversion
model and with increased absorption at 440 nm, which typically occurs in iron-rich desert
dust, rather than spectrally neutral o, from Version 1 retrievals [Eck et al., 2008].
Additional instrument checks were implemented to assess absorption properties
from the Version 2 almucantar retrievals. To improve the quality of the sky radiance
measurements used for almucantar retrievals, instrument collimator consistency checks
were performed to remove potential artifacts (e.g., induced by spider webs in the tube or
contamination on the sensor head window due to moisture or excessive dust) in the
radiance measurements. The sky radiance measurements at £6° azimuth from solar
zenith—using the solar aureole and sky gains for instruments with only Silicon
detectors—were required to have a percent difference of less than 10% spectrally from
440 to 1020 nm. For Silicon and InGaAs detector instruments (where each detector
measures in a different collimator tube), the temperature corrected Silicon and InGaAs
T1020 nm difference (A1) must be less than Atjiyic of 0.06/m (where m is the optical air
mass), which results in a Atji,it of 0.03 when m equals 2 and 0.06 for the overhead sun
(m=1). Collimator consistency checks provide an improved method to further quality

assure the Level 2.0 almucantar retrieval data set.

5.3 Climatology of Aerosol Absorption Properties

Dust particles aggregated with varying combinations of clay, quartz, and hematite
exhibit strong absorption in the blue wavelength region (e.g., 440 nm) with lower

absorption in the visible and near infrared wavelengths (i.e., ®, increasing with
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wavelength) [Sokolik and Toon 1999]. For fine mode particles (r<1.0 um in the volume
size distribution), hygroscopic aerosol particles (e.g., sulfates) have near neutral ®,
spectral dependence and high scattering efficiency [Dubovik et al., 2002]. Black carbon
(BC) particles have the strongest absorption in the near-infrared (®, decreasing with A
when the sole absorber), while aerosols composed of brown carbon (BrC) or organic
carbon (OC) exhibit stronger absorption in ultraviolet and visible bands (®, increasing
with A when the sole absorber) [Eck et al., 2009]. Varying concentrations of BC with
dust, BrC, and/or OC particles can produce ambiguous ®, wavelength dependence (i.e.,
increasing, decreasing, or constant with A) due to the spectral absorption characteristics of
the aerosol mixture; however, the net effect is stronger absorption across the retrieved

spectrum (e.g., 440 to 1020 nm) [Dubovik et al., 2002; Giles et al., 2011a].

The AERONET Version 2, Level 2.0 absorption properties at each site are
presented in Figure 5.2 and Table 5.2 to provide an update to Dubovik et al. [2002] and
Russell et al. [2010a]. The spectral o, behavior is similar to Dubovik et al. [2002] for
most regions. For Solar Village (Dust), Capo Verde (Dust), GSFC (U/I), Mexico City
(U/T), and Mongu (BB), the o, differences between Dubovik et al. [2002] and Table 5.2
(i.€., ®o Dubovik 2002 — Mo Table 5.2) Showed an overall average decrease of 0.01 for these sites
with the largest decrease of 0.02 spectrally for GSFC and Capo Verde and smallest
decrease ranging from 0 to 0.01 for Mongu. Notably, the ®, standard deviations are
significantly greater by 0.01 to 0.03 in the present study than Dubovik et al. [2002] for all
five sites. Table 5.2 differs from Dubovik et al. [2002] due to utilizing different analysis
criteria (€.g., Ta40nm>0.4 in Table 5.2 vs. T1020nm=>0.3 and 0.x<0.6 for desert dust in

Dubovik et al. [2002]), implementing improved surface characterization and inversion
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quality checks in Version 2 (as discussed in Section 5.2), and utilizing a larger data set

(e.g., the number of w, retrievals at GSFC is four times larger than Dubovik et al. [2002]).
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Figure 5.2 Spectral single scattering albedo averages were grouped by dominant
aerosol particle category for T4onm>0.4 using AERONET Version 2, Level 2.0 data.
The plots utilize second order polynomial fit. Figure from Giles et al. [2012].

For wo440nm as a function of T440nm, the R? values—calculated based on a second order
fit—ranged from 0.0 to 0.16 for each site, indicating weak correlation and only up to 16%
of Wo4a40nm Variation was explained by t440nm. Table 5.2 shows that the Dust category has
the least variability among sites likely due to the similar mineral composition, while the

BB category has the largest variability likely due to various fuel types and fuel
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combustion phases resulting from different relative BC emissions [Eck et al., 2003b].
The Mixed category (0.33<n550,m<0.66) m, average shows strong spectral absorption and
dust-like o, spectra with stronger absorption at 440 nm due to significant dust
contribution to the optical mixture. Sokolik and Toon [1998] showed that varying
hematite amounts in dust can lead to increased absorption spectrally from the blue to
near-infrared wavelength region. Using 0,<0.2 to designate “pure dust” as suggested by
Kim et al. [2011], the overall “pure dust” average of o, for all Dust category sites is 0.91,
0.97,0.97, 0.97 for the 440, 675, 870, and 1020 nm wavelengths, respectively. These
“pure dust” o, values are lower by up to 0.02, spectrally, than those reported by Dubovik
et al. [2002] for Dust sites and are lower by up to 0.01 for w, at 550 nm (logarithmically
interpolated between 440 nm and 675 nm) compared to similar sites analyzed by Kim et
al. [2011]. Table 5.2 shows the Dust site ®, averages are lower than “pure dust,”
indicating possible incursions by other aerosols (e.g., biomass burning smoke). An
analysis of ®, averages using month designations from Cattrall et al. [2005] for six
corresponding sites (i.e., GSFC, Mexico City, Alta Floresta, Mongu, Capo Verde, and
Solar Village) reveals negligible changes with respect to ®, values in Table 5.2, except
for Capo Verde, which has slightly higher o, averages (i.e., ~0.005) and lower ®,
standard deviations (i.e., —0.01). For Capo Verde, the differences between w, averages
for “pure dust” and ®, averages computed from May to October (as suggested by Cattrall
et al. [2005]) are negligible, indicating mainly dust occurs during this period and possibly
episodic biomass burning smoke events affect the site during other months [ 7anre et al.,
2003; Toledano et al., 2011]. Eck et al. [2010] and Giles et al. [2011a] also showed

increasing absorption with wavelength for decreasing a,ps, indicating an optical mixture
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and possibly aggregation of dust and carbonaceous particles at Kanpur, India. 7 is
interpolated to 550 nm using the linear fit of the logarithms of 1, T (i.e., T¢ + 7.) and the
440, 675, and 870 nm wavelengths similar to Lee et al. [2010]. In Figure 5.3a, the Mixed
category for the coarse mode particles (nssonm: 0.0-0.33) resembles dust o, spectra as
shown in Figure 5.2a. In Figure 5.3c, for fine mode particles (nssonm: 0.66-1.0), the w,
magnitudes and variability are similar to U/I or BB particle types categories but with less
o, spectral dependence possibly due to varying amounts of BC, BrC, and OC [Derimian
et al.,2006; Eck et al., 2009, 2010]. The average o, for a,ps binned between 1.5 and 2.0
shown by Giles et al. [2011a] at Kanpur closely resembles the absorption magnitude and
spectral shape of mixed aerosol types for the Mixed category (0.33<n550,m<0.66) in Table
5.2 as well as Figure 5.2b and Figure 5.3b suggesting various mixtures of acrosol

particles contributing to the absorption.
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Table 5.2 Average aerosol absorption and size properties by aerosol type category from AERONET Version 2 almucantar
retrievals. *. Table from Giles et al. [2012].

®o

Site Date Range 440/675/370/1020 nm Olabs440-870nm Olext440-870nm N550nm N
Dust
Banizoumbou 19992010 IR 1.7£0.6 0302  0.28+0.20 2901
Capo_Verde 1999-2010 8:3;;8:32;8:3;8:3; 2.0£0.6 02£02 0242016 1202
Dakar 2000-2010 PSP 1.9£0.6 0302  0.28+0.23 2250
Ouagadougou 1999-2007 832;832;832;832 1.6+£0.5 0.3+0.2 0.30+0.21 1497
Solar Village 19992010 PSSO 1.820.6 0303  0.28+0.25 3029
Mixed (for 0.33<n550nm=0.66)
Tlorin 1999-2009 e o 1.620.4 07602 047023 798
Kanpur 2001-2010 e o 1.420.4 07602 048022 963
SEDE_BOKER 1999-2010 8:358:3;;8:338:3‘3‘ 12£0.5 07402 0.48+0.20 170
XiangHe 2001, 2004-2010 8:32;8:338:33;8:3? 1.8£0.4 0802  0.53:0.22 446

* Aerosol optical depth (AOD) at 440 nm is greater than 0.4 for Version 2, Level 2.0 almucantar retrievals. The spectral single
scattering albedo (w,) averages are listed first followed by their standard deviations. The absorption and extinction Angstrom
exponents (0lps and oex¢) and are computed using the 440-675-870 nm wavelength interval. The fine mode fraction of the AOD
(Mss0nm) 1s interpolated to 550 nm.



Table 5.2 (continued)

Mo

Site Date Range 440/675/370/1020 nm Olabs440-870nm Olext440-870nm N550nm N
Urban/Industrial
GSFC 1999-2010 S PSPere 1.1£0.2 18202 0.94£0.20 882
Tspra 19992010 SOTInTeneo 1.420.4 16402 0.92+0.24 583
Mexico_City 19992010 VOIS 1.320.3 16402 0.87+0.18 540
Moldova 19992010 PSPPI 1.220.3 16403 0.87+0.28 558
Shirahama 2000-2010 S psrTepe 1.120.5 13503  0.81£035 726
Biomass Burning
Abracos_Hill 19992005 8:(9);8:(9);8:3%8:52 1.3£0.4 20£0.1  0.95:0.14 342
Alta_Floresta 1999-2010 8:3;;8:3?;8:3%8:52 1.5£0.4 19:02  0.92+0.18 593
Bonanaza Creek 1999_22000156 2008- 8:3;;8:338:32;8:32 1.8+0.5 15402 0.96+0.22 144
Lake Argyle e 8:32;8:(8)38:32;8:5; 1.4£0.3 15504 079036 176
Mongu 19992007, 2000  O-87/0.83/0.80/0.77 1.2£0.2 19501 0.92£0.10 1411

0.03/0.04/0.04/0.05




The ®, and 1.y are used to derive the t,,s from AERONET data. T, and o,ns Were
averaged for each site based on dominant particle type category in Figure 5.4 and Table
5.2. For the five sites (i.e., GSFC, Mexico City, Mongu, Capo Verde, and Solar Village),
a comparison of average a,ps values in Table 5.2 with Russell et al. [2010a] for the 440-
870 nm range shows the largest difference in ops (i.€., Olabs Russell 2010a — Olabs Table 5.2) at
GSFC (-0.25) and Capo Verde (+1.2). For the other three sites, the o,ps averages in
Figure 5.4 are comparable to those reported by Russell et al. [2010a] and Giles et al.
[2011a]. In Figure 5.5, the Mixed category was further stratified by the nssonm as in
Figure 5.3. The coarse particle range (Mssonm: 0.0-0.33) shows similar o, (1.7-2.3) as
the Dust category (which is expected for dust dominated cases) and the fine particle range
(M550nm: 0.66-1.0) shows an a,ps (0.8-1.5) similar to BB and U/I categories. The mixed
size particle range (nssonm: 0.33-0.66) is nearly identical to the Mixed category otps (1.2-
1.7) in Figure 5.4b and similar to values reported by Eck et al. [2010]. As shown by
Bergstrom et al. [2007] and Russell et al. [2010a], the a.ps may vary significantly when
considering the aerosol particle size between fine and coarse modes; however, when
considering U/I and BB aerosols within the fine particle range, significant overlap results
n agps. The sensitivity of a,,s With respect to input parameters will be investigated in the

next section.
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Figure 5.3 Similar to Figure 5.2, except the spectral single scattering albedo
averages for the Mixed category were grouped by fine mode fraction of AOD
(Nssonm) using the ranges 0.0-0.33 for coarse mode dominated particles (a), 0.33-0.66
for mixed size particles (b), and 0.66-1.0 for fine mode dominated particles (c).
Figure from Giles et al. [2012].
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Figure 5.4 Absorption aerosol optical depth (t.ps) and absorption Angstrém
exponent (a,ps) averages were grouped by dominant aerosol particle category for
T440nm>0.4 using AERONET Version 2, Level 2.0 data. The plots use the power law
fit and slopes of these lines are the a,,s (440-870 nm or 440-1020 nm) listed adjacent
to the legend in each plot. Figure from Giles et al. [2012].
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Figure 5.5 Similar to Figure 5.3, except 1,5 and a,ps averages for the Mixed category
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coarse mode dominated particles (a), 0.33-0.66 for mixed size particles (b), and 0.66-
1.0 for fine mode particles (¢). Figure from Giles et al. [2012].
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5.4 Sensitivity of Absorption Angstrom Exponent to Single Scattering Albedo

The retrieved values of a.ps have a normal distribution (Figure 5.6) when
calculating a,ps using three wavelengths (440-675-870 nm) for each dominant aerosol
type. Russell et al. [2010a] showed that the average a.ps values generally decreased with
increasing spectral range possibly due in part to the crude surface reflectance assumption
made in early AERONET analysis (as discussed in Section 5.2), while Gyawali et al.
[2012] showed an increasing o,,s values with increasing spectral range for clean and
polluted days during winter in Reno, Nevada. However, increasing or decreasing trends
of a,ps depend on the wavelength interval [Lack and Cappa 2010]. Using 19 AERONET
sites partitioned by aerosol type, a.ps values computed from 440-675-870 nm wavelength
range have large variability with standard deviations ranging from +0.3 to +0.6
(1.76=0.58 for Dust; 1.53+0.44 for Mixed; 1.21+£0.37 for U/I; 1.35+0.35 for BB).
Individual a,ps retrieval calculations [otaps (Dust): ~0-4; aaps (Mixed): ~0-3.5; oups (U/]):
~0-2; aaps (BB): ~0-2.5] are within the range of all dominant particle types; therefore,
oabs should not be used alone to determine aerosol types without the use of other
information (e.g., aerosol size). Further, Figure 5.6 shows a significant number of o,
below 1.0, which is the black carbon limit for very small particles [Bergstrom et al.,
2002]. However, Lack and Cappa [2010] suggested o,ps (from 380-750 nm) values for
larger optically effective BC particles may exist between ~—0.2 and 1.6 depending on the
BC coating material. Nonetheless, the U/I category has over 22% of the a,ps retrievals
below 1.0, while the other categories have ~10% of the a,,s data below 1.0 also possibly

due to the uncertainty of the retrieved w,.
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Figure 5.6 Absorption Angstriim exponent (a.,ps) frequency distribution for
individual retrievals partitioned by dominant aerosol particle using AERONET
Version 2, Level 2.0 data. Approximately 10% of the o, retrievals (22% for
Urban/Industrial) were below 1.0 or ' dependence. Figure from Giles et al. [2012].

A sensitivity study of o,,s Was performed to test the response of a.bs in equation
(3) by varying o, for each wavelength (i.e., 440, 675, and 870 nm) and holding Tex
constant in equation (2). While the spectral o, depends on the accuracy of the spectral
AOD measurements, the source of error is already included in the estimated ®,
uncertainties. Therefore, a sensitivity study can be performed by fixing AOD and
varying ®,, since: (1) the uncertainties in AOD are much smaller in magnitude than the
values of AOD used in this study (i.e., T440nm>0.4) and (2) the uncertainties in w,—
estimated to be £0.03—account for different sources of error including AOD [Dubovik et
al., 2000, 2002]. In this study, o, was varied by £0.01, £0.02, £0.03, and +0.04 to show

the variability of a,ps With various degrees of ®, uncertainty. Different spectral o, inputs
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schemes were implemented to determine the a.ps response by varying o, equally across
all wavelengths, by perturbing ®, at only one end point in the 440-675-870 nm
wavelength set (i.e., 440 nm or 870 nm), and by perturbing ®, at 440 nm or 870 nm in the
440-870 nm wavelength pair (i.e., excluding 675 nm). Positive o, perturbation may
approach values of 1.0 (i.e., absolute scattering) and can produce large positive or
negative o,ps due to very low t,ps. To prevent such cases, the o, magnitude was limited to
less than 0.995 for positive o, perturbations for all wavelengths resulting in a reduced

data subset.

Table 5.3 shows the sensitivity of a,ps to perturbations in ®,. The perturbation of
+0.03 o, (i.e., the current AERONET estimated uncertainty) changed o, by at least
~%0.6 for Dust, ~+0.2 for Mixed, and ~+0.1 for U/ and BB. The perturbations of ®, by
+0.02 showed ~0.1 smaller corresponding change in a,ps with respect to £0.03 ®,
perturbations for Dust and less than 0.05-0.10 for the other categories. Perturbations of
o, by £0.04 showed large deviations from the unperturbed data set, indicating much
greater uncertainty for a,ps With increasing ®, uncertainty. The simulated overestimation
of spectral o, for U/l and BB (i.e., 0,=—0.03) showed a higher da.ps suggesting a
possibility that the unperturbed a,ps s underestimated and may possibly, at least partly,
explain a,ps below 1.0 in these categories. However, Lack and Cappa [2010] determined
that the large a,ps variation (—0.2 and 1.3 for the 380-750 nm wavelength range) for BC
particles with coatings are possible and o, values less than 1.0 may occur with larger
BC particles (e.g., reore>0.1 um and rghe>0.25 pm). Gyawali et al. [2012] showed

laboratory measurements of kerosene soot particles have a,,s values of ~0.8 for the
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Table 5.3 Sensitivity of the absorption Angstréom exponent (ay) to perturbations of
single scattering albedo (®,) for each dominant aerosol particle type. Table from
Giles et al. [2012].

Type A (nm) O dw 80 N
8(1)0=0-O ¢ All TO\,) T440nm  T870nm
1.76£0.58 —0.01 —0.27 10879
1.67£0.52  +0.01° +0.40 9807
1.76£0.58  —0.02 —0.45 10879
1.49+042  +0.02° +0.67 7290
Dust 440-675-870 196 058 —0.03¢ 057  +047 —0.90 10879
1.33+0.38  +0.03%  +0.79  —0.54 +1.16 4898
1.76+0.58  —0.04 —0.67 10879
1.2340.36  +0.04° +0.85 3342
1.53+0.44 —0.01 —0.09 7199
1.524042  +0.01° +0.13 7051
1.53+0.44  —0.02 —0.16 7199
. 1.47+0.38  +0.02° +0.23 6623
Mixed 440-675-870 153044 —0.03¢ 021  +040 —053 7199
1434035 +0.03°Y 4030  —0.51 +0.71 6060
1.53+0.44  —0.04 —0.25 7199
1.40£0.33  +0.04° +0.35 5479
1212037 —0.01 +0.05 3289
120036 +0.01° —0.10 3174
1212037  —0.02 +0.09 3289
Urban/ 1.19+0.35  +0.02° —0.21 2874
Industrial 770673870 1510037 —0.03¢ 4012 074 —052 3289
1.18+£0.34  +0.03%¢  -0.31 ~-1.02 +0.58 2428
1214037  —0.04 +0.14 3289
1.18£0.34  +0.04° —0.40 2027
1.35+035 —0.01 +0.03 2666
1.34£0.34 +0.01° —0.04 2639
1.35+0.35  —0.02 +0.06 2666
Biomass 1.33£0.32  +0.02° -0.10 2598
Burning 440-675-870 155,035 —0.030  +0.08 4045 -031 2666
1.324031 +0.03Y  —0.19  —0.62 +0.35 2512
1.35+0.35 —0.04 +0.11 2666
1312029  +0.04° —0.29 2421

*indicates the unperturbed a.,s average is recalculated based on available w,.

® indicates wavelength(s) used in perturbation of w,.
¢ indicates positive perturbation of @, must be less than 0.995 for any wavelength.

4indicates these criteria are the current uncertainty estimates based on Dubovik et al.

[2000].
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355-1020 nm range and in situ measurement values of a,ps measured during the Reno,
Nevada, winter period varied for clean days (PM, s<40 pg/m’) between ~1.0 and 1.4 and
for polluted days (PM, s>40 pg/m’) between 0.9 and 1.2 for the 405-870 nm wavelength
range. Although these model simulations and laboratory and in situ measurements
suggest a,ps values may occur below 1.0, AERONET remotely sensed values of a,ps have
not yet been compared to coincident column-effective in situ measurements (e.g.,
measured by aircraft) but this analysis will be addressed in future work. In the present
analysis, the simulated underestimation of spectral o, (i.e., dw,=+0.03) for Dust and
Mixed indicates possible underestimation of the unperturbed a.ps, which could also result
in agps below 1.0. Table 5.3 also shows that the o,y values for the Dust and Mixed
categories change in the same direction as the ®, perturbation possibly due to weak
spectral dependence of Tey, While a,ps values for the U/I and BB categories have the
opposite response possibly due to stronger spectral dependence of t.x. Two additional
tests were conducted by perturbing o, using the wavelength pair (440-870 nm) and only
varying the end points of the 440-675-870 nm set and the differences between
unperturbed o,ps averages were minimal (not shown). However, perturbing one w, end
point for either the 440-870 nm wavelength pair (not shown) or the 440-675-870 nm set
(Table 5.3) produced very large deviations in o, by up to ~1.2 for Dust, ~0.7 for Mixed,
~1.0 for U/I, and ~0.6 for BB. The perturbation of end points simulates atypical behavior
of the instrument while deployed in the field (e.g., anomalous filter degradation) showing
potential issues in using real-time data products unless further screening is implemented,
such as the instrument collimator consistency checks (stated in Section 5.2), which may

be utilized to help remove , artifacts (i.e., collimator or sensor head window
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obstructions) and improve the reliability of o,y retrievals. These sensitivity tests

quantified the effect of the reduction of ®, uncertainty on improving estimates of d,ps.

5.5 Cluster Analysis of Absorption and Size Properties

Knowledge of aerosol particle spectral absorption provides insight to determine
aerosol particle dominance of dust, carbonaceous matter, or hygroscopic aerosols (e.g.,
sulfates, nitrates, or sea salt). While the co-albedo (or 1-w,) indicates the magnitude of
absorption and a,,s provides some indication of the dominance of carbonaceous particles
(e.g., BC, BrC, and OC) or iron oxides in dust, these parameters alone cannot fully
describe the aerosol particle type. Recent studies have suggested applying an aerosol
particle size parameter (e.g., Oy OF 1) to separate larger dust particles from other aerosol
types and mixtures [Lee et al., 2010; Russell et al., 2010a; Giles et al., 2010, 201 1a,
2011b]. Expanding upon concepts presented in Chapter 4, several years of AERONET
retrievals of ®o440nm, Olabsd40-870nm, Olext440-870nm» and Nssonm (With wavelength subscripts
removed hereafter) were analyzed for each dominant aerosol type category using a
density based clustering utilizing the Voronoi tessellation [ Voronoi 1908; Ishimoto et al.,
2010] to determine the relative concentration of points (density = 1/polygon area) for
each absorption and size relationship. In these density plots (e.g., Figures 5.7-5.10), the
high density represents the primary mode for the dominant aerosol particle type category.
Various clustering techniques were attempted previously to categorize dominant aerosol
particle type at AERONET sites [Cattrall et al., 2005; Omar et al., 2005; Levy et al.,
2007a; Qin and Mitchell 2009; Russell et al., 2010a, 2010b; Boselli et al., 2012]. For
each absorption and size relationship and aerosol type category in this study (Figure

5.11), dominant aerosol particle clusters were computed using averages weighted by
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density magnitudes normalized to a 64-level scale (corresponding to a 64-bit color scale).
Although weighting reduces the bias introduced by outliers affecting the normal average,
additional thresholds were applied to the aerosol size parameters. To further define
weighted cluster averages, the oy cluster averages utilized a 0.8 threshold, where >0.8
indicates mainly small sub-micron radius particles and <0.8 is mainly large super-micron
radius particles (where Oext440-870nm=0.8 1S approximately equivalent to 1s5ponm=0.5 as
shown for example by Eck et al. [2005, 2010]). In addition, the n cluster averages were
defined using thresholds of 0.0 to <0.33 (for coarse mode dominated particles), 0.33 to
<0.66 (for mixed size), and >0.66 (for fine mode dominated particles). For the BB
category (Figure 5.11c and Figure 5.11d), cluster separation was imposed to calculate
two additional clusters using a ®o440nm threshold of 0.90 based on the density cluster

analyses shown in Figure 5.9 and Figure 5.10.
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The relationships of aerosol absorption (i.e., ®, and a,ps) and size (i.e., dex and 1) are
analyzed with respect to the dominant aerosol type category. For Figures 5.7-5.10, the
primary density clusters are clear (denoted by orange and red regions representing
relative value levels of ~45 to 64). For example, the Dust category shows a cluster in the
region with aey 0of ~0.2-0.3 and n of ~0.2-0.3, indicative of domination by coarse mode
particles. To provide a better assessment of the clusters, the weighted cluster average and
its standard deviation were calculated for each parameter shown in Figure 5.11. In Figure
5.11a and Figure 5.11b, the primary Dust clusters show variation of the a,,s mainly
between 1.5 and 2.3, which are slightly lower values than reported by Russell et al.
[2010a]. In Figure 5.11c and Figure 5.11d, w, also varies significantly in the primary
Dust cluster from 0.89-0.93, possibly due to variation in mineral composition of dust
[Sokolik and Toon 1999]. For 0.y (Figure 5.11a and Figure 5.11c¢), the Mixed aerosol
type category has two primary density clusters (1) “Mixed-Large Particle” cluster for
mainly super-micron particles (centered at aey~0.4) and (2) “Mixed-Small Particle” for
mainly submicron particles (centered at o.x~1.25). In comparison to the Dust cluster, the
Mixed-Large Particle cluster tends to have a slightly smaller contribution to larger
particles in the 0.3-0.6 oy range, while n relationships (Figure 5.11b and Figure 5.11d)
show the Mixed-Large Particle cluster for coarse particles is nearly identical to the Dust
cluster. The Mixed category for mixed sizes (0.33<n550nm=<0.66) does not show high
cluster density due to varying sizes and contributions of the aerosol particles containing
dust with strongly varying absorption by pollution or biomass burning smoke [Eck et al.,

2010].
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Figure 5.11 Weighted cluster averages were grouped for each aerosol type category
and relationship using AERONET Version 2, Level 2.0 data. The Mixed category
averages were calculated using a 0.8 extinction Angstrom exponent threshold
between mainly small and mainly large particles. For the fine mode fraction of
AOD, the Mixed category averages were calculated based on the 0.0-0.33, 0.33-0.66,
and 0.66-1.0 ranges. For single scattering albedo plots, the Biomass Burning
category was further partitioned by calculating averages using a single scattering
albedo threshold of 0.90 to produce two sub-clusters (dashed ellipses) observed in
Figure 5.9 and Figure 5.10. Figure from Giles et al. [2012].
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In Figure 5.11, the Mixed-Small Particle clusters (0ex~1.0 to 1.5; also 1~0.8-0.95) show
significant variability likely due to variation in carbonaceous particle contribution
(primarily BC but also OC) with a,ps between ~1.3 and 1.7, similar to a,ps values
observed at Kanpur for fine mode dominated cases [Giles et al., 2011a]. As indicated by
Russell et al. [2010a] and shown in Figure 5.6, the U/l and BB category types for the aps
and o,y relationship tend to overlap each other. For primary density clusters in these two
categories, the a,ps vary from ~1.1 to 1.8. Until the ®, uncertainty is known and
constrained further (given the sensitivity results of Section 5.4), the usefulness of o, to
determine various carbonaceous aerosol particles is doubtful except in separating cases
dominated by BC from cases dominated by BrC or OC. A “region” of higher o,s values
from the density cluster analysis for BB (Figure 5.7d and Figure 5.8d) likely indicates
aged smoke from primarily smoldering combustion containing higher concentrations of
BrC or OC and relatively low BC [Eck et al., 2009; Moosmiiller et al., 2009, 2011],
especially above an a,ps of 1.6 for fine mode particles [Lack and Cappa 2010] and also
supported by Figure 5.9d and Figure 5.10d with ®, above 0.90. For example, according
to Eck et al. [2009] and Arola et al. [2011], significant absorbing OC concentrations and
high OC/BC ratios likely occurred at the Bonanza Creek site where Table 5.2 shows the
spectral m, average is ~0.95 and averages of d,ps, Oext, and Nssonm are 1.8, 1.5, and 0.96,
respectively. The o, relationships (Figure 5.11¢ and Figure 5.11d) show more cluster
separation than o,y relationships (Figure 5.11a and Figure 5.11b). In Figure 5.11d, the
primary U/I cluster is centered above 0.95, while the main BB cluster is centered on
~0.89 with two BB sub-clusters centered on ~0.93 and ~0.87 o, (calculated by using ®,

threshold of 0.90); however, the BB clusters overlap with the Mixed-Small Particle
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cluster. The ®o440nm and Olexta40-870 nm relationship (Figure 5.11c) shows distinct high
density clusters in all categories (i.e., between Dust and Mixed-Large Particle, and among
Mixed-Small Particle-U/I-BB, and between U/I-BB clusters), while minimal overlap
occurs with the U/I and the less absorbing (©,>0.90) BB sub-cluster. Similar aerosol
type partitioning was obtained by Russell et al. [2010b] using Mahalanobis clusteringof
®o440nm aNd Olext440-870 nm USINg four AERONET sites (i.e., Beijing, GSFC, Mongu, and
Solar Village). In contrast to the density based Voronoi clustering, the Mahalanobis
method determines correlations between variables to determine clustering and it is also
scale invariant. Nonetheless, the analysis has shown that the ®o440nm and Olext440-870 nm
relationship demonstrates that the dominant particle type may be ascertained simply from

commonly measured or retrieved aerosol absorption and size parameters.
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Chapter 6: Summary, Conclusions, and Future Work

Reproduced by permission of American Geophysical Union.

6.1 Summary and Conclusions

The international 2008 TIGERZ experiment intensive operational period was
conducted in the Indo-Gangetic Plain around Kanpur, India, during the pre-monsoon
(April-June). Mesoscale-distributed ground-based sun photometers quantified temporal
and spatial variability of aerosol properties to determine Kanpur urban emission
contributions to upwind IGP aerosol loading and validate aerosol retrievals from
satellites. Using the long-term Kanpur data set, the climatological aerosol variability
during the pre-monsoon was discussed and aerosol absorption and size relationships were
evaluated to determine dominant aerosol absorbing types or mixtures. Also in this study,
the absorption properties (i.e., single scattering albedo and absorption Angstrém
exponent) were averaged for 19 AERONET sites to show correspondence to
representative aerosol source regions. Sensitivity tests on absorption Angstrém exponent
were performed by varying the single scattering albedo within plausible constraints based
on uncertainty estimates. Lastly, the absorption and size relationships were evaluated and

compared to each other based on the dominant aerosol type categorizations.
This study yielded the following conclusions:

(1) TIGERZ intensive operational period sun photometers quantified AOD increases up
to ~0.10 within and downwind of the city due to local Kanpur emissions including
black carbon. Approximately 10-20% of the aerosol loading detected by ground-

based sun photometers on temporary deployment days resulted from the Kanpur city
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emission contributions to the upwind aerosols comprised of a mixture of pollution
and dust.

(2) For a mesoscale case study day with 15-30 km site separation, spatial variability was
less than 10% of the area-averages for parameterizations describing the size
distribution indicating mainly uniformly sized particles over Kanpur. Spectral single
scattering albedo area-averages (0.87-0.93) had stronger absorption at 440 nm due to
iron oxides in dust and indicated spatially homogeneous absorption by black carbon
and dust particles.

(3) Aerosol absorption (absorption Angstrom exponent) and size (extinction Angstrém
exponent and fine mode fraction of AOD) relationships showed a non-linear
dependence of absorption Angstrém exponent over the aerosol size ranges and
allowed for the determination of dominant absorbing aerosol types. These
relationships along with averaged single scattering albedo spectra were used to
categorize black carbon and dust as dominant absorbers and identify a third category
where both black carbon and dust dominate absorption. As absorption Angstrém
exponent decreased to 1.0, coarse mode particles became less dominant for both the
annual cycle and pre-monsoon. Further, single scattering albedo transitioned from
spectra representing dust (i.e., typical iron oxide absorption in the blue wavelength
region and relatively weak absorption in the near-infrared) to urban/industrial
pollution containing black carbon (i.e., stronger absorption in longer wavelengths).

(4) MODIS AOD 3 km and 10 km retrievals with the lowest quality assurance (QA>0)
flags were biased high with respect to TIGERZ IOP measurements. MODIS AOD 3

km retrievals improved spatial representativeness during some conditions (e.g.,
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clouds) that prohibited the retrieval of 10 km products. MODIS AOD 10 km
retrievals with QA>0 had moderate correlation (R? = 0.52-0.69) with the Kanpur
AERONET site, whereas retrievals with QA>0 were limited in number over the semi-
bright land surface. AERONET and MODIS algorithms occasionally misclassified
dust as clouds over the IGP during the pre-monsoon.

(5) A summary of aerosol absorption parameters from the AERONET Version 2, Level
2.0 almucantar retrievals was presented to expand upon previous work using pre-
Version 1 retrievals. A comparison of five sites common to Dubovik et al. [2002]
showed a 0.01 average spectral (from 440 to 1020 nm) decrease in single scattering
albedo (w,) with the largest decreases spectrally of 0.02 at Capo Verde and GSFC
AERONET sites. The average absorption Angstrom exponent (0apsa40-870 nm)
computed from Version 2 retrievals was 1.2 lower for Capo Verde and 0.25 higher for
GSFC than reported by Russell et al. [2010a] computed from pre-Version 1 retrievals.
Aerosol mixtures exhibited stronger spectral absorption (i.e., lower ®,) and increased
dominance of absorbing carbonaceous particles (i.e., lower oupsaa0-870 nm) than for dust
alone, possibly due to an optical mixture state (e.g., dust and smoke or dust and
pollution) or the aggregation of dust and carbonaceous particles.

(6) The tlabsaq0-870 nm calculated from AERONET data ranged from ~0 to 3.5 among
dominant aerosol type categories. Frequency distributions of 0labs440-870 nm €xhibited
significant overlap among aerosol types, while the Urban/Industrial and Biomass
Burning distributions were nearly identical for otapsa40-870 nm Values above 1.0. Further,

frequency distributions showed approximately 10% of the a,ps retrievals had values
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below 1.0 for most aerosol categories but as high as 22% for the Urban/Industrial
category.

(7) A sensitivity study perturbing the ®, by the current AERONET uncertainty (+0.03)
showed a,,s changes by at least ~+0.6 (£20%) for Dust, ~+0.2 (+7%) for Mixed, and
~£0.1 (£5%) for Urban/Industrial and Biomass Burning. The sensitivity study
quantified the improvement in estimates of a,ps resulting from reducing the o,
uncertainty. Variations within the uncertainty of w, retrievals may explain some of
the observed a,,s values below 1.0 in AERONET data although in situ measurements
suggest that some of these a,ps values may be real depending on the aerosol particle
composition and size.

(8) Absorption and size relationships were examined using density cluster analysis for
each dominant aerosol particle type. The ®o440nm VS. Olext440-870 nm relationship showed
at least five distinct aerosol type clusters [Dust, Mixed-Large Particle, Mixed-Small
Particle, Urban/Industrial, and Biomass Burning (with two sub-clusters)], while the
Olabsd40-870 nm VS- Olext440-870 nm elationship had fewer distinct clusters due to less
definition for mainly small aerosol particles (0ext440-870 nm>>1.5).

6.2 Future Work

Although the work described in this study advances the current knowledge of
aerosols over India, additional effort is needed to understand the long-term impact of
Indo-Gangetic Plain aerosols and their effects on air quality, hydrological cycle, and
climate. For example, Lau et al. [2006] hypothesized from observations and model
simulations that the direct radiative heating effects of elevated aerosols act to drive the
thermally induced atmospheric circulation over northern India during the pre-monsoon

leading to an earlier monsoon progression and subsequent rainfall enhancement over the
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Himalayan foothills; a hypothesis known as the Elevated Heat Pump (EHP). Lau et al.
[2010] used the Goddard Chemistry Aerosol Radiation Transport (GOCART) model
monthly aerosol fields as input for numerical experiments using a finite volume general
circulation model (fvGCM) when evaluating EHP and its potential effects (e.g., snow
melt and changes in surface energy balance). However, Bollasina and Nigam [2009] and
Nigam and Bollasina [2010] indicate an opposite response due to increased heating of
aerosols that preclude cloud formation resulting in cooler surface temperatures, slower
monsoon propagation, and reduced precipitation over northern India. Assimilation of
remotely sensed aerosol observations into aerosol transport models will also help
constrain model solutions. Higher spatial and temporal resolution ground-based aerosol
measurements are needed to verify aerosol transport models (e.g., GOCART) over in the
IGP and complex terrain of the Himalayas (where satellite retrievals are limited) to

improve confidence in their depiction of the atmospheric state.

Opportunities still exist to evaluate the 2008-2011 TIGERZ database. For
example, Dumka et al. [2012, in preparation] will evaluate the multi-year TIGERZ data
for the latitudinal distribution of regionally distributed sites to further understand larger
spatial scale aerosol variability in the IGP. In addition, the longitudinal aerosol
variability across the IGP from Pakistan through northern India still needs to be evaluated
to characterize and quantify the spatial and temporal variability of dust and pollution over
the region. While aerosol properties from aircraft have been analyzed during the
TIGERZ period [Devi et al., 2011], further efforts are needed to analyze data collected
also by lidar and aircraft to characterize the aerosol vertical structure over the IGP. The

forthcoming Collection 006 MODIS retrieval will have important updates such as an
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improved cloud mask and include new aerosol products with 3 km resolution and merged
Dark-target and Deep-Blue algorithms. TIGERZ data analysis will be useful in assessing
the performance of satellite remote sensing retrievals (e.g., MODIS, MISR, and

CALIOP) as well as aerosol transport model output (e.g., GOCART).

Although the absorption and size relationship provides a very good estimation of
the dominant mixing states and origins, the exact determination of the dominant mixing
state is still not completely conclusive from the absorption and size properties. For
example, due to restrictions in the retrieval of single scattering albedo, the aerosol type
may be determined when aerosol loading is sufficiently high (AOD44onm>0.4). Thus, the
determination of the aerosol type is biased to higher aerosol loading events. Improving
the retrieval by reducing the uncertainty (or providing a calculated uncertainty) for each
retrieved parameter (e.g., single scattering albedo) may provide the opportunity to include
more aerosol events when AOD440,,»,<0.4. In addition, use of the absorption Angstrom
exponent, non-sphericity, or depolarization ratio may allow for further partitioning based
on the dominant absorbing type or particle shape [Giles et al., 2011a; Burton et al.,
2012]. Improved aerosol classifications by ground-based remote sensing instrumentation
should lead to improved satellite retrievals. Vertically integrated in situ measurements
from aircraft of single scattering albedo and absorption Angstrom exponent obtained
during air quality measurement campaigns (e.g. DISCOVER-AQ) will help constrain
uncertainty estimates and provide the opportunity to further validate AERONET

retrievals.
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