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Chapter 1: Background and Scope of the Dissertation

1.1: Why this research?
Tropospheric aerosols significantly influence global climate, by changing the
radiative energy balance [Kaufman and Chou, 1993; Hansen et al., 1997; Haywood
and Boucher, 2002; Hignett et al., 2002; Jacobson et al., 2001; Ghan et al., 2002; Yu
et al., 2006] and clouds as well as the hydrological cycle [IPCC, 2007; Ramanathan
et al., 2001; Rosenfeld, 2000; Kaufman and Koren, 2005]. Spanning from
nanometers to tens of micrometers (µm) in radius, aerosols are efficient at scattering
solar radiation back to space. Their hygroscopic properties enable them to act as
cloud condensation nuclei (CCN), which in turn influence cloud/precipitation
processes [Toon, 2000; Rosenfeld, 2000] and global albedo [Twomey, 1977]. Also
known as suspended airborne particles, or particulate matter (PM), aerosols are a
component of smog and air pollution [USEPA, 2003; Chen et al., 2002]; Dickerson et
al. 1997]) and on the list of the EPA’s (recently revised) regulated criteria air
pollutants (e.g., http://www.epa.gov/oar/particlepollution/naaqsrev2006.html).
Aerosols reduce aesthetic visibility [Malm, 1994; Watson, 2002; Hand et al., 2000]
and those less than about 2.5 micrometers (µm) in diameter (known as PM2.5) can
adversely affect human health by being ingested into lungs [Samet et al., 2000;
Prospero, 1999b] or accompany disease [Mims et al., 1997].
Unlike greenhouse gases, aerosols are not well mixed in the atmosphere.
They are spatially and temporally inhomogeneous, and usually concentrated near
Earth’s surface. The scale height for aerosol mass is on the order of 2-3 km,
1

compared to 8 km for the molecular atmosphere. Depending on their source, their
size, and their ability to react within the atmosphere, aerosols can be found near or far
from their sources. Dust arising from the Saharan desert is commonly observed in the
Caribbean Sea [Prospero, 1996; Levy et al., 2003], and urban aerosols from the U.S.
East Coast are observed far out into the Atlantic Ocean [Dickerson et al., 1995;
Fraser et al., 1972].
Although aerosols are inhomogenous, studies have attempted to measure their
global radiative effect (on climate) as compared to those from greenhouse gases
(specifically, CO2). In its series of assessments, the Intergovernmental Panel on
Climate Change (IPCC) aims to estimate the radiative forcing (effects due to
anthropogenic processes) at the top-of-atmosphere (TOA) and their respective
uncertainties. The recently released IPCC summary [IPCC, 2007] assigned values
and uncertainties to global CO2 forcing and aerosol direct radiative forcing (DRF) of
+1.66±0.15 W·m-2 and -0.5±0.4 W·m-2, respectively. Thus, aerosol DRF compensates
for about 30% of the CO2 forcing. Yu et al., [2006] compiled a summary of
observationally based estimates of aerosol direct radiative effect (DRE, which
represents the sum of natural and anthropogenic aerosols). Over the global ocean, the
measurement consensus was DREocean ~ -5.5±0.2 W·m-2. Estimates of DRE over land
had larger uncertainty, e.g., DREland ~ -4.9±0.7 W·m-2, derived from limited
observational data [Yu et al., 2006]. Globally, the DRF is approximately 30% of the
total DRE, but may be as much as 47% over land surface.
Over the Washington/Baltimore corridor and the rest of the U.S. mid-Atlantic
region, poor surface air quality (for particulate matter) is prevalent during the summer
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[Kaufman and Fraser, 1981; USEPA, 2003]. These heavy aerosol events often are
associated with high surface temperatures, high humidity and poor surface ozone air
quality. Numerous counties in the region have annual average surface PM2.5
concentration greater than 15 µg·m-3, meaning that they are considered in ‘nonattainment’ of National Ambient Air Quality Standards (NAAQS) required by the
U.S. Environmental Protection Agency’s (USEPA). These same areas may exceed 35
µg·m-3 for 24-hour periods, also exceeding USEPA requirements (revised as of
September 2006). As part of the USEPA’s State Implementation Program (SIP),
states in non-attainment (including Maryland) are required to develop plans for
reducing pollution and coming into compliance with the NAAQS. The Maryland
Department of the Environment (MDE; http://www.mde.state.md.us) is responsible
for the effort in Maryland.
Due to their ability to scatter and absorb solar radiation, high concentrations
of aerosols near the surface reduce visibility. The Interagency Monitoring of
Protected Visual Environments (IMPROVE; http://vista.cira.colostate.edu/improve/)
program aims at evaluating the aesthetic impacts of pollution in our national parks.
In addition, aerosols lend themselves to be studied by passive and active remote
sensing techniques. The AErosol Robotic NETwork (AERONET, [Holben et al.,
1998]) is a federated network of global ground-based sunphotomers, that when
properly calibrated, use a simple application of the Beer-Bouger-Lambert law to
measure spectral (multiple wavelengths) aerosol extinction, directly retrieving
spectral aerosol optical depth (AOD or τ) to expected accuracies of ±0.02. Passive
satellite sensors, from their vantage point above the atmosphere, provide the means
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for the assessment of global τ distribution [Kaufman et al., 1997a], by analyzing
scattered radiation. Remotely sensed measurements of τ during these heavy aerosol
events are on the order of 1.0 or higher (at 0.55 µm) in the mid-Atlantic region.
During these events, observed visibilities may be reduced to a few kilometers or less.
Combining sensors and information helps to characterize aerosols on all
scales, from the global radiative budget (e.g., Yu et al., [2006]), aerosol interactions
with clouds and the hydrologic cycle (e.g., Kaufman and Koren, [2005]), and with air
quality and visibility at the surface. Given recent success of passive sensors to
characterize global aerosols, satellite products may be able to monitor aerosols related
to poor surface air quality, both globally and over the U.S. mid-Atlantic. In fact,
products from both GEOstationary Satellites (GOES, [Knapp et al., 2005]) sensors
and polar-orbiting (e.g., Advanced Very High Resolution Radiometer (AVHRR,
[Higurashi et al., 2000; Mischenko et al., 1997; Stowe et al., 1997]) sensors can be
applied to characterize aerosol pollution events in the mid-Atlantic region [e.g., AlSaadi et al., 2005].
It was not until the launch of the MODerate Imaging Spectroradiometer
(MODIS, [Salomonson et al., 1989; King et al., 1993]) sensors aboard NASA’s Terra
(in 1999; [Kaufman et al. 1998]) and Aqua (in 2002; [Parkinson et al., 2003])
satellites, that the uncertainties of the retrievals over land were quantified [Kaufman
et al., 1997b]. In particular, the spectral and spatial resolution of the MODIS
instrument provided significant potential for assessing both global and regional
columnar aerosol properties over land. The over-land algorithm described by
Kaufman et al., [1997b], in combination with an over-ocean algorithm [Tanré et al.,

4

1996; Tanré et al., 1997] became the basis for an operational algorithm (near real
time processing) for retrieving global aerosol properties. The products are free and
available to any investigator. Not only have MODIS aerosol products been used to
answer scientific questions about radiation and climate [IPCC, 2001; Yu et al., 2006],
they are being used for all kinds of applications, including surface air quality
monitoring. From operational products, studies such as Chu et al., [2003], Al-Saadi
et al., [2005], Engel-Cox et al., [2004; 2006] and Wang and Christopher, [2003],
demonstrated that MODIS –derived aerosol optical depth (τ) product has the potential
to monitor air quality, by estimating surface PM2.5 concentration ({PM2.5}), globally
and in the mid-Atlantic region.
By 2004, enough MODIS data had been collected to enable extensive
statistical evaluation of the aerosol products, both globally and regionally [Remer et
al., 2005]. One facet of this analysis was comparison of MODIS-derived τ over land
(from Collection 4, τMODIS) to ‘ground-truth’ measured by AERONET (τtrue).
Regression of this comparison (shown in Fig. 1.1) showed correlation coeficient
R=0.80, and that 68% (about one standard deviation) of the MODIS-derived values
were retrieved to within expected uncertainty (τε), defined by Remer et al., [2005] as

"# = ±0.05 ± 0.15" true .

!
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Fig. 1.1: Global evaluation of MODIS c004. MODIS τ (AOT) retrievals over
land at 0.55 µm (550 nm)
as a function of AERONET observations co-located in
y = 0.059 + 0.70 x
R = 0.68
space and time. The data were sorted according to AERONET aerosol optical
thickness
and averaged for every 100 points. At higher optical thickness where
300 points
the
data
become sparser, fewer points are used in the average (as indicated).
150
points
75standard
points deviation of the MODIS –derived τ each bin is shown by the error
The
32 points
bars.
The regression (red line) equation given at the top of the plot was
calculated from the full scatter plots before binning. The solid black line is the
1:1 line and the dashed lines denote the expected uncertainty calculated prelaunch. Figure adapted from Remer et al., [2005].
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" MODIS = 0.07 + 0.78" true

at 0.55 µm wavelength. The regression equation was poorer for the eastern United
!
States, such that only about 64% of MODIS τ fell within the expected error, with y-

offset more than 0.1. For Levy et al., [2005], I found a similar poor regression
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equation as compared to a (nearly) independent set of sunphotometer data, collected
during the summer of 2001 over the region (Fig. 1.2).

Fig. 1.2: Regional evaluation of MODIS during CLAMS. Scatterplot of MODIS
(Terra) versus sun-photometer –derived τ (AOD) over the land during the
CLAMS experiment (July-August 2001 over the mid-Atlantic) for three MODIS
land wavelengths (0.47, 0.55 and 0.66 µm). MODIS data are averages for 5x5
boxes, centered on the sunphotometer site. Sunphotometer data are within ±0.5
hour of MODIS overpass. The black dashed lines denote the MODIS expected
uncertainty with the 1:1 line in solid black. (Figure from Levy et al., [2005]).

These results indicate that the MODIS algorithm needs improvement, globally
and regionally. As a first step in studying regional aerosols and their link to regional
and urban-scale quality over the U.S. mid-Atlantic, it is necessary to use MODIS
products that are unbiased, showing better comparison to ground truth
(sunphotometer) data. Only after the MODIS products are defined properly, should
they be applied to problems such as climate forcing or regional air quality. In the
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case of regional air quality in the mid-Atlantic, the MODIS retrievals and surface
measurements may be linked through use of a chemical transport or air quality model.

1.2: Objectives of this research
My original intent for this Ph.D. was to correct (likely by tuning) the biases in
the MODIS algorithm for specific retrieval over the mid-Atlantic, and then to use the
products to help characterize aerosols in the region. However, during the process of
evaluating the algorithm over the mid-Atlantic, it became clear how one could
improve the global operational algorithm. Therefore, the first task was to develop an
algorithm that would retrieve global aerosol properties over all dark land surfaces,
with low bias, and to the accuracy suggested by Eq. 1.1 [Remer et al., 2005]. It is
required that the similar accuracy be achieved over the U.S. mid-Atlantic region,
specifically.
Assuming the MODIS algorithm can perform to the required accuracy
globally and regionally, the products can be applied in other applications. In this
thesis, I relate the products of the new algorithm with surface measurements at
selected sites in Maryland. For some understanding of the vertical properties of the
aerosol, I use aircraft measurements made by the University of Maryland-College
Park’s (UMCP) Piper Aztec (Taubman et al., 2004; 2006]. Finally, the measurements
are compared with those calculated from results from the Community Multi-scale Air
Quality Model (CMAQ) [Byun and Ching, 1999] air quality forecast model, for July
and August 2002.
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1.3: Organization of the dissertation
This dissertation is organized as follows. Chapter 2 introduces the
fundamental physical and optical properties of aerosols, provides an overview of in
situ and remote sensing aerosol methods, and summarizes current knowledge about
global aerosol and aerosol over the U.S. mid-Atlantic. MODIS, AERONET, and the
physics of aerosol remote sensing are introduced in Chapter 3. Chapter 4 describes
the previous operational version of the aerosol algorithm, discussing global and
regional biases of the products. Chapter 5 suggests some steps that would improve
the MODIS retrieval, which are developed in Chapters 6 and 7. Chapter 6
concentrates on global aerosol optical models, whereas Chapter 7 introduces the
assumptions of surface reflectance and inversion of spectral reflectance. Preliminary
global validation of the new algorithm is also presented in Chapter 7. Chapter 8
evaluates MODIS in the context of PM2.5 in the U.S. mid-Atlantic, combining
remotely sensed and in situ measurements, from surface, aircraft and satellite, all in
the context of developing a 3-dimensional aerosol climatology in the region. For a
specific two-month period (July and August 2002), known to have many interesting
aerosol events, the CMAQ model results are analyzed in the context of the
measurements. The last chapter is dedicated to conclusions and suggestions of future
work.
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1.4: Statement of originality
During the course of my doctoral studies, I performed the following:
•

Evaluated previous versions of the MODIS algorithm (c004 products), globally
and regionally, and found biases and inconsistencies that could be fixed.

•

Determined possible causes of retrieval bias, including assumptions of: global
aerosol properties, surface reflectance relationships, radiative transfer, MODIS
instrument characteristics, and retrieval technique.

•

Evaluated each potential source of error, leading to new characterization of the
inherent physical properties of aerosol, radiative transfer and earth’s surface.

•

Combined the new physical understanding to create a new algorithm that would
produce better aerosol retrievals, with properly characterized internal consistency
using valid physical assumptions.

•

Performed preliminary evaluation of the products, globally and regionally, to
show that the new algorithm provides better estimates of aerosol optical depth.

•

Discovered that the over-land, globally averaged τ product (from MODIS) was
significantly reduced from 0.28 (old) to 0.21 (new), greatly affecting estimates of
aerosol direct radiative effect (DRE).

•

Related MODIS products to surface and aircraft measured aerosol properties to
characterize the 3-dimensional properties of the aerosol over the U.S. midAtlantic region during the summer of 2002.

•

Evaluated the CMAQ air quality model for aerosol events in the region during the
summer of 2002, and showed that CMAQ underestimated aerosol near the surface
and throughout the column.
While I worked as part of a team, this document highlights my contribution to

the aerosol community. This work has resulted in two published and two accepted
first-authored papers [Levy et al., 2004, 2005, 2007a and 2007b], as well as the online technical document known as the Algorithm Theoretical Basis Document
(ATBD, [MAST, 2006]). In addition, I have contributed to other work, including:
Remer et al., [2005], Chin et al., [2004], Vant-Hull et al., [2005] and Mi et al.,
[2007]. Any data work provided by others is noted within this dissertation.
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Chapter 2: Properties of aerosols
2.1: Physical properties of aerosols
An aerosol is a system of particles, solid or liquid, in gaseous suspension.
Unlike ozone or other atmospheric gases, aerosols are a mixture of particles of
different sizes, shapes, compositions, and chemical, physical, and thermodynamic
properties. They range in size from a few nanometers to nearly 100 µm, spanning
from molecular aggregates to cloud droplets. Aerosols between about 0.1 µm and 2.5
µm in radius are of main interest to climate, precipitation, visibility, and human
health studies. Most aerosols of interest are found in the troposphere and
concentrated toward the Earth’s surface (having a scale height about 2-3 km).
Aerosols are normally either defined by their source or their size. In its third
assessment of climate report, the IPCC identified a number of major aerosol types,
including: soil dust, sea salt, carbonaceous (both organic and black/elemental
carbon), sulfate and nitrate [IPCC, 2001]. Much of the carbonaceous, sulfate and
nitrate aerosols are produced directly from human activities (e.g., biomass burning,
heating/cooking, agriculture, electricity generation and transportation). Others, such
as soil dust, may be in part related to human activities as well (e.g., agriculture, land
use change). Aerosol physical and chemical properties are determined by their
sources and production processes. Very fine aerosols (radius < 0.1 µm) are also
known as Aitken particles or ultrafine aerosols, and are primarily formed by gas to
particle conversion (nucleation) in oxidizing environments. The concentration of
11

these very fine aerosols depends on numerous factors, including the proximity of
emissions, presence of reactive/oxidizing species, and atmospheric conditions
(humidity, temperature, solar radiation). Very fine aerosols coagulate and combine to
form fine aerosols between 0.1 and 1.0 µm. Fine-sized aerosols are also produced
directly during incomplete burning of biomass or coal. Finally, aerosols larger than
about 1.0 µm are known as coarse particles. These aerosols are mainly produced by
mechanical erosion of the Earth’s surface, including sea salt and soil dust lifted by
winds. Because of their larger size (and mass), coarse particles are usually quickly
settled out of the atmosphere by gravity and are concentrated close to their sources.
However, if they have been lifted by convection into the prevailing winds, they may
be transported far from their sources.
Ambient aerosol distributions contain all three size ranges [Whitby, 1978].
Particles in the coarse mode are small in number but can contain the largest portion of
aerosol mass (or volume). In contrast, the nuclei (very fine) mode encompasses the
largest number, but the smallest volume (e.g., Hegg and Kaufman, [1998]). The fine
mode contains the largest portion of aerosol surface area. Also known as the
accumulation mode, the fine mode has the longest residence time (days to weeks)
because it neither efficiently settles nor coagulates on its own. In terms of health, fine
aerosols are the most efficient at penetrating deep into the lung.
Many aerosols are hygroscopic, meaning that they have the ability to attract
and absorb water vapor [Day and Malm, 2001; Hand et al., 2000; Malm et al., 1994;
Kotchenruther et al., 1999; Gassó et al., 2003]. As water vapor is added to the
aerosol, they grow until they become activated. It turns out that the size change is not
12

a linear function of relative humidity (RH), and that the functional dependence differs
whether the RH is increasing or decreasing. Because of this hygroscopicity, the
residence time for aerosols is on the same order as water vapor in the atmosphere,
usually about four to fourteen days.
Generally, more hygroscopic aerosols (known as hydrophilic, e.g., sulfate or
sea salt) are spherical in shape, whereas those less hygroscopic (e.g., hydrophobic,
e.g., soot or dust) may be non-spherical. Non-spherical aerosols may be clumplike
(soot) or crystalline (certain dusts). Fig. 2.1 displays some size and shape properties
of commonly observed aerosols.

Fig. 2.1: Properties of some global aerosol types, from physical and optical
perspectives. Electron microscope pictures of aerosol shape binned by their
approximate radius. The orange oval encompasses the aerosol types that
interact with solar radiation with wavelengths listed below the x-axis. The
moments of ‘number’, ‘area’ and ‘volume’ represent which particle size
dominates in that distribution; the ‘area’ distribution dominates the shortwave
signal. Within the remote sensing community, ‘fine’ and ‘coarse’ aerosol are
roughly analogous to the ‘accumulation’ and ‘coarse’ modes known within the in
situ community. This figure is modified from Heintzenberg et al., [2000].
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2.2: Properties of aerosol size distributions
For any size distribution of spherical particles, the number distribution as a
function of radius, N(r), (or more simply N) is related to the volume V and area A
distributions by:

dN
3 dV
1 dA
,
=
= 2
3
d ln r 4 "r d ln r "r d ln r

(2.1)

such that N0, V0, and A0 are the amplitudes of the corresponding distributions, i.e.,

!

V0 =

#

"
0

dV
d ln r N 0 =
d ln r

#

"
0

dN
d ln r
d ln r

A0 =

#

"
0

dA
d ln r
d ln r

(2.2)

and dN/dlnr is the number size distribution with r denoting radius (in µm). Note that

! whereas the in situ community defines in terms of diameter (for example, Seinfeld
and Pandis, [1998]), the remote sensing community defines as function of radius.
For a single lognormal mode (e.g., Remer and Kaufman, [1998]), the median radius
of the number distribution (rg) is related to the median radius of the volume (or mass)
distribution (rv), and the radial standard deviation (σ) by

rg = rv exp("3# 2 ) ,

(2.3)

such that the number size distribution is

!
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3
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(2.4)

Within the remote sensing community, the width of the size distribution (σ) is the

! natural log of the quantity defined within the in situ community. Note that σ has the
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same value whether describing number or volume distributions. The moments of
order k, Mk are defined as

Mk =

dN

"

# 0 r k d ln r d ln r = (rg ) k exp(0.5k 2$ 2 ) .

(2.5)

The effective radius reff in [µm] of a lognormal mode is

!
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5
0
d ln r
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(2.6)

For aerosols composed of two or more modes, integration must be over both
! size bin and mode. For example, if there are two modes, (i.e., modes 1 and 2), r is
eff
(dN1 + dN 2 )
d ln r
0
d
ln
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(2.7)

2.3: Aerosol optical properties
Aerosols are important to Earth’s climate and radiation because of their size.
Mie theory (more properly Lorenz-Mie-Debye theory: e.g., Mie, [1908];
Chandresekhar, [1950]) states that particles most strongly affect the radiation field
when their size is most similar to the wavelength of the radiation. Aerosols in the
fine mode (0.1 to 1.0 µm) are similar in size to the wavelengths of solar radiation
within the atmosphere, and are also the largest contributors to aerosol surface area
(Fig. 2.1). Radiation incident on aerosols may be absorbed, reflected or transmitted,
depending on the chemical composition (complex refractive index, m) and orientation
(if non-spherical) of the aerosol particles. Scattering and absorption quantities
[Thomas and Stamnes, 1999] may be represented as functions of path distance (the
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scattering/absorption coefficients, βsca/βabs, each in units of [per length]), column
number (the scattering/absorption cross sections, σsca/σabs, each in units of [area]) or
mass (the scattering/absorption mass coefficients, Bsca/Βabs, each in units of [area per
mass]). The use of symbols is inconsistent within the literature, so symbols are
defined for this dissertation like that of Liou, [2002]. Extinction (coefficient/cross
section/mass coefficient) is the sum of the appropriate absorption and scattering
(coefficients/cross sections/mass coefficients), e.g.,

" ext ( # ) = " sca ( # ) + " abs ( #) .

(2.8)

for the cross sections. These properties define the amount of radiation ‘lost’ from the
! field, per unit of material loading, in the beam direction. Note all of the
radiation

parameters are dependent on the wavelength λ. The ratio of scattering to extinction
(e.g., βsca/βext) is known as the single scattering albedo (SSA or ω0). As most aerosols
are weakly absorbing in mid-visible wavelengths (except for those with large
concentrations of organic/black carbon), extinction is primarily by scattering
(ω0>0.90 at 0.55 µm). Black or elemental carbon (soot) can have ω0<0.5 [Bond and
Bergstrom, 2006] especially near sources. Mineral dusts are unique in that they have
a spectral dependence of absorption, such that they absorb more strongly in short
visible and UV wavelengths (λ<0.47 µm) than at longer wavelengths.
Properties of extinction (scattering and absorption) are related to the ambient size
number distribution (N(r)), chemical composition, and physical shape of the aerosols,
as well as the wavelength of radiation. For a single spherical aerosol particle with
radius (r), interacting with radiation of wavelength (λ), the Mie size parameter, X,
describes the ratio of size to wavelength, X=2πr/λ. Values of the complex refractive
16

index (m+ki) are required for Mie formulae to yield expressions for the scattering and
extinction cross sections (e.g., σsca and σext). These cross sections represent the
interaction of a photon with the cross-sectional area (or ‘face’) of the aerosol. The
scattering/extinction efficiencies (Q) are defined per unit aerosol as:

Qsca = " sca / #r 2 and Qext = " ext / #r 2 .

(2.9)

The scattered photons have an angular pattern, known as the scattering phase

! (Θ)), which is a function
!
(P
of the scattering angle (Θ) and wavelength. In other
λ
words, the Mie quantities describe whether an incoming photon is displaced by an
aerosol, whether it is scattered, and towards which direction relative to the incoming
path.
For a distribution of aerosol particles, one is concerned with the scattering by all
particles within a space. In general, since the average separation distance between
aerosols is so much greater than particle radius, particles are considered independent
of each other. This means that if the unit volume contains N particles of varying r,
the integrated cross sections are

" ext =

#"

ext

(r)N(r)dr and " sca =

#"

sca

(r)N(r)dr .

(2.10)

The scattering/extinction efficiencies for a representative single aerosol are calculated
!
!
by dividing by the total integrated cross section ( # "r 2 N(r)dr ) of the distribution

(Qsca and Qext).
Light scattering by aerosols is a!function of the wavelength, the aerosol size
distribution, and the aerosol composition [Fraser, 1975]. Fig. 2.2 demonstrates the
spectral response of aerosol scattering for a number of idealized aerosol types.
Calculating the scattering properties at two or more wavelengths provides information
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about the aerosols’ size. The Ångstrom exponent (α) relates the spectral dependence
of the scattering at two wavelengths, λ1 and λ2:

" #1,# 2 =

$log(% sca, p,#1 /% sca, p,# 2 )
,
log( #1/ # 2)

(2.11)

[Ångstrom, 1929; Eck et al., 1999]. Often the two wavelengths are defined in the
! visible or infrared (e.g., 0.47 and either 0.66 or 0.87 µm). Aerosol size is inversely

proportional to α, such that aerosol distributions dominated by fine aerosols have α ≥
1.6, whereas those dominated by coarse aerosols have α ≤ 0.6. Quadratic fits to more
than two wavelengths, known as modified Ångstrom exponents, can provide
additional size information including the relative weighting of fine mode aerosol to
the total (known as Fine Weighting, FW, or η) [O’Neill et al., 2001].

Fig. 2.2: Spectral dependence of selected aerosol types viewed from the top of
the atmosphere. (Figure provided by Yoram Kaufman)
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The asymmetry parameter, g, represents the degree of asymmetry of the
angular scattering, and is defined as:

g" =

1
2

#

$ P (%)cos%sin%d%

(2.12)

"

0

Values of g range from -1 for entirely backscattered light to +1 for entirely forward

! scattering. Due to the phase function’s dependence on aerosol size, the asymmetry
parameter also is related to aerosol size. Andrews et al., [2006] showed that aerosols
at a site in Oklahoma typically have values of g (at 0.55µm) ranging between 0.6 and
0.7, the lower values in dry (low relative humidity) conditions. They also found a
strong relationship between the accumulation mode size distribution and g. These
values of g signify that aerosols produce mostly forward scattering, in contrast to the
symmetry (g = 0) of molecular (Rayleigh) scattering.
The aerosol (scattering) optical depth (AOD or τ) is the integral of the aerosol
scattering or extinction coefficients over vertical path through the atmosphere, i.e.
TOA

" ( #) =

%$

ext, p

(2.13)

( #,z)dz

0

where the subscript p is the contribution from the particles (to be separated from

!
molecular
or Rayleigh optical depth). Typically, aerosol optical depths (at 0.55 µm)
range from 0.05 over the remote ocean to 1.0, 2.0 or even 5.0, during episodes of
heavy pollution, smoke or dust. The sun is obscured to a ground observer when τ is
greater than about 3.0. The optical depth is the fundamental aerosol quantity
retrieved by passive remote sensing.
An additional effect of aerosol scattering is on photochemistry and ozone
production in the atmosphere. Dickerson et al., [1997] demonstrated how increased
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optical depth can lead to increased photolysis, suggesting that multiple scattering due
to the presence of many aerosols (with ω0 near 1.0, like sulfate) increases the chance
of photolyzation. However, absorbing aerosols (with low ω0) will inhibit photolysis.

2.4: Dependence of relative humidity on aerosol mass and
optical properties
As discussed in the previous section, the mass extinction coefficient, Bext,
represents the area extinction for a unit mass of the aerosol (literature usually reports
units of [m2/g]). It is related to the extinction efficiency Qext, effective radius, reff, and
aerosol density ρ. For a distribution of aerosols, the mass extinction coefficient can
be defined as

Bext =

3Qext
.
4 "reff

(2.14)

[Chin et al., 2002]. Therefore, τ can be calculated by multiplying Bext by the

!
columnar
aerosol mass per unit area, M.
Many aerosols are hygroscopic, however, so that the extinction properties of
aerosols are modified by the addition of water. Observational studies show that
aerosols grow with humidity (e.g., Malm, [1994]), thus increasing reff. The increase is
minimal at low relative humidity (i.e., < ~30%), slow and linear between 30% and
80%, and nearly exponential at RH > 80%. At RH~98%, the size ratio reff/reff,dry ~2.0,
but depends of aerosol type. Corresponding ratios of light scattering, (fRH) at 0.55
µm, in humid versus dry conditions (RH~30%), range from fRH~2 for RH~80% to
fRH~15 or more for RH~98% [Malm et al., 1994; Kotchenruther et al., 1999; Gassó et
al., 2003]. Fig. 2.3 plots the fRH curve assumed for sulfate aerosol within the
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IMPROVE program [Malm et al., 1994; IMPROVE, 2006]. Empirical fits to the fRH
curve suggest

f RH

# 1" RH &")
amb
= %%
((
$ 1" RH dry '

(2.15)

where γ is a fitting exponent (on the order of 0.2-0.7, depending on aerosol type). For

!
example,
Remer et al., [1997] suggested values of 0.35-0.50, which were adapted by
Taubman, [2004] to estimate dry mass from aircraft scattering measurements.

Fig. 2.3: Relative humidity dependence of the scattering coefficient used in the
regional haze rule (IMPROVE). Figure adapted from the IMPROVE web site.
Köpke et al., [1997] describe how one might parameterize observed fRH in a
chemical transport or general circulation model. Eq. 2.15 requires additional terms
(relating to aerosol growth as a function of humidity) if Bext should represent ambient
aerosol mass extinction. For example, the aerosol mass, M contains both dry aerosol
mass, Mdry, and water mass. The particle density is a linear combination of dry
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aerosol density and water, assuming that the volume of the water and the dry particle
are additive in the solution droplets [Köpke et al., 1997], i.e.
3
rg,dry
" = " water + ( " dry # " water ) 3 .
rg

(2.16)

Complex refractive indices used for calculating Q can be combined the same
! [Köpke et al., 1997; Chin et al., 2002]. This means that ambient Bext may also be
way

represented by

Bext =

3Qext M
.
4 "reff M dry

(2.17)

[Chin et al., 2002]. Qext, reff, and ρ are properties of the ambient aerosol. Optical

!
depth
(τ) can be calculated by simply multiplying by the dry aerosol mass, Mdry, i.e
[Chin et al., 2002],

" = Bext M dry .

(2.18)

Note that also,

!

Bext = f RH Bext,dry .

(2.19)

2.5: Linking aerosol physical and optical properties: closure
!

An aerosol ‘closure’ study is where one attempts to characterize ambient
conditions with internal consistency, using multiple independent measurements of
different aerosol properties. Some may be optical measurements (e.g., aerosol
extinction or optical depth), whereas others may be physical measurements (e.g.,
aerosol mass or concentration). In theory, combining results from enough different
types of aerosol measurements could completely characterize the ambient aerosol
field. Yet all current instrument platforms have strengths and limitations. Therefore,
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appropriate models must be used to link measurement from multiple vantage points,
and customized to the intended application. Applications for climate, visibility, and
human health each require knowledge of different aerosol properties.
As an example, satellite retrievals of ambient (relative humidity) column τ
(intended as a ‘climate’ product) have been shown to relate to measurements of dried
(to low relative humidity) surface particulate matter (PM) concentrations (‘air quality’
products). Under normal (for the U.S. mid-Atlantic during the summertime)
conditions where the bulk of aerosol is found within the boundary layer, τ correlates
with surface PM2.5 concentration (dry aerosol less than 2.5 µm in diameter). In fact
numerous papers have empirically calculated formulas to relate the two quantities
(e.g., Chu et al., [2003], Al-Saadi et al., [2005], and Engel-Cox et al., [2006]), and
use as a basis for developing algorithms for monitoring and forecasting surface air
quality from satellite.
While it is beneficial to note empirical correlations, it is more scientifically
interesting to develop appropriate models to link optical and physical aerosol
properties. For example, physically converting τ to surface PM2.5 concentration
{PM2.5} begins with understanding the mass extinction coefficient described in Eq.
2.17. One must also know the effect of measurement size cutoff compared to the
theoretical (Mie) size distribution. Thus, if the aerosols are well mixed in the
boundary layer, the full relationship is

[PM 2.5 ] =

"

(2.20)

#Z PBL B'ext

where Bext’ is mass extinction coefficient appropriate for a measured (truncated) size

! (ambient RH), which in case of PM means aerosols less than 2.5 µm in
distribution
2.5
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diameter (r < 1.25 µm). ΔZPBL is the thickness of the surface aerosol layer (usually
taken to be the boundary layer). Note the necessity of performing correct unit
conversion to get {PM2.5} in units of [µg/m3]. In Chapter 8, this calculation will be
performed explicitly, linking satellite-derived τ and {PM2.5} over the U.S. midAtlantic.

2.6: Global and US mid-Atlantic aerosol properties
A quick search of the ISI’s Science Citation Index (Thomson Scientific;
http://www.thomsonisi.com/) yields thousands of articles relating to ‘aerosol’,
suggesting an exhaustive survey of all aerosol-related literature is impossible.
This section provides a brief review of global and U.S. mid-Atlantic aerosol
properties in the literature.

2.6.1 Global aerosol properties
The IPCC determined that aerosols that interact with climate and radiation
include sulfate, nitrate, carbonaceous (both organic carbon and elemental/black
carbon), sea salt and dust [IPCC, 2001]. Globally, the largest ‘emitter’ of aerosols is
the ocean’s surface, emitting on the order of 5000 Tg (Tg = 1012 grams) per year
[Chin et al., 2002]. However, these are primarily coarse sized aerosols, such that they
are immediately returned to the ocean. Therefore, their number concentration
(<500m-3) and total optical depth (< 0.15) are much smaller in magnitude than values
over continents. From the continents, dust aerosol emitted mass is a distant second to
sea salt, on the order of 1600 Tg/year [Chin et al., 2002]. However, as dust arises
from much more concentrated sources (primarily topographic depressions in deserts),
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its concentrations and optical depths can be much, much higher. Values of τ > 2.0 are
not uncommon over areas near and downwind of major dust sources (e.g., Cape
Verde Islands off the coast of the Sahara desert in Africa). Like sea-salt, dust
aerosols are primarily coarse in size (r > 1.0 µm). Sea salt is hydrophilic, while most
dusts are generally hydrophobic. Single scattering albedos for sea-salt are generally
agreed to be nearly unity, whereas there is debate among the values for dust. Most
dust shows ω0 spectral dependence, from ω0<0.90 in the ultraviolet and deep blue (λ
< 0.47 µm), to ω0>0.95 in visible and near-infrared wavelengths, although it depends
on the specific source and aging of the dust. Visually, some dust is yellow, where
others are orange, or brown in color, suggesting variability of its optical properties.
Among the aerosol types considered to be clearly influenced or dominated by
anthropogenic processes, organic aerosols are next on the list for global emitted mass,
about 100-120 Tg/year [Chin et al. 2002]. Organic aerosols are emitted by biomass
burning (forest clearing for agriculture) in the tropics, and local and regional
emissions from transportation and industry. These are often separated into organic
carbon (OC) and elemental (black) carbon (EC or BC), as they represent aerosols
with very different refractive indices, densities and hygroscopic properties. OC
aerosols generally have ω0~0.95 or more, are hydrophilic, and result from complete
combustion processes. BC, often found in soot, arise from incomplete fuel
combustion processes (e.g., wood or oil heating, cooking, diesel combustion, flaming
combustion). BC may have ω0<0.5 or even ω0<<0.5, depending on the measurement
[Bond et al., 2006], and are usually hydrophobic. Most of the OC and BC mass is
contained as fine-sized aerosols. Biomass burning aerosols close to the source can be
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very dense, having τ > 2.0 or even more. In special cases, due to the extreme heating
within a burning area, these aerosols may be lofted high enough into the atmosphere
to be transported long distances.
Finally, also dominated by fine mode, are the sulfate and nitrate aerosols.
Primarily formed by oxidation of SO2 and NO2, respectively, sulfate and nitrate are
primarily the result of manmade activities. Except for emissions from biological
processes in the ocean, and emissions from low altitude volcanoes, most tropospheric
sulfate and nitrate are related to electrical generation (coal fired power plants),
industry, and agriculture (fertilizing processes). These aerosols are emitted globally
at the rate of ~40 Tg/year [Chin et al., 2002]. Easily combined with ammonium, as
ammonium sulfate or ammonium nitrate, these hydrophilic aerosols (fRH > 2 in RH >
80% conditions) have similar scattering properties (ω0>0.95). As these aerosols age,
in is not uncommon to observe τ > 1.0 in polluted conditions. In fact, much of the
particle pollution in the Eastern U.S. and Western Europe are compounds of sulfate
and nitrate.
Of course, aerosols representative of a region may be transported into other
regions. Fraser et al., [1984] attempted to measure aerosol mass transported from the
U.S. into the Atlantic, using Geostationary Satellite (GOES) satellites. Saharan dust
is found in the Caribbean [Prospero, 1996; Levy et al., 2003; Colarco et al., 2003],
whereas Asian dust and pollution is found over the United States (e.g., Chin et al.,
[2003]; Heald et al., [2006]). Also, depending on meteorology, aerosol types may be
mixed with each other, thus eliminating most distinguishing optical and physical
features. For example, eastern Asia can be a soup of dust, pollution and smoke.
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Choudhary et al., [submitted 2007] found that fine aerosols over Xianghe (southeast
of Beijing, China) during the early spring were characteristic of pollution mixed with
soot, whereas coarse aerosols indicated dust mixed with soot. They measured bulk ω0
~ 0.80, but varied widely on a daily basis.
Global simulations of aerosol in climate transport models suggest that the
largest optical depth values (τ > 0.5 on a monthly basis) are persistent over Saharan
Northern Africa and directly downwind into the eastern Atlantic Ocean. These high
values are dominated by dust. Other ‘hotspots’ of elevated τ include: over and
downwind of the Eastern U.S. and Europe (primarily sulfate), Southern Africa and
South America (OC and BC), eastern Asia (a mix of everything: dust, sulfate and
carbon), and the Indian Ocean [Ramanathan et al., 2003]. Fig. 2.4 displays a
simulation of monthly averaged τ for July 2002, provided by the Georgia TechGoddard Global Ozone Chemistry Aerosol Radiation and Transport model
(GOCART, [Chin et al., 2002]). Shown are the optical depths contributed by each
major aerosol type (dust, seasalt, OC, BC, sulfate and the grand total).
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Fig. 2.4: Global aerosol distribution. Monthly averaged τ (AOT) under ‘all sky’
conditions, simulated by GOCART for July 2002. Simulated are τ for dust,
seasalt, organic matter (OM), black carbon (BC), sulfate and total.
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2.6.2 U.S. mid-Atlantic aerosol properties
In the eastern U.S., aerosols are dominated by hydrophilic sulfate (~50%; e.g.,
[Russell et al., 1999]), with fRH (80% vs 30%) on the order of two or more (e.g.,
Kotchenruther, [1999]; Malm et al., [1994]; Gassó et al., [2003]). Deviations from
this growth factor are due to the history of the aerosol field, owing to the interaction
between sulfate with clouds as well as other aerosols. Carbonaceous (BC and OC)
represents most of the remaining aerosol fraction (e.g., Novakov et al., [1999]; Chen
et al., [2002]), with relatively small contributions from dust and seasalt. Total
annually averaged PM2.5 concentrations are on the order of 13-15 µg m-3, depending
mainly on urban density near the monitoring site. There is some indication that total
PM loadings in the region may be dropping [USEPA, 2003].
The USEPA has designated areas in the mid-Atlantic as PM supersites,
including Baltimore, Maryland. This is an ambient monitoring research program
intended to address the scientific uncertainties associated with fine particulate matter.
Most of the research concentrates on highly time resolved surface filter measurements
for mass and chemical apportionment for source determination (e.g., Ondov et al.,
[2006], Frank, [2006] and Lake et al., [2003]).
Chen et al., [2002; 2003] performed analysis and speciation of fine aerosol
(PM2.5) mass at Fort Meade, Maryland (FME, about halfway between Baltimore, MD
and Washington, D.C.) during 2000, and found that sulfate dominates in summer
(>50%), but drops to 30% in the winter and spring. Carbonaceous aerosols (both OC
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and BC) accounted for 30-45% of the aerosol mass, whereas seasalt and dust
accounted for less than 5%. Through back-trajectory and chemical analyses, Chen et
al., [2002] determined that most of the sulfate is aged and regional, arising from
upwind sources, whereas the carbonaceous aerosols are locally produced, the result of
wood burning and transportation. During heavy haze episodes, PM2.5 concentrations
can reach 45 µg m-3 or greater, such that water within the aerosol contributes >40% to
the total extinction [Chen et al., 2003]. Hains et al., [submitted, 2007] continued
analysis of speciated and total PM2.5 at FME. Another set of measurements at
Wallops Island, Virginia during the summer of 2001 [Castanho et al., 2005]
suggested that out of total measured fine particle mass at the ground, on average
~55% was sulfate, ~3% was BC, ~6% was dust, and the most of the rest was likely
composed of OC. However, sulfate can contribute nearly 70% of fine aerosol mass
during heavy regional pollution, like that observed on July 17, 2001 at Wallops
Island.
Coordinated regional intensive experiments, such as the Tropospheric Aerosol
Radiative Forcing Operational Experiment (TARFOX, [Russell et al., 1997]), the
Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS, [Smith et
al., 2005]) have shown that the bulk of aerosol is found in the planetary boundary
layer (PBL). The thickness of the PBL is governed by the strength of convection, and
it varies diurnally. During the peak of afternoon heating in the summer time, the bulk
of aerosol over mid-Atlantic is found in a PBL that is on the order of 2-3km (e.g.,
[Redemann et al., 2000; Gasso et al., 2003]). In most cases, there is some variability
of the aerosol size and aerosol complex refractive index in the aerosol layer
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[Redemann et al., 2000], suggesting that the composition of the aerosol changes with
altitude. Regular aircraft measurements, as part of the Regional Atmospheric
Measurement Modeling and Prediction Program (RAMMPP,
[http://www.atmos.umd.edu/~RAMMPP], have been made over many years, further
characterizing the vertical structure of aerosol physical and optical properties [e.g.,
Taubman et al., 2006]. Fig. 2.5 displays a photo of a haze layer, taken aboard the
University of Maryland’s (UMD) Piper Aztec. Fig. 2.6 is adapted from Taubman’s
dissertation [2004], displaying the statistics of the vertical structure of ω0 and α
measured in the mid-Atlantic (biased toward polluted conditions).

Fig. 2.5: Photograph of mid-Atlantic haze taken aboard the UMD Piper Aztec.
Picture taken by Brett Taubman.
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Fig. 2.6: Climatology of aerosol property vertical profiles measured by UMD
aircraft over the mid-Atlantic. Median values calculated every 250 m from all
morning (green, before Noon Local Standard Time, LST) and afternoon (red,
after Noon LST) profiles for A) scattering, B) absorption, C) single scattering
albedo at 0.55 µm and D) Angstrom exponent at 0.575 µm. The solid lines
indicate the 1st and 3rd quartiles of AM and PM profiles. Figure parts prepared
by Jennifer Hains and Brett Taubman.
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In heavily polluted (sulfate dominated) conditions, aerosol optical depths may
be τ>1.0. Fig. 2.7 shows a time series (June 2002-June 2003) of daily averaged τ (at
0.55 µm) from (Level 2; quality controlled) data collected from AERONET
sunphotometers at the Maryland Science Center (MD_Science_Center) in Baltimore,
compared with daily averaged surface {PM2.5} measured by an EPA Federal
Reference Monitor (FRM) also in Baltimore (Old_Town). There is a strong seasonal
dependence of τ, with maximum τ during the summer time. These values are also
associated with highest values of columnar water vapor (>4.0 cm) as derived by
AERONET [Holben et al., 2001]. Derived 440 µm -870 µm Ångstrom exponents
show large spectral dependence on average (α ~ 1.55) indicating dominance of fine
sized aerosols. There is a seasonal dependence of α, ranging from α~1.8 in the
summertime to α~1.2 in the spring. The springtime minimums may be associated
with the presence of transported Asian coarse dust aerosols [Chin et al., 2003].
Derived fine aerosol fractions (also from AERONET) also indicate seasonal
dependence, ranging from ~90% in the summertime to ~70% in the spring. The
seasonal dependence of surface {PM2.5} is also present, although it is much noisier.
Annual averaged values of τ and {PM2.5} (for one year; June 2002-May 2003) are
0.24 and 16.7 µm·m-3 (above NAAQS), respectively.
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Fig. 2.7: Daily average τ (at 0.55 µm) observed by AERONET sunphotometer
(red), compared with daily {PM2.5} from the EPA-FRM monitor (black), in
Baltimore, between June 2002 and June 2003. The yearly mean (June-May) of
each dataset are given in parentheses in the legend. The AERONET data are
Level 2 (quality controlled).

While the average and normal variability of aerosol properties is well
characterized in the region, there are cases with unexpected aerosol properties.
During CLAMS, Castanho et al., [2005] observed that dust contributed 40% of the
total fine aerosol mass at Wallops Island during an incursion of Saharan dust between
July 24 and 26, 2001. At other times, smoke from biomass burning in Canada can
flow into the region by strong northwesterly winds. For example, during July 6 and
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9, 2002, extremely dense smoke was transported at high altitudes (> 3km) from
northern Quebec [Taubman et al., 2004; Vant-Hull et al., 2005; Colarco et al., 2005].
This episode was marked by extremely high optical depth (τ > 5.0), slightly lower
than normal ω0 (~0.90) and except for one day, very little evidence for it at surface
PM monitors. As part of RAMMPP, the UMD aircraft flew during the episode, and
demonstrated that this heavy aerosol event was not a result of a stagnant summertime
air mass, the usual environment for buildup of the mid-Atlantic’s soup of sulfate and
organic carbon.
In contrast to heavy aerosol events, the UMD aircraft also has flown through
unusually light aerosol events. On August 15, 2003, much of the Eastern United
States was affected by a near total blackout of the electrical grid. This 2003 electrical
blackout event later became known as the ‘accidental experiment in atmospheric
chemistry’ [Marafu et al., 2004], providing a unique opportunity to evaluate the
contribution of power plant emissions to regional haze. With the UMD aircraft, they
measured vertical profiles of the aerosol at two locations. Marafu et al., [2004] found
that without the normal burden of power plant emissions, the relative scattering and
extinction properties of the aerosol column were substantially lower than would be
expected in similar meteorological conditions. Yet absorption remained normal.
This suggested that since local source contributions to PM (transportation and the
like) were unaffected by the blackout, carbonaceous aerosol, not sulfate, was
dominating the measured aerosol signal.
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Chapter 3: Aerosol measurement techniques
3.1: Aerosol measurement overview
Numerous techniques are used to observe and quantify aerosol physical and
chemical properties (e.g., Seinfeld and Pandis, [1998]), either in situ or by remote
sensing. Each of these techniques may be passive (operating under ambient
conditions) or active (perturbed conditions). Combined surface and airborne
measurements provide profiles of aerosol properties such as loading, size distribution,
and chemistry. For example, aerosol mass concentrations at the surface may be
measured in situ by weighing filters before and after aerosol collection. In fact, the
EPA calls for the use of the Federal Reference Method (Code of Federal Regulations
(CFR), [1997]) for the measurement of filter based, gravimetric PM2.5 mass to
determine compliance to NAAQS. Aerosol size distributions may be determined by
setting filter sizes to selectively collect aerosols of certain diameters (e.g., <2.5 µm).
These are active techniques that perturb the aerosols during collection. Subsequent
laboratory analyses can be used to determine chemical properties. Different protocols
have been used extensively in other non-NAAQS air quality monitoring projects,
such as the Speciation Trends Network (STN), [USEPA, 1999], and the Interagency
Monitoring and Protective Visual Environment network (IMPROVE), [Ames and
Malm, 2001; Malm et al., 2004]).
Other in situ techniques measure extinction of radiation, by measuring the
optical properties to infer aerosol properties. These active instruments emit radiation
into a container or filter of aerosols, collected by pumping (usually warmed and
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dried) air (containing aerosols) through an inlet. In fact, both types of instruments
were present aboard the UMD research aircraft. A nephelometer [e.g., Anderson et
al., 1996] attempts to retrieve part of the aerosol scattering phase function at one or
more wavelengths (nominally 0.45, 0.55 and 0.70 µm), by shining light into a cavity,
and measuring the signal at specific angles. The Particle/Soot Absorption Photometer
(PSAP, Radiance Research, Seattle, WA) attempts to retrieve aerosol absorption
properties by measuring the absorption of an emitted 0.565 µm light beam as it passes
through a filter subjected to ambient aerosol deposition. In either case, the aerosols
must be brought into the instrument and may be dried, de-iced, or otherwise modified
before measurement. While these in situ instruments are appropriate for measuring
properties of dry aerosols, they may not represent the properties of ambient aerosol.
Remote sensing techniques measure the ambient (undisturbed) aerosol field.
Like in situ techniques, remote sensing also includes ground based and airborne
measurements. Radiometers of various types measure different components of the
solar radiation field. The simplest technique is sunphotometry [Volz, 1959], where
the solar disc is observed through a collimator. When calibrated and pointed
properly, the sunphotometer applies the Beer-Bouger-Lambert law to accurately
measure extinction at one or more wavelengths. Water vapor, ozone and Rayleigh
effects can be removed to yield the aerosol optical depth (to within expected error of
±0.02). Fig. 3.1 displays a schematic of the sunphotometer measurement, using a
Cimel Electonique (Cimel) instrument. Spectral dependence of τ (or α) can then be
related to aerosol size distribution. Examples include the global automated Cimel
instruments of the AERosol Robotic Network (AERONET) [Holben et al., 1998;
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Holben et al., 2001], the accurate portable handheld Microtops instruments [Morys et
al., 2001; Ichoku et al., 2002b], and the Automated Airborne Tracking
Sunphotometer (AATS) [Ehasani et al., 1988; Redemann et al., 2005]. Scattered sky
radiance measurements from AERONET have been used to determine aerosol size
distributions [Kaufman et al., 1994; Nakajima et al., 1996; Dubovik and King, 2000;
Dubovik et al., 2003]. Yet, like the in situ techniques, most sunphotometer
measurements lack spatial and temporal representation. They do not operate at night.
Sunphotometer –derived τ is not necessarily representative of surface concentrations
or profiles (except when measured directly by the AATS). Also, sunphotometers
cannot determine aerosol properties in between sites.

Fig. 3.1: Schematic of a sunphotometer direct measurement of extinction of
solar radiation through the atmosphere. The instrument illustrated is the Cimel
instrument used for AERONET.
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Passive satellite sensors are uniquely able to retrieve aerosol information on a
regional and global scale [Kaufman et al., 1997a; King et al., 1999; Kaufman et al.,
2002]. Using measurements of the spectral radiance exiting the Earth system,
properties of atmospheric aerosols can be inferred, especially at certain wavelengths,
where the surface contribution or other atmospheric contributions can be neglected or
assumed. Aerosol properties are retrieved by comparing the observed radiance with a
lookup table (LUT) of radiance values simulated by radiative transfer (RT) codes.
Whitby [1978] showed that in situ aerosol size distributions are accurately modeled by
three log-normal distributions with appropriate parameters. O’Neill et al. [2001]
showed that remote sensed aerosol distributions also are log-normal. This provides a
convenient method for modeling aerosol properties in radiative transfer applications
(such as satellite remote sensing). Troposopheric aerosol properties have been
operationally retrieved from passive (non-emitting), nadir-viewing, polar-orbiting
satellite sensors, such as the Advanced Very High Resolution Radiometer (AVHRR)
[Stowe et al., 1997; Husar et al., 1997; Higurashi et al., 2000], and the Total Ozone
Mapping Sensor (TOMS) [Herman et al., 1997; Torres et al., 1998; Torres et al.,
2002], both of which have been flown on a variety of satellites over the past two
decades. Other passive sensors that are or have been used to retrieve aerosol
properties, operationally, include the family of polarization sensing instruments (e.g.,
the POLarizaiton and Directionality of the Earth’s Reflectance – POLDER, [Deuze et
al., 1997]), the family of geostationary sensors [e.g., Global Aerosol and Smoke
Product – GASP, Knapp et al., [2005]), and multi-angle instruments such as MISR
[Diner et al., 1998]. These sensors are not ideal, however, because they lack the
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temporal, spatial and/or spectral resolution necessary for deriving global and regional
scale aerosol properties.
LIght Detection And Ranging (LIDAR or lidar) is an example of ‘active’ remote
sensing capable of detecting aerosol properties. Instead of using ambient radiation, a
lidar transmits light out to a target. The light that is reflected / scattered back to the
instrument includes aerosol signal. Lidars are usually ground-based (e.g., MicroPulse Lidar – MPL [Welton et al., 2001] or Raman Lidar,
http://ramanlidar.gsfc.nasa.gov/), but may be deployed on aircraft or in space (like the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO);
http://www-calipso.larc.nasa.gov/). Lidars present a unique view of the vertical
structure of the aerosol, but their measurements are usually limited to a single thin
horizontal column and can miss plumes. For example, the resolution of CALIPSO is
only ~350 m along track.
Measurements from all instruments should all be considered for understanding the
4-dimensional (including time) properties of aerosol, globally, regionally and locally
(e.g., Kim et al., [2006]). Ideally, these measurements should be evaluated and
compared within a modeling framework to understand the physical and chemical
processes that occur with aerosols. This thesis, however, focuses on passive remote
sensing as the central to the aerosol characterization effort.
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3.2: Passive aerosol remote sensing
Passive remote sensing of ambient tropospheric aerosol properties operates on
the concept that solar radiation is modified as it interacts with the atmosphere (by
gases and aerosols) and the surface [Kaufman et al., 1997b]. The simplest conceptual
measurement is derivation of the optical depth via observation of the direct beam of
solar radiation through a collimated radiometer (known as a sunphotometer) in clear
skies (e.g., Volz, [1957]). This measurement assumes that the radiation has had little
or no interaction with the surface or clouds, and that there is minimal (or known) gas
absorption in the chosen wavelength, λ. In other words, sunphotometry is a basic
application of the Beer-Bougeur-Lambert law, in the form of:

L" (# 0 ) = F0," (# 0 ,d)exp[$% t" m t (# 0 )]

(3.1)

where L, F0, d, θ0, τt, and m are the measured solar radiance, extra-terrestial solar

!
irradiance (irradiance outside the atmosphere), ratio of the actual and average
Earth/Sun distance, solar zenith angle, total atmospheric optical depth, and total
relative optical air mass, respectively. The factor τtmt is the only unknown (the other
parameters can be calculated), and it can be further broken down as:

" t# m t = " R# m R + " a# m a + " g# m g

(3.2)

where the superscripts t, R, a and g refer to total, molecular (Rayleigh scattering),

!
aerosol and gas absorption (variably distributed gases such as H2O, O3, NO2, etc).
The relative optical air masses of each component differ due to differing vertical
distributions. The molecular portions of Eq. 3.2 are dependent only on the altitude of
the surface target, and can be accurately calculated (e.g., Bodhaine et al., [2003]) and
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the gas absorption portion, while less spatially homogenous can be reasonably
estimated. Therefore, since errors are well defined, estimation of aerosol optical
depth (τa, or hereby simplified as τ) is straightforward from a sunphotometer. Except
for instrument calibration and uncertainties due to cloud screening, estimates of

τ from sunphotometer should be within ±0.02 (e.g., Holben et al., 1998]). When
made at more than one wavelength, sunphotometers retrieve spectral (wavelength
dependent) τ, which in turn can be used to characterize the relative size of the
ambient aerosol [Eck et al., 1999; O’Neill et al., 2003].
Instead of pointing directly at the sun, collimated radiometers can be pointed
at discrete points in the sky to observe scattered sky radiance. Requiring additional
assumptions as to aerosol shape, interaction with the surface and multiple scattering
processes, properties of aerosol size distribution and scattering/extinction properties
can be retrieved from these sky radiance measurements (e.g., Nakajima et al., [1996],
Dubovik et al., [2000] and Dubovik et al., [2002b]). In essence, this technique boils
down to retrieval of the spectral aerosol scattering phase function, Pλ(Θ), from
measurements of the scattering angle dependence of the sky radiance. The scattering
angle, Θ, is defined as:

" = cos#1 (#cos$ 0 cos$ + sin $ 0 sin $ cos % ) ,

!
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(3.3)

where θ0,θ and φ are the solar zenith, target view zenith and relative solar/target
relative azimuth angles, respectively (illustrated in Fig. 3.2).

Fig. 3.2: Schematic of sun/surface/satellite remote sensing geometry, defining
the angles as viewed from the surface target. The solid lines (and curves)
represent solar zenith θ 0 and satellite view zenith θ angles (measured from the
zenith, Z). The dashed lines (and curves) represent the relative azimuth angle
φ (measured from the extension of the solar azimuth), whereas the dotted lines
(and curves) represent the scattering angle Θ (measured from the extension of
the direct beam). The Terra satellite icon is from the Earth Observatory
(http://earthobservatory.nasa.gov).

Tropospheric aerosol properties may also be retrieved from satellite
measurements of backscattered radiation [Kaufman et al., 1997a]. Instead of
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radiance, satellite algorithms make use of normalized spectral solar radiance, or
reflectance, ρλ, defined by

" # = L#

$
,
F0,# cos(% 0 )

(3.4)

assuming the atmosphere is nearly a Lambertian reflector. Because the backscattered
!
radiation
includes multiple contributions from the atmosphere and surface, reasonable

assumptions must be made to separate them. The upward spectral reflectance
observed by a satellite at the top of the atmosphere (TOA) is a function of successive
orders of radiation interactions within the coupled surface-atmosphere system. The
observed spectral reflectance results in a combination of processes, including:
scattering of radiation within the atmosphere without interaction with the surface
(known as the ‘atmospheric path reflectance’), the reflection of radiation off the
surface that is directly transmitted to the TOA (the ‘surface function’), and the
reflection of radiation from outside the sensor’s field of view (the ‘environment
function’). The environment function is neglected so that to a good approximation,
the angle dependent TOA reflectance at a wavelength λ is described by:
*
#

a
#

" ($ 0 ,$,% ) = " ($ 0 ,$,% ) +

Fd,# ($ 0 )T# ($ )" #s ($ 0 ,$,% )
1& s# " #s ($ 0 ,$,% )

(3.5),

where ρaλ represents the atmospheric path reflectance, including aerosol and

! molecular contributions, Fdλ is the ‘normalized downward flux’ for zero surface
reflectance, Tλ represents ‘upward total transmission’ into the satellite field of view,
sλ is the ‘atmospheric backscattering ratio’ (reflectance of the atmosphere for
isotropic light leaving the surface), and ρsλ is the angular ‘surface reflectance’
[Kaufman et al., 1997a]. Except for the surface reflectance, each term on the right
44

hand side of Eq. 3.5 is a function of the aerosol type (chemical composition, size
distribution) and its columnar loading τ. Assuming dark and well-defined spectral
surface reflectance, accurate measurements of TOA spectral reflectance can lead to
retrievals of spectral τ and reasonable estimates of one or more aerosol size
parameters [Tanré et al., 1996]. Note that in the context of satellite observations, the
‘target’ angles (defined in Eq. 3.5) are referred to as ‘sensor’ angles or ‘view’ angles.
In any case, the Earth’s surface is considered the vantage point. As the surface
becomes brighter, the term in the denominator approaches zero, leading to poorly
defined atmosphere-surface interactions.
In order to reduce the computational cost of difficult radiative transfer
calculations at every satellite observed pixel, most, if not all operational aerosol
retrievals from satellite make use of a lookup table (LUT). The LUT is a simulation
of the atmospheric contribution to the TOA reflectance, namely the non-surface terms
in Eq. 3.5. The LUT must be sufficiently representative of all reasonably likely
atmospheric scenarios and satellite observations. Not only must the LUT span the
real parameter space, it must have sufficient sensitivity to information contained in
the measurements.

3.3: Aerosol remote sensing from AERONET
3.3.1 AERONET retrievals of spectral τ from direct sun
Although sunphotometers have been used for decades, the products provided
by AERONET [Holben et al., 1998] are considered the state-of-the-art for consistent,
calibrated and useful spectral aerosol depth data. Operating at hundreds of sites
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globally, the AERONET sunphotometers (produced by Cimel Electonrique in France)
have been reporting at some sites since 1993 (e.g., http://climate.gsfc.nasa.gov).
‘Sun’ products are retrievals of spectral τ at several wavelengths (0.34, 0.38, 0.44,
0.67, 0.87 and 1.02 µm, and possibly others depending on instrument), resulting from
application of Eq. 3.1 to the observations of spectral extinction of the direct sunbeam.
In addition to spectral τ, AERONET provides retrievals of columnar water vapor
(PW) from a water vapor absorbing channel. Approximately every 15 minutes during
the daytime, the sunphotometer points directly at the sun, taking spectral
measurements in triplicate during a 1.5 minute span. Transmitted to GSFC in real
time, averages and standard deviations of these triplets are calculated. Cloud
screening [Smirnov et al., 2001] is performed by limiting the variability within each
triplet and compared to prior and subsequent triplets.
Level 1 (raw data averages) and Level 1.5 (cloud screened data) are provided
in near real time to the user community. Level 2 data is considered calibrated, quality
assured data, meaning that the instrument has been corrected for optical drift and the
products meet certain requirements. Since the upgrade to Level 2 requires the
instrument to be taken from the field and re-calibrated, it may not be available for
months or years after Level 1.5 is available. Currently, AERONET is going through
a re-processing of its products that will be collectively known as ‘Version 2’, but my
analyses employed the completed set of ‘Version 1’ data. For sun-derived
measurements of τ, the use of the older data should not lead to significant errors.

3.3.2 AERONET retrievals of aerosol properties from sky radiance
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In addition to the direct ‘sun’ measurements, the AERONET instruments are
programmed to observe angular distribution of sky radiance, approximately every
hour during the daytime. These ‘sky‘ measurements are made in the almucantur (a
circle made with constant zenith angle equal to solar zenith angle), and the principal
plane (line of constant azimuth angle) in at least at four wavelengths (0.44, 0.67, 0.87
and 1.02 µm), in order to observe aerosol spectral scattering. These observations are
controlled for quality, through rigorous cloud screening and requirements of
angularly symmetric radiance. Like the sun-derived AERONET products, the sky
radiance products are undergoing reprocessing to Version 2, the main difference
being improved characterization of the surface albedo around the site. This
reprocessing may lead to significant changes from Version 1 products at some sites,
however this work required the entire AERONET time series, completed as Version 1
products. Thus, this section introduces the sky-derived products of Version 1.
Sky radiance measurements are used to retrieve size distribution and
scattering/extinction properties of the ambient aerosol field using spherical aerosol
assumptions [Nakajima and King, 1990; Kaufman et al., 1994; Dubovik and King,
2000a], and more recently, non-spherical assumptions [Dubovik et al., 2002b]. By
assuming the ambient aerosol to be a homogenous ensemble of poly-disperse spheres
and randomly oriented spheroids [Dubovik et al., 2006], the algorithm retrieves the
volume distribution (dV/dlnR) for 22 radius size bins and spectral complex refractive
index (at wavelengths of sky radiances observations) that correspond to the best fit of
both sun-measured τ and almucantur sky radiances. The non-spherical fraction is
modeled with distribution of aspect ratios retrieved [Dubovik et al., 2006)] that fit
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scattering matrices of mineral dust measured in the laboratory [Volten et al. 2001].
In either case, the modeling is performed using kernel lookup tables of quadrature
coefficients employed in the numerical integration of spheroid optical properties over
size and shape. These kernel look-up tables were generated using exact T-Matrix
code [Mishchenko and Travis, 1994] and approximated geometric-optics-integral
method of Yang and Liou [1996], that was used for size or shape parameters exceeded
convergence limits of T-Matrix code. As a result the kernels cover wide range of
sizes (~0.12 ≤ 2πR/λ ≤ ~ 625) and axis ratios ε (0.3 ≤ ε ≤ 3). The usage of kernel
look-up table allows quick and accurate simulations of optical properties of spheroids
and therefore it allows using model of randomly oriented spheroids (introduced by
Mishchenko et al. [1997] for desert dust) in AERONET operational retrievals.
The retrieved size distribution and complex refractive index uniquely
determine the aerosol radiative properties of phase function (P) and single scattering
albedo (ω0), also provided as retrieved products. In addition, AERONET derives
optical properties (τ, P and ω0) and integral parameters of size distributions (volume
concentration Cv volume median radius rv and σ - standard deviation from rv),
separately for fine mode (r ≤ 0.6 µm) and coarse mode (r > 0.6 µm) of the retrieved
aerosol. Such representation of AERONET retrievals is based on the convenient
observation that the majority aerosol is bi-modal. Although the parameters Cv, rv, σ
are simulated for each mode without assuming any particular shape of size
distribution (see formulation in [Dubovik et al., 2002a]), they are analogous to
corresponding parameters of log-normal size distributions described in Section 2.1
(V0, rv, σ). In fact, the assumption of log-normality allows accurate reproduction of
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aerosol optical properties in many cases (especially those dominated by fine mode),
suggesting that these parameters represent log-normal properties of AERONET
climatology [Dubovik et al., 2002a]. To ensure large enough signal, retrievals of
optical properties from sky radiance require sun-observed ambient optical depth to be
at least 0.4 at 0.44 µm.
Retrievals from both sun and sky AERONET measurements are controlled by
rigorous calibration and cloud screening processes. The results are also constrained
by the criteria identified in sensitivity studies [Dubovik et al., 2000]. As discussed by
Dubovik et al., [2002a] these selections yield more accurate retrieval results that can
be used as ground-truth estimates (for certain aerosol properties). These products are
known as Level 2 AERONET products, and within this dissertation are designated as
‘L2A’ products. Again, it is noted the AERONET team is performing a re-processing
the entire dataset, known as ‘Version 2’ (http://aeronet.gsfc.nasa.gov) and may lead to
conclusions different from those in my thesis.

3.4: Aerosol remote sensing from MODIS
3.4.1 Characteristics of the MODIS instrument
The MODerate resolution Imaging Spectro-radiometer (MODIS) is one of the
first passive satellite radiometers to be designed with aerosols in mind [King et al.,
1993]. From polar-orbit, approximately 700 km above the surface and a ±55° view
scan, MODIS views the earth with a swath about 2330 km (schematic in Fig 3.3),
thereby observing nearly the entire globe on a daily basis (Fig. 3.4), and repeating
orbits every 16 days. MODIS measures radiance in 36 wavelength bands, ranging
from 0.41 to 14.235 µm [Salomonson et al., 1989], with on-ground spatial resolutions
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between 250 meters and 1 km. Its measurements are organized into 5 minute
sections, known as granules, each ~2300 km long. MODIS actually flies on two
NASA satellites, Terra and Aqua. Terra has a descending orbit (southward), passing
over the equator about 10:30 local sun time, whereas Aqua is in ascending orbit
(northward), so that it passes over the equator about 13:30 local sun time.

Fig. 3.3: Schematic of satellite remote sensing of the Earth, using Terra as an
example. (Figure from Earth Observatory, http://earthobservatory.nasa.gov)
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Fig. 3.4: Example of a composite MODIS ‘RGB’ image for a whole day, April 1,
2001. Images are known as ‘RGB’ or ‘True-Color’, created by merging MODIS
observations in 0.47, 0.55 and 0.66 µm.

The over-land algorithm described by Kaufman et al., [1997a], in combination
with an over-ocean algorithm [Tanré et al., 1996; Tanré et al., 1997] became the
basis for an operational algorithm for retrieving global aerosol properties from
MODIS observations. The operational algorithms are maintained by the MODIS
Data Processing System (MODAPS) at NASA Goddard Space Flight Center (GSFC)
in Greenbelt, Maryland. The MODIS Aerosol Science Team (MAST; also at NASAGSFC) is responsible for validation of the aerosol products and for updating the
‘science’ of the algorithm when necessary. The products are free and available to any
investigator.
The aerosol retrieval uses the seven wavelength bands (listed in Table 1.1),
which are all in atmospheric ‘windows’ (little or no absorption by gases). Included in
Table 3.1 are estimates of the central wavelength in each band (obtained by
integration of the channel-averaged response functions). To keep in line with
common references in the literature, MODIS channels 1, 2, 3, 4, 5, 6 and 7 are known
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in this document as the 0.66, 0.86, 0.47, 0.55, 1.24, 1.64 and 2.12 µm channels,
respectively. In addition, the aerosol algorithms make use of radiance in other
MODIS bands to help with cloud and surface screening.

TABLE 3.1: CHARACTERISTICS OF MODIS CHANNELS USED IN THE AEROSOL RETRIEVAL

Band #

Bandwidth
(µ m)

1

0.620 - 0.670

Weighted
Central
Wavelength
(µ m)
0.646

2

0.841 - 0.876

3

Resolution NeΔρ
Required
Max ρ
(m)
SNR
(x10-4)

Rayleigh
optical
depth

250

3.39

1.38

128

0.0520

0.855

250

3.99

0.92

201

0.0165

0.459 - 0.479

0.466

500

2.35

0.96

243

0.1948

4

0.545 - 0.565

0.553

500

2.11

0.86

228

0.0963

5

1.230 – 1.250

1.243

500

3.12

0.47

74

0.0037

6

1.628 – 1.652

1.632

500

3.63

0.94

275

0.0012

7

2.105 – 2.155

2.119

500

3.06

0.75

110

0.0004

Note: NeΔρ corresponds to the sun at zenith (θ = 0°)

The MODIS instrument is spectrally stable and is sufficiently sensitive to changes
in aerosol properties (e.g., Guenther et al., [2002]; Xiong et al., [2003]). The spectral
stability for each instrument is better than 2 nm (0.002 µm). The Noise equivalent
Differential Spectral Reflectance (NeΔρ) represents the sensitivity to changes in the
signal, and is an inherent property of the instrument. Signal to Noise Ratio (SNR) is
defined as the ratio of the typical scene reflectance (ρts) and NeΔρ. The NeΔρ and the
SNR specifications are given in Table 3.1. To be understood in the framework of
aerosol remote sensing, the definition of SNR should be based on the expected
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aerosol signal. Therefore, the Noise Equivalent Differential optical depth (NeΔτ) can
be defined as
Ne"# = $Ne"%

4 cos(& 0 )cos(& v )
' 0 P(()

(3.6)

where ω0 is the aerosol single scattering albedo. The least sensitivity to aerosol
!
scattering
optical depth (largest noise) is expected when both sun and satellite are at

nadir views (θ0 = θv = 0.0), the aerosol and Rayleigh phase functions are minimum
(Θ ~ 120°) and the channel used is the least sensitive (channel 7, at 2.12 µm). With a
typical phase function value of 0.08 at 120°, a typical aerosol scene requires NeΔτ ~
1.5x10-2. The 2.12 µm channel’s ‘typical scene optical depth’ (τts) is on the order of
0.01 or less, suggesting that the SNR defined by the ratio τts/NeΔτ is SNR~0.66. If
one requires that the SNR > 10 for sufficient sensitivity to aerosol variability, then a
single 500 m pixel is insufficient.
However, if individual pixels are aggregated to larger areas, say to a grid of
10x10 km2 (20 x 20 of 500 m pixels), then the noise is reduced by a factor of 400.
Instead of 0.66, the SNR becomes 266. However, since clouds and surface
inhomogenities affect aerosol retrievals, not all pixels in the aggregate box may be
suitable for aerosol retrieval. If only 5% of the 500 m pixels are suitable for retrieval,
the SNR is reduced to 13. Thus, to require SNR > 10, 10x10 km2 boxes can be safely
used as the default retrieval size [Tanré et al., 1996]. Of course if either the aerosol
signal is larger or the noise is lower, than the retrieval requires fewer pixels.
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3.4.2 Introduction to the MODIS aerosol algorithm
Since MODIS’ launch aboard Terra (in late 1999) and aboard Aqua (in early
2002), MODIS spectral reflectance observations have led to retrievals of spectral τ
and a measure of aerosol size, known as the fine weighting (FW or η), each with 10
km resolution (at nadir). Separate algorithms derive aerosol properties over ocean
and land [Remer et al., 2005], necessitated by different surface optical properties.
While this dissertation focuses on over-land aerosol retrievals, MODIS also retrieves
aerosol products over water. Because of better-constrained ocean-surface optical
properties, the algorithm used over ocean [Tanré et al., 1997; Levy et al., 2003;
Remer et al., 2005] has more sensitivity to aerosol. Later sections of this dissertation
discuss concepts of the over-ocean inversion technique that are applied to the retrieval
over land.
For either over-land or over-water retrieval, the algorithm must ensure that the
target is free of clouds, snow, ice and extreme surface variability. A number of tests
are performed to separate water bodies and land surfaces and to select appropriate
pixels for retrieval [Remer et al., 2005; MAST, 2006]. Over either surface, some of
the brightest and darkest pixels (within the 10 km box) are removed, in order to
reduce residual cloud and surface contamination effects (such as shadowing or
adjacency effects).
For both over-land and over-water, the MODIS algorithm uses a lookup table
(LUT). The LUT is derived by a radiative transfer (RT) code, to simulate the
radiative effects of a small set of aerosol types, loadings, and geometry that
presumably span the range of global aerosol conditions [Kaufman et al., 1997b]. The
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goal of the algorithm is to select which of the LUT’s simulated scenarios best
matches the MODIS-observed spectral reflectance. To retrieve realistic aerosol
properties, it is essential that the LUT represent realistic scenarios.
The original MODIS retrieval algorithms were formulated for over dark land
by Kaufman et al. [1997a] and for over water by Tanre et al., [1997]. By MODIS
launch aboard Terra (in December, 1999), the algorithm had been already revised in
order to align with actual MODIS specifications and operational needs. The
operational algorithms and products have been continuously evaluated for selfconsistency and comparability to other datasets, including AERONET [Remer et al.,
2005]. MODIS algorithms are organized by ‘versions’ (e.g., vX.Y.Z, where X
represents major ‘science’ update, Y represents minor updates, and Z represents bug
fixes or otherwise presumably small updates; see http://modisatmos.gsfc.nasa.gov/MOD04/history), whereas products are arranged as ‘collections’
(e.g., c00X, where X represents major science updates or reprocessing). After initial
review by the MODIS science team, the products were released to the public as
Collection 003. Chu et al., [2002] and Remer et al., [2002] evaluated c003 products
over land and ocean, respectively. Soon after Aqua was launched (in June 2002), the
algorithm was applied to both MODIS instruments, beginning the product dataset
known as Collection 004. In theory, the entire c004 dataset should have been derived
with a static algorithm. However, while the fundamental science assumptions
remained in place, the c004 algorithm continued to evolve. Updates were necessary
due to changes in MODIS instrument calibration, operational processing
environments, and new science (for example improved cloud masking). Remer et al.,
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[2005] describe v4.2.2 of the algorithm, (c004), which are used in this dissertation to
provide baselines for the algorithm and products.

3.4.3 MODIS aerosol retrieval: Collection 4 algorithms
As explained in the previous section, Kaufman et al., [1997b] introduced the
MODIS aerosol retrieval algorithm from MODIS. Its major assumptions and
methodology were unchanged through v4.2.2 [Remer et al., 2005] and the processing
of c004. This section summarizes the major assumptions of the c004 family of
algorithms, highlighting the assumptions that were revised during c005 algorithm
development and for this dissertation. While the focus of this dissertation is on overland aerosol retrieval of aerosol properties, I also include a short section outlining the
basic assumptions of the algorithm over ocean.
Processing of the MODIS data begins with collecting raw data (known as
Level 0), and cutting them into 5-minute chunks (known as granules) as Level 1A.
Each granule is converted into calibrated radiance/reflectance and geo-location data
(known as Level 1B or L1B). The aerosol retrieval uses calibrated reflectance data
from the seven MODIS bands listed in Table 1. These reflectance data are first
corrected (by about 1-2%) for trace gas and water vapor columns, using ‘ancillary’
data from NCEP (National Centers for Environmental Prediction) analysis [MAST,
2006]. They are organized into 10 km x 10 km boxes (e.g., 40x40 of 250 m data,
20x20 of 500m data and 10x10 of 1 km data), and separated into land and ocean
pixels. Depending on the relative dominance of either surface, the appropriate
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algorithm is assigned. Near coastlines, if any of the observed pixels are considered
land, then the over-land algorithm is followed.
Primary products for each algorithm include the total optical depth (τ) at 0.55
µm and an estimate of the fine aerosol weighting (η) to the total optical depth. At the
conclusion of either algorithm, these primary products are evaluated and given
Quality Assurance (QA) values, ranging from 0 (not to be trusted) to 3 (trustworthy).
The MODIS products include trusted and non-trusted products, it is up to the user to
determine which QA level, he or she should use. It is also noted here, that whereas
the definitions of τ are the same, the definitions of η are different for land and ocean.
This difference is explained more in detail as it relates within the dissertation.
3.4.3.1 MODIS c004 over ocean
The main premise of the over-ocean algorithm is that the ocean reflectance is
generally close to zero at red (0.66 µm) and longer wavelengths, providing a dark
background to view aerosol. If all pixels in the 10km x 10km box are identified as
water pixels, the ocean algorithm is chosen. First, obstructed pixels (cloudy-or
otherwise unsuitable for retrieval) are removed, including: those within the glint
mask (within 40° of the specular reflection angle), those flagged as cloudy [Platnick
et al., 2003; Martins et al., 2002; Gao et al., 2003], and those that contain suspended
river or other sediments [Li et al., 2003]. The remaining good pixels are sorted by
their 0.86 µm brightness. Of these, the darkest and brightest 25% are removed,
thereby eliminating residual cloud and or surface contamination. If at least 10 pixels
remain in the 10km x 10km box, then reflectance statistics for all seven channels are
calculated and used for the inversion.
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As introduced by Tanré et al. [1997], updated by Levy et al. [2003] and again
by Remer et al. [2005], the c004 over-ocean inversion attempts to minimize the
difference between the observed spectral radiance in six MODIS channels and
radiance pre-computed in a LUT. The ocean LUT models the total reflectance
observed by satellite, which includes not only aerosol contributions, but also spatially
and temporally constant atmospheric (Rayleigh) and ocean surface (chlorophyll,
foam, whitecaps and sunglint) contributions. The c004 LUT is computed by vector
RT (to include polarization effects on the radiance) for 2304 sun/surface/satellite
geometries and five total aerosol loadings, for four fine modes and five coarse modes
[Remer et al., 2005]. The inversion first interpolates the LUT to match the
sun/surface/satellite geometry of the observation. The major assumption is that the
total aerosol contribution is composed of a single fine and single coarse mode. For
each combination of fine and coarse modes (20 combinations) the inversion
determines the total spectral τ and the fine mode weighting (η) to the total τ that
minimizes the least squares difference error (ε) between the modeled and observed
spectral reflectance. The fine/coarse mode combination providing the smallest ε is
the final solution. A variety of other aerosol parameters are inferred, including the
effective radius of the aerosol size distribution.

3.4.3.2 MODIS c004 over land
Land surfaces do not provide the same uniform surface signal as the ocean.
Land surfaces are much more variable in their reflectance properties and therefore the
algorithm must include additional steps to estimate the land surface contribution to
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the satellite -observed signal. If the surface is well behaved (i.e., it is either
completely dark or its reflectance can be accurately modeled or assumed), the
atmospheric signal may be sufficiently decoupled from the combined
surface/atmosphere signal.
The aerosol retrieval over land uses spectral reflectance in four of the channels
listed in Table 3.1, specifically the 0.66, 0.86, 0.47 and 2.12 µm channels. In cloudfree regions, these bands are sensitive primarily to molecular, aerosol and surface
scattering. Preliminary steps of the retrieval include testing the spectral observations
to screen the 10 km box for clouds [Martins et al., 2002; Gao et al., 2002], snow and
ice [Li et al., 2005], and sub-pixel water bodies such as ponds or swamps [Remer et
al., 2005]. The pixels that remain are sorted by their relative reflectance (at 0.66 µm),
such that the 20% of the darkest pixels and 50% of the brightest pixels are removed.
The remaining pixels are expected to represent dark surface targets with the least
amount of contamination from clouds (including cloud shadowing) as well as surface
inhomogenieties. This means that at most, 120 pixels remain from the original 400.
The retrieval can proceed if least 12 pixels (10%; 5% of original 400 for
sufficient SNR) remain. These remaining pixels are averaged, yielding one set of
spectral (0.47, 0.66 and 2.12 µm) reflectance values that are used to the retrieve 10
km products. The first key assumption is that surface reflectance in the visible
channels (0.47 and 0.66 µm) are each fixed ratios of the surface reflectance at 2.12
µm [Kaufman et al., 1997a; Remer et al., 2005], which are denoted here as the
‘VISvs2.12’ ratios. Specifically, the c004 VISvs2.12 ratios are assumed as 0.25 for
0.47vs2.12 and 0.50 for 0.66vs2.12. These empirically derived relationships
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[Kaufman and Remer, 1994] represent the relationship of liquid water absorption and
chlorophyll reflectance in healthy vegetation [Kaufman et al., 2002], meaning that
they are expected to be valid only in vegetated and semi-vegetated regions.
Even in conditions of large numbers of coarse aerosols (such as in dustdominated regions), aerosols are assumed to be transparent to radiation at 2.12 µm
[Kaufman et al., 1997a]. This means that the surface reflectance in the visible
channels can be calculated from the observed reflectance at 2.12 µm, via the
VISvs2.12 ratios. Therefore, any difference between the satellite reflectance
(observed) and visible surface reflectance (estimated via the ratios) is due to the
radiative impacts of the impeding atmosphere (including the aerosol).
According to Remer et al. [2005], the c004 LUT contains simulations for five
aerosol types (known as ‘Continental’, ‘Urban/Industrial’, ‘Moderate
Smoke/Developing World’, ‘Absorbing Smoke’, and ‘Dust’) at 2304 angle
combinations, six τ loadings (plus τ = 0; molecular conditions), and for two channels
(the 0.47 and 0.66 µm channels). The c004 LUT was simulated with scalar radiative
transfer (RT) code, meaning that any polarization effects on the reflectance were
neglected.
The procedure begins by performing linear interpolation upon the LUT, so
that the LUT represents the exact geometry of the MODIS observation. The
algorithm selects the ‘Continental’ model [Lenoble and Brogniez, 1984] to derive an
initial estimate of the spectral τ. τ is retrieved in the two visible channels (0.47 and
0.66 µm) independently, such that the difference to the observed reflectance (the
fitting error, ε) is minimized. From the spectral dependence of τ, the two channel
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Ångstrom exponent (α) is calculated, which in turn is used to derive the relative
contribution of fine aerosol to the total τ (η) [Chu et al. 2002].
The algorithm then modifies its initial estimate of spectral τ. It selects the
appropriate fine-dominated aerosol type (choice of the ‘Urban/Industrial’, ‘Moderate
Smoke/Developing World’ or ‘Absorbing Smoke’) characteristic of the region and
season being observed [Remer et al., 2005]. The choice of aerosol type is mixed with
‘Dust’ using the previously derived fraction η. Again τ is retrieved independently for
the two visible channels (based on minimum ε). This revised retrieval of spectral τ is
known as the ‘Corrected Optical Depth.’ If the surface is elevated (e.g., a mountain),
the ‘Corrected Optical Depth’ is further corrected by adding (in the 0.47 µm channel
only), the difference in Rayleigh optical depth between the elevated surface and a sea
level surface. The final products of the over land algorithm include the spectral τ (at
0.47, 0.66 and interpolated to 0.55 µm), as well as the Fine Weighting (the fine
fraction), η. Again, it is noted the difference in land and ocean η definitions; while
over ocean η refers to fine mode weighting, over land it refers to fine model weighting
or non-dust weighting.
There are additional details of pixel selection and dark target criteria not
described here, but the reader is referred to Remer et al., [2005] and MAST, [2006] for
more discussion.

3.5: Summary
Aerosols are complicated and require a variety of measurement techniques
from different platforms (surface, airborne and satellite) to fully characterize them.
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Measurements of mass and optical properties can be made in situ with high temporal
resolution, but are only representative of aerosol properties at that site. In addition,
many in situ measurements must collect the aerosol onto a filter or into a cavity, thus
modifying the aerosol characteristics. Since the USEPA regulates dry aerosol
concentrations, the aerosols must be dried, thus further distancing from ambient
aerosol conditions. Remote sensing techniques do not modify the physical
characteristics of the aerosol, thus they have the advantage that they observe ambient
aerosol conditions. However, passive remote sensing products represent aerosol
properties integrated over a distance (e.g., the atmospheric column), so that they may
not represent the portion of aerosol (say near the surface) that effects human health
and is regulated by the USEPA.
Passive remote sensing techniques, however, should and do make use of in
situ measurements and active remote sensing (e.g., Lidars) to constrain their
algorithms and understand their results. Retrieval algorithms from measurements of
reflected sky radiance (sunphotometer) and reflected light to space (satellites) use the
physical understanding brought by other datasets to relate the aerosol’s optical
properties with the physical characteristics that affect our lives on earth’s surface.
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Chapter 4: Evaluation of MODIS c004 products
Evaluation of a satellite (or any) dataset refers to the exercise of understanding
the quality of the data under all measurement conditions. Validation implies
quantitative assessment of the measurement uncertainty. The validation process asks
questions about the precision, accuracy and consistency of the derived data products.
This dissertation focuses on consistency (Do the products represent physical
quantities with no artificial boundaries?), precision (Do the products represent small
enough increments of physical quantities?) and accuracy (Can the products be
matched with reference standards?).
The total aerosol optical depth (τ) is a physical quantity, resulting from the
interaction of a particular wavelength of radiation with a particular composition and
amount of aerosol within the atmospheric column. All remote sensing techniques are
essentially attempting to measure the same defined physical quantity. If one assumes
that sunphotometry provides the most simple and direct measurement of this quantity,
then satellite derivations of τ should be directly compared to them.
The fine weighting (FW or η) is defined differently by AERONET and by each
MODIS algorithm. By the technique of AERONEt almucantur (Version 1)
inversions [Dubovik and King, 2000], η is a ‘volume fine weighting’ or fraction of
the total volume (size) distribution contributed by fine aerosol (defined as all aerosol
of radius, r < 0.6 µm). By the technique of spectral deconvolution of AERONET sun
measurements [O’Neill et al., 2003], η is the ‘τ fine weighting’, or the fraction of
total τ resulting from the fine mode (assuming one fine mode and one coarse mode,
63

both log-normal). This η can be defined at any visible wavelength, but 0.55 µm is
chosen to be consistent with MODIS. MODIS over land defines η to be a ‘τ fine
model weighting’, or the fraction of τ contributed by fine-dominated model, where
the model is comprised of multiple lognormal modes (for example, fraction of
urban/industrial aerosol to the total aerosol, or non-dust fraction). Finally, the
MODIS over ocean algorithm defines η to be a true ‘τ fine mode weighting’, the
fraction of the total optical depth contributed by the fine (lognormal) mode. While
the definitions of η vary across products, the physical meaning of η is similar enough
that it is reasonable to compare them directly.
Unlike comparisons of MODIS and AERONET -derived τ (which is the same
physical quantity) and η, (different definitions but should be correlated), comparisons
of remotely sensed products with most other aerosol measurements are not usually as
straightforward. For example, much recent research has focused on using MODIS derived τ products to monitor surface concentrations of dry PM2.5 mass concentration
{PM2.5}, which are two completely different physical quantities. Yet, since there are
situations in which they should be comparable (when the bulk of the aerosol column
is located in the boundary layer near the surface), and much can be gained by
exploiting this relationship, regulatory agencies (e.g., the USEPA) are developing the
tools to use satellite -derived τ (including MODIS) for PM2.5 monitoring and
forecasting.
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4.1: Global validation of c004 products; comparison to
AERONET
Remer et al. [2005] attempted to validate the c004 spectral τ products on global
and regional scales, over both ocean and land. They showed that the MODIS yielded
physically reasonable values in a variety of conditions, and that that there was
sufficient sensitivity to differentiate relative aerosol load. The bulk of their validation
study was comparison with reference ground based sunphotometers (AERONET) at
over a hundred global sites. Specifically, they applied the spatial-temporal technique
of Ichoku et al. [2002a], such that the average of a 50 km x 50 km area of MODIS
products centered at the AERONET site (a 5 x 5 box = 25 retrievals at 10 km) was
compared to the average of the AERONET direct-sun measurements within one hour
of satellite overpass (normally four or five measurements). Fig. 4.1 illustrates the
validation process. Requiring cloud-free conditions (MODIS must retrieve at least 5
pixels out of 25 and AERONET must retrieve at least twice during the hour) and
quality assured data (MODIS QA=3, cloud screened AERONET L15), Remer et al.
[2005] demonstrated that MODIS retrieves τ to within the expected uncertainty over
land (Eq. 1.1). Over ocean, they found that MODIS performed to within more
stringent expected errors, except in dust regions (as shown by Levy et al., [2003]).
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Fig. 4.1: Illustration of Ichoku et al., [2002a] spatial/temporal validation
technique over a coastal AERONET site (star). The orange box is the 10 km x
10 km MODIS retrieval containing the site. Since both MODIS over-land and
over-ocean retrievals are performed in this case, both are averaged over the 50
km x 50 km domain, and will be compared with the AERONET measurements.
Any 10 km MODIS retrieval containing land is derived as land, whereas 100%
water is necessary for deriving as ocean. The tiny boxes represent the 20 x 20
original 500 m MODIS pixels within each 10 km. The time domain for
AERONET is one hour (±30 minutes of overpass)

While MODIS over-land retrievals generally compared to AERONET within
pre-launch expectations, Remer et al., [2005] found that MODIS tended to
overestimate τ for low aerosol loadings, and underestimate for high loadings (that is,
Eq. 1.2). Over ocean, they found no such consistent bias (except in conditions of dust
aerosol).
Global, long term scatterplots are informative, but they may hide systematic
errors pertaining to certain regions. Remer et al., [2005] separated the global
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scatterplot into a number of large regions, presumably each region representing a
given aerosol regime. The algorithm performed in similar fashion in most regions,
some better, some worse. Some of the poorest MODIS/AERONET comparisons
were over the land along the East Coast of the United States, where less than 60% of
the retrievals fell within expected error bars over land (between 2000 and 2002).
Retrievals over the nearby ocean were much closer, falling within the more stringent
over ocean error bars.
Kleidman et al. [2005] evaluated the MODIS fine weighting (η) products (over
ocean) in context of those retrieved from AERONET data. Generally, they found that
aerosol product over ocean has higher values (by about 0.2) than those estimated by
AERONET. Anderson et al., [2006] evaluated the retrievals of η over land and ocean
separately, in the vicinity of Japan, by comparing to in situ profiles (from
nepholometers, PSAPs and AATS) of spectral dependence (e.g., Ångstrom exponent,
α) and sub-micrometer fraction (SMF) of τ. The MODIS ocean retrievals were
systematically higher than SMF by about 0.2, suggesting that in situ measurements
indicate a systematically different relationship between fine fraction and α than what
is assumed from satellite. Over land, Anderson et al., [2006] found very little
significance to MODIS reported η values.

4.2: Evaluation of c004 over the U.S. East Coast during
CLAMS
Based on Remer et al. [2005], the MODIS -derived τ products over land were
not as accurate as expected, globally, and over the eastern United States. The
Chesapeake Lighthouse Aircraft Measurements for Satellites (CLAMS) field
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experiment offered an opportunity to evaluate some of the uncertainties of the
MODIS retrievals.
CLAMS took place from July 10 to August 2, 2001, in a combined ocean/land
region that included the Chesapeake Lighthouse (COVE) and the Wallops Flight
Facility (WFF), both along coastal Virginia [Smith Jr. et al., 2005]. This experiment
was designed mainly for validating instruments and algorithms aboard Terra,
including MODIS. Held in July and August 2001, it was expected that CLAMS
would showcase the heavy aerosol loadings common to the U.S. East Coast during
the summer.
I was deployed at CLAMS, along with other members of the MAST. One of
our objectives was to set up a network of handheld Microtops [Morys et al., 2001;
Ichoku et al., 2002b] sunphotometers, that measure spectral τ in conjunction with
baseline AERONET instruments located at Wallops and COVE, two independent
robotic instruments [Ehsani et al., 1998] at NASA’s Langley Research Center
(LaRC), and the Ames Airborne Tracking 14 Channel Sunphotometer (AATS-14;
[Redemann et al., 2005]). This network was designed primarily to test spatial
variability of aerosol properties, but also to evaluate the performance of longer
wavelength (1.6 and 2.l µm) sunphotomers (AATS-14 and Microtops) over ocean.
All sun-photometers used in this study were pre- and/or post- calibrated, and were
expected to measure optical depths with accuracy of ±0.03 or better [Holben et al.,
1998; Ichoku et al., 2002b; Russell et al., 1993; Ehsani et al., 1998]. Thus, I chose to
consider all sunphotometer measurements as one large dataset.
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Over the ocean, MODIS retrieved τ at seven wavelengths and an estimate of the
aerosol size. Over the land, MODIS retrieved τ at three wavelengths, plus very
qualitative estimates of the aerosol size. As most CLAMS sunphotometer data were
obtained near the coastline, in many cases there were both ocean and land retrievals
from MODIS that could be separately compared with sunphotometer. This
experiment was productive for the MAST, resulting in numerous papers within the
CLAMS ‘special section’ published in the Journal of Atmospheric Sciences,
including my paper [Levy et al., 2005].

4.2.1 Comparison of MODIS-derived τ with sunphotometer
As most CLAMS sunphotometer data were obtained near the coastline, in many
cases there were both ocean and land retrievals from MODIS to be compared with
sunphotometer measurements. Over the nearby ocean, MODIS -derived τ (at 0.55
µm) correlated well with sun-photometer measurements, such that nearly 86% of the
ocean points lay within ocean expected error bars, with correlation coefficients R >
0.9 and nearly one-to-one fit. Over land, however, the correlation is weak, and a
majority of MODIS retrievals are outside the expected error (Eq. 1.1). Like the
global results seen by Remer et al., [2005], MODIS over-estimates τ for low aerosol
loadings and under-estimates for higher τ. At 0.55 µm, the linear least square
regression was y=0.64x + 0.21, with correlation coefficient, R=0.6 (e.g., Fig. 1.2).
Fig. (4.2) shows a case where there is pronounced discontinuity of the MODISderived τ. Even though MODIS algorithm does not require or even expect τ to match
at the coastline, the extreme discontinuity suggests a problem with either over-land or
over-ocean algorithms. Fig. 4.3 shows τ comparisons for AERONET sites during
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CLAMS, both over ocean and over land. The black symbols represent ocean and land
separately, whereas the red shapes display τ in cases that MODIS retrieved both
ocean and land. AERONET sites along the coastline were better represented by the
ocean retrieval. In all cases, the retrieved land values were much larger (often more
than double) the ocean values. I focused on determining the cause of the poor overland retrievals.

Fig. 4.2: Illustration (and blowup) of discontinuity between MODIS over-land
and over-ocean τ 0.55 retrievals for 1 August 2001 (CLAMS). The AERONET
value at Wallops (τ 0.55 =0.08) is placed for comparison. Figure adapted from
Levy et al., [2005].
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Fig. 4.3: Comparison of MODIS over-land and over-ocean retrieved τ (at 0.66
µm) with AERONET (only). The open squares are for over-land, where the
closed dots are for over-ocean. Black shapes denote land and ocean retrievals
independent of whether the other is performed. Their regression lines are given.
Red shapes represent cases when both land and ocean retrievals were performed
for a site. Land and ocean expected errors are the green and blue dashed lines,
respectively. (Figure adapted from Levy et al. [2005].

4.2.2 Comparison of MODIS-derived η with sunphotometer
As noted above, the fine weighting (FW or η) is defined differently for different
retrieval techniques. Nonetheless, I evaluated the retrievals by comparing the size
distributions implied by η and the choice of aerosol models (or modes) from MODIS
to those retrieved by AERONET. These results were included in Levy et al., [2005].
The MODIS over ocean algorithm retrieves between two and three pieces of
information [Tanré et al., 1996]. This information includes the total τ, the choice of
71

fine and coarse modes, and the relative weighting of the two modes η. Of the three
products, only τ is expected to be accurate. In combination, the other two products
should correctly portray the observed reflectance, but may not each be individually
accurate. However, one can infer a relative aerosol size distribution that created these
products and simulates the spectral reflectance While these ‘optically equivalent’
modes have no direct conversion to size distribution units (such as µm3/µm2), they
can be normalized to yield understanding of the relative maxima and standard
deviations of the bi-modal size distribution.
The MODIS over land algorithm retrieves τ and the relative weighting η of dust
and non-dust (urban/industrial in the U.S. mid-Atlantic). While each multi-modal
aerosol model has physical size distribution units, the total retrieved size distribution
can also be normalized to understand the relative maxima and standard deviations.
Finally, for this experiment, I chose to compare the normalized ocean size
distributions against the size distributions retrieved by inverted AERONEt
almucanturs. Again, even though the AERONET size distributions represent physical
(with units) size distributions, they can be normalized as well. By assuming that all
three techniques observed similar aerosol conditions, I compared relative mean radius
and radius standard deviations from all three techniques.
Using results from spatio-temporal MODIS/AERONET matches [Ichoku et al.,
2002a], I derived a relative aerosol size distribution that represented 50 km x 50 km
boxes over AERONET sites. Averaging across all matches, I obtained the MODISderived unitless aerosol size distribution from CLAMS. Fig 4.4a visually shows
CLAMS averaged aerosol size distributions independently retrieved by the over-
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ocean (blue curve) and over-land (green curve) algorithms from MODIS, and from
AERONET almucantur radiance inversions (red curve). The size distributions show
significant differences. Although all three have fine mode peaks at approximately
0.15 µm, the AERONET fine mode peak has much smaller width or standard
deviation. The contribution to the total volume is larger for ocean than for land near
the inflection point (fine/coarse mode split at 0.6 µm), but smaller as the radius
increases over 1 µm. Because the AERONET retrievals are split into fine and coarse
mode at a radius of 0.6 µm, radii bins near 0.6 µm are not well represented.

a

b

Fig. 4.4: CLAMS-averaged ‘equal total volume’ aerosol volume distribution (a)
and ‘equal total area’ aerosol area distribution (b) from MODIS over ocean and
land separately, and from AERONET inversions. Figure from Levy et al., [2005].

The scattering effects of aerosols are best explained by estimating surface area
distributions. Fig. 4.4b is analogous to Fig. 4.4a, but plots surface area distribution,
such that each area distribution curve encloses the same total aerosol unitless surface
area. For CLAMS, the aerosol fine mode clearly dominated the area size distribution,
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presumably dominating aerosol scattering. There is, however, a small contribution
from the coarse mode (just above 0.6 µm), especially as retrieved by the ocean
retrieval.
One way to compare the size distributions is to compute the modal radius rv,
standard deviation of the modal radius σ, and the effective radius reff. We used the
strategy prescribed by AERONET (splitting at 0.6 µm) to define fine and coarse
mode. Table 4.1 shows the results of calculating average CLAMS effective radii,
modal radii and standard deviation. The AERONET and the MODIS over-ocean
algorithm’s fine mode effective radii are similar, while the MODIS over-land
algorithm represents smaller values. On the other hand, the over land’s coarse mode
effective radius agrees better with AERONET. For the total effective radius, all three
values are close, with the land and ocean retrievals are nearly identical. AERONET
retrieves slightly larger total effective radius. The largest differences are in the fine
mode standard deviation, σf.
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Table 4.1: CLAMS-averaged total, coarse mode and fine mode modal radius,
standard deviation σ, and effective radius reff calculated from MODIS over
ocean, over land and by AERONET.
PARAMETER /
MODE
Ocean algorithm
Fine
Coarse
Total
Land algorithm
Fine
Coarse
Total
AERONET
Fine
Coarse
Total

rv(µm)

σ

reff

0.178
1.870
0.327

0.718
0.724
1.258

0.136
1.498
0.178

0.143
6.166
0.708

0.746
1.137
2.081

0.108
3.334
0.183

0.149
3.657
0.493

0.410
0.696
1.638

0.138
2.849
0.214

4.3: Summary
The MODIS aerosol algorithm was formulated well before the launch of the
first MODIS sensor (aboard Terra) in December of 1999. It is actually composed of
two separate algorithms (over land and over ocean) that have been updated since
launch. The c004 land algorithm has deficiencies globally and regionally that were
noted within this chapter.
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Chapter 5: Strategies for improving aerosol retrieval
over land
Globally, regionally, and specifically for CLAMS, the MODIS c004 / sunphotometer τ regression equations over land showed significant positive offsets and
slopes less than one. The y-offset (MODIS retrieves τ when in fact there is none)
implies errors induced by assuming inappropriate surface reflectance. On the other
hand, the less than one slope implies errors in the aerosol models. For Levy et al.,
[2005], I used CLAMS data to address each of these problems and introduced
possible solutions. In a previous work [Levy et al., 2004], I had shown that the
simplified scalar RT code used to derive the c004 LUT neglected effects of
atmospheric polarization and could lead to retrieval errors. This Chapter summarizes
some of the main reasons that the over-land algorithm may be performing poorly, and
strategies for correcting the problems.

5.1: New aerosol models for improving the slope
Ichoku et al., [2003] showed that c003 MODIS retrieval errors for smoke over
Southern Africa could be significantly reduced by decreasing the assumed single
scattering albedo (ω0) from ~0.90 to ~0.85. This ‘absorbing’ model was added for
c004 and improved MODIS retrievals in Africa. However, fixing single scattering
albedo is not the correct strategy in all parts of the world. For example, the assumed
ω0 (~0.96) for the c004 urban/industrial model of Remer and Kaufman [1998] is
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appropriate over the U.S. mid-Atlantic [Vant-Hull et al., 2005; Taubman et al., 2004].
Therefore, for this region (and others), a different strategy must be prescribed.
The c004 dynamical urban/industrial aerosol model [RK-model; Remer and
Kaufman, 1998] was derived from data collected from 5 AERONET sites along the
U.S. East Coast, during the Sulfates Clouds and Radiation – Atlantic (SCAR-A)
experiment of summer 1993. After cloud screening and almucantur symmetry
determination, the method of Nakajima et al., [1996] was used to retrieve aerosol size
volume distributions from 125 sky radiance measurements. Remer and Kaufman
[1998] noted that aerosol size depended on τ, such that τ explained 60% of the
variance in the shift (growth) of the aerosol modes and the total volume distribution.
This τ dependence was denoted as a ‘dynamic’ property of urban/industrial aerosol.
Using eight years of AERONET data obtained at the GSFC site, Dubovik et
al., [2002a] developed a similar dynamic urban/industrial aerosol model based on
Dubovik and King’s [2000] almucantur inversion technique. Like the RK-model, this
so-called ‘D-model’ [Levy et al., 2005], describes a size distribution that depends on
τ. Unlike the RK-model, a tri-modal distribution, the D-model is modeled as a
combination of two lognormal distributions. Particles with radius less than 0.6 µm
belong to the fine mode and larger than 0.6 µm belong to the coarse mode.
Figs. 5.1a and 5.1b show size distributions (plotted as a function of τ at 0.44
µm, [Dubovik et al., 2002a]) of the RK-model and D-model, respectively. There are
substantial differences between the two models. The fine mode for the D-model has a
peak at a slightly smaller radius, with narrower curvature (smaller σ). The RKmodel’s coarse mode (centered around 9 µm) lack of τ dependence looks unphysical
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compared to direct observations, but the D-model seems more realistic and better
defined. The refractive indices (m) differ as well. The RK-model uses m = 1.43
+0.0035i for the accumulation modes, 1.43 + 0.0i for the marine (salt) mode, and 1.53
+ 0.008i for the coarse (dust) mode. For both fine and coarse modes, the D-model’s
refractive index is a function of τ, i.e., m = 1.41 – 0.03τ440 + 0.003i, where τ440 is the
τ at 0.44 µm. For the τ ranges displayed in Fig. 5.1, this means the real part mr ranges
between about 1.41 and 1.38, which is closer to that of water (mr=1.33) than used for
the RK-model.

Fig. 5.1: Volume size distributions for the dynamic urban/industrial models of
Remer and Kaufman [1998] (‘RK-model’) and Dubovik et al., [2002a] (‘Dmodel). Curves are monotonically increasing functions of τ at 0.44 µm. The
0.44 µm channel was selected to be consistent with the AERONET derivations.
Figure reproduced from Levy et al., [2005].

For Levy et al., [2005], I attempted to correct the less-than-one slope, by
replacing the RK-model by the D-model. I created two lookup tables, one for each
aerosol model. Using a single value of solar/surface/satellite geometry and spectral
surface reflectance for both tables, I used the Second Simulation of the Satellite
Signal in the Solar Spectrum (6S) radiative transfer code [Vermote et al., 1997b] to
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simulate apparent (satellite) reflectance as a function of τ. Fig. 5.2 (from Levy et al.,
[2005]) plots apparent reflectance in three MODIS wavelengths (0.47, 0.66 and 2.1
µm) for an example of solar/surface/satellite geometry, observed during CLAMS.
Empirical conversion from one aerosol model to another is also illustrated in Fig. 5.2.
A line of constant apparent reflectance (ρ = 0.16 in the example), describes different
values of τ for the two models. In this example, τ of 0.5 for the RK-model is
equivalent to 0.7 for the D-model. In essence, updating the assumed aerosol model
increases the MODIS-derived τ.

Fig. 5.2: Conversion from the RK-model to the D-model. Apparent (satellite)
reflectance has been calculated using 6S code. Black arrow shows conversion for
a given apparent reflectance. SZ is the solar zenith angle, SA is the solar
azimuth angle, VZ is the satellite view zenith angle and VA is the satellite view
azimuth angle, all in degrees. Figure reproduced from Levy et al., [2005].

Fig. 5.3 demonstrates how updating to the D-model could apply to the entire
CLAMS dataset. The red (at 0.66 µm) and blue (0.47 µm) solid lines are of the
regression fitted by CLAMS c004 data. Assuming that all geometry behaves like the
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example of Fig. 5.2, conversion from the RK-model to the D-model results in the red
and blue dashed lines. The slopes for the dashed lines are increased (from 0.76 to
1.23 in the blue and from 0.46 to 0.58 in the red). While not plotted, the slope of 0.55
µm would increase from 0.64 to something much closer to one. Note that the offsets
are unchanged, due to the same reflectance for both models at zero τ. This suggests
that the D-model is better than the RK-model for CLAMS. Note however, that the
assumption of a single set of geometrical conditions to represent all CLAMS’
geometries is questionable, and inclusion of angle dependence would have changed
the plot. This exercise, nonetheless, demonstrated that the retrieval technique is
sensitive to the assumed aerosol models, and that updating the aerosol models (in
other regions) may improve the MODIS products. It also suggested that AERONET
derived products could be used to better constrain the MODIS retrieval algorithm.
Other efforts (e.g [Jeong et al., 2005]) performed similar types of empirical model
‘correction’, but primarily over ocean.
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Fig. 5.3: Empirically corrected τ (AOD) over land. Solid red and blue lines are
the regression lines from Fig. 1.2. The red and blue dashed lines are the
corrected optical depths. The black lines are the expected errors plotted in Fig.
1.2. Figure reproduced from Levy et al., [2005].

5.2: Surface reflectance correction for improving the y-offset
Both measurements [Kaufman and Remer, 1994; Kaufman et al., 1997c] and
theoretical studies [Kaufman et al., 2002)] demonstrated a relationship between
visible and IR surface reflectance ρλ, for certain vegetated surfaces throughout the
globe. These are known as the c004 VISvs2.12 surface ratios, and were assumed to
be 0.25 for 0.47 µm vs 2.12 µm (0.47vs2.12) and 0.5 for 0.66 µm vs 2.12 µm
(0.66vs2.12), and assumed globally for the operational MODIS retrieval over land
[Kaufman et al., 1997a].
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Yet it is known that these ratios vary over vegetation types and exact viewing
geometry. Remer et al. [2001] measured surface reflectance aboard a low flying
aircraft, and found that the VISvs2.12 relationship depends on geometry. Generally,
the 0.66vs2.12 ratio was less than 0.5 for backscattering view angles, and greater than
0.5 for forward scattering. They also found seasonal differences that were weakly
correlated with changes in the degree of vegetation (‘greenness’) of the surface (such
as might be associated with the Normalized Differential Vegetation Index (NDVI;
e.g., Tucker, [1979])). The blue channel (0.47 µm) exhibited even greater deviations
from assumed ratios when viewed from the aircraft. Also from aircraft, Gatebe et al.,
[2001] demonstrated a bi-directional reflectance function (BRF) to the surface
reflectance relationships.
The landscape along the U.S. East Coast is heterogeneous, containing urban
areas, forests, and grassy/agricultural fields. Due to ample rainfall and proximity to
the ocean, small land water bodies (such as puddles or swamps) are also ubiquitous
and may be underneath the tree canopy. While the MODIS over land algorithm
attempts to mask even the most shallow water bodies, puddles and swamps are not
always completely masked out. Because water is nearly black (near zero reflectance)
at 2.12 µm, assuming the standard VISvs2.12 ratios would result in over-estimating
the aerosol path reflectance, contributing to the y-offsets. Indeed, some of the very
high VIS/IR points (outliers) displayed in Remer et al. [2001] were measured over
swamps or puddles in forests.

5.2.1 Atmospheric correction of CLAMS data
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What was the actual spectral surface reflectance relationship over the U.S. midAtlantic during CLAMS or over another region at a different time period? One
strategy is to assume that clean aerosol conditions lead to surface reflectance
retrievals with small atmospheric contamination. Operational algorithms for
determining MODIS surface albedo properties employ this strategy - by searching for
the cleanest cases in eight or sixteen-day periods, and assuming appropriately low τ.
However, instead of using assumptions of spectral τ, co-located sunphotometers can
provide exact values.
Atmospheric correction [Kaufman and Sendra, 1998; Kaufman, 1999] is the
process of determining the surface reflectance that would be measured if there were
no atmosphere [Kaufman et al., 1997b]. Vermote et al., [1997a] describes how the
atmospheric correction could be applied to estimate land surface properties from a
satellite. Using the MODIS spectral reflectance data as the primary input, the satellite
reflectance can be corrected for Rayleigh scattering, aerosol scattering, and coupling
between the atmospheric and surface reflectance functions. The 6S RT code includes
a module for performing atmospheric correction with MODIS data [Vermote et al.,
1997b], which includes trace gas and ozone assumptions.
I performed atmospheric correction on some CLAMS data to determine whether
the global c004 VISvs2.12 ratios were appropriate [Levy et al., 2005]. On August 1,
the AERONET instruments at both Wallops and Oyster reported very clean
(τ∼0.08 at 0.55 µm) and dry (PW~2.4 cm) conditions. Assuming the U.S. standard
mid-latitude profile [1976] for temperature, ozone gas climatology, and near zero τ at
2.1µm, 6S was used to perform atmospheric correction on Level 1B (reflectance)
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MODIS reflectance data over the CLAMS area (small box in Fig. 5.4a). Figs. 5.4b,c
and d show the resulting atmospherically corrected surface reflectance at 0.47, 0.66
and 2.12 µm respectively, on a 500 m resolution. Figs 5.4e and 5.4f show the
resulting 0.47vs2.12 and 0.66vs2.12 reflectance ratios over the same region. Note the
bright clouds (that would be masked by the MODIS algorithm) in Fig. 5.4a that carry
over to Fig. 5.4b-d as high reflectance and to Figs. 5.4e and 5.4f as high ratios. Over
much of the grassy and open agricultural regions (central peninsula), the VISvs2.12
ratios are generally lower than assumed, about 0.13 and 0.45, for 0.47vs2.12 and
0.66vs2.12, respectively. Toward the coastline, however, sandy beach shores (bright
in the visible) alternate with swampy forests (very dark at 2.12µm), both would
greatly increase the VISvs2.12 ratios, to 0.7 and 0.8, respectively. These ratios, much
higher than the assumed values, would introduce significant offsets into retrieved τ.
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Fig. 5.4: Atmospherically corrected surface reflectance a) at 0.47 μm; b) at 0.66
μm; and c) at 2.1 μm, for a small portion of the August 1, 2001 granule shown in
the RGB image. The clouds have high reflectance in the visible wavelengths, but
are not as distinct at 2.12 μm. Figure reproduced from Levy et al., 2005].

I also performed atmospheric correction on the lower resolution co-located 50 x
50 km [Ichoku et al., 2002a] MODIS/AERONET data from the clean August 1 case.
Even on this much larger scale, the VISvs2.12 ratios were higher than assumed by the
retrieval algorithm, about 0.45 and 0.63 for 0.47vs2.12 and 0.66vs2.12 respectively.

5.2.2 Application of CLAMS-derived surface reflectance
relationship
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Fig. 5.5 displays images of both the operational (c004) retrieval (a) and that
retrieved by simply increasing the assumed VISvs2.12 ratios to 0.45 and 0.63,
respectively (b). The use of the derived CLAMS ratios removes much of the τ
discontinuity over the coastline. Applying the CLAMS ratios to all CLAMS
MODIS/AERONET comparisons (where the bulk of the AERONET sites are located
near the coastline) cuts the regression y-offset in half. However, Fig. 5.5 also shows
that some of the pixels far from the coastline are not retrieved when the CLAMS
ratios are applied. Presumably, these increased ratios caused the algorithm to overcorrect for the surface and retrieve τ < 0.0 (which is screened as an unphysical value).
Thus, from this exercise, it was clear that while a new VISvs2.12 surface reflectance
assumption improves the regression of MODIS and AERONET during CLAMS (Fig.
5.6), the CLAMS -derived ratios are not applicable everywhere.

Fig. 5.5: τ at 0.55 µm for the August 1 case retrieved a) using the c004 assumed
VISvs2.12 surface reflectance ratios and b) using the CLAMS-derived VISvs2.12
ratios. The discontinuities along the coastline in a) that were mostly removed in
b). Note that some of the τ retrievals in New England are now missing.
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Fig. 5.6: Comparison of τ (at 0.47 and 0.66 µm) retrieved by MODIS-land and
by AERONET. The open symbols and dashed lines represent retrievals using
the c004 VISvs2.12 surface reflectance ratios, whereas the filled symbols and
solid lines represent retrievals using the CLAMS-derived surface reflectance
ratios. Figure reproduced from Levy et al., 2005].

5.3: Use of vector RT code for simulating polarization effects
As described previously, MODIS uses two separate algorithms to retrieve clear
sky (non-cloudy) τ over ocean and land. Both algorithms make use of lookup tables
(LUT), wherein TOA spectral reflectance (in %) is simulated by RT calculations.
Included within the RT are assumptions about the surface reflectance, molecular
scattering and aerosol scattering/absorption (functions of assumed aerosol chemical
and size parameters). I suspected that one reason for differences in the performance
of retrievals over land versus over ocean had to do with the treatment of atmospheric
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polarization within the RT codes used for the LUTs. The over-ocean algorithm
employs a vector radiative transfer code [Ahmad et al., 1982] that includes
polarization within the atmosphere, whereas the over-land algorithm assumes a scalar
RT [Dave, 1970] that neglects this effect. Under conditions of Rayleigh (molecular)
optical depth (ROD) greater than 0.1, (characteristic of wavelengths < 0.55 µm)
polarization within the atmosphere modifies the TOA radiance by 2% or more
[Mishchenko et al., 1994]. At 0.47 µm, the sea-level ROD is nearly 0.2, introducing
errors of 4% or more [Fraser et al., 1989] The addition of at least moderate τ (say
0.2) induces multiple scattering of the Rayleigh induced polarization. While aerosols
tend to depolarize radiation (reducing the relative error from neglecting polarization),
however, the increased AOT increases the TOA radiance, resulting in larger absolute
errors in scalar assumed radiance. It is the absolute error in reflectance, not the
relative error that introduces error into the retrieval of τ.
To fully describe electromagnetic radiation at the TOA, one must use the
Stokes vector, I, composed of four Stokes parameters,
I = {I, Q, U, V},

(5.1)

where the scalar I represents the intensity (radiance in units of W/m2), or reflectance
(normalized radiance), and Q, U and V describe the polarization state of the radiation.
Incoming sunlight at the TOA is unpolarized, such that I = {I,0,0,0}. However, due
to interaction with the surface and the atmosphere, reflected light at the TOA
generally becomes polarized (Q, U, and/or V are nonzero). The degree of
polarization, P, is defined as
P = (Q2 + U2 + V2)1/2 / I

(5.2)
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This means that radiation with polarization P, can be decomposed into unpolarized
and polarized components such that [Liou, 2002; Van de Hulst, 1984]:
I = IUnpol + IPol = [I(1-P),0,0,0] + [IP,Q,U,V],

(5.3)

and that intensity itself is
I = IUnpol + IPol = I(1-P) + IP.

(5.4)

If P is assumed equal to zero, this is known as the scalar approximation of RT
transfer, and results in estimating I by IUnpol. In many applications of remote sensing,
the scalar approximation is considered to be sufficient. If P is large, however,
substantial errors will be introduced by equating I with IUnpol. It was first shown by
Chandresekhar [1950] that radiance errors introduced by the scalar approximation
can exceed 10% for Rayleigh scattering. Mishchenko et al. [1994] provided
expanded discussion and formal analysis of Rayleigh scattering errors in a planeparallel atmosphere above a Lambertian surface. Their study showed that the relative
error of the TOA intensity decreased with increasing depolarization (arising from
multiple scattering for example), and/or increasing surface albedo. For Rayleigh
single scattering albedo of 1.0 (conservative scattering), maximum relative errors
were observed at (Rayleigh) optical depth near one and at scattering angles near 0°
and 90°. These findings were attributed to the unique qualities of Rayleigh scattering.
The Mishchenko et al. [1994] study did not include aerosols, nor did they address
how errors of the estimated intensity would lead to errors in remote sensing
applications, such as retrieval of τ.
For Levy et al., [2004] I employed the polarized atmospheric radiative transfer
model (RT3) of Evans and Stephens [1991]. This plane-parallel, adding/doubling
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code allows for polarization to be turned on or off by changing only one line within
an input file. Thus, it was easy to determine differences in reflectance due only to
polarization. The other inputs, including the wavelength, aerosol parameters, surface
reflectance and atmospheric profiles, were kept constant in both representations. Like
Colarco et al. [2002], I used the Mie Vector (MIEV) code [Wiscombe et al., 1980] to
compute aerosol optical properties, to be used as input to RT3. Results are presented
in the following subsections.

5.3.1 Errors in TOA spectral reflectance
For Levy et al. [2004], I simulated the ‘Continental’ aerosol model [Lenoble
and Brogniez, 1984; Kaufman et al., 1997a], composed of three lognormal modes.
Mie outputs (from MIEV), included the extinction and scattering coefficients, and
coefficients of the scattering phase matrix (calculated for 750 moments). For the
atmospheric profile (temperature, pressure, humidity), I assumed the U.S. Midlatitude summer profile [1976], at 36 levels between the surface and TOA. Aerosols
were placed within this model atmosphere as an exponential distribution, having a
scale height of 2km. I assumed the land surface to be Lambertian and very dark
vegetation (as may be found around Washington, D.C), with spectral reflectance of
0.04 and 0.08 for 0.47 µm 0.66 µm, respectively. The RODs (at sea level) are about
0.194 and 0.051 for the two wavelengths, respectively (Table 3.1). Within each layer
of the atmosphere, aerosol and molecular extinction was combined to derive spectral
τ and phase matrices, for seven discrete values of τ (at 0.55 µm) between 0.0 and 5.0.
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The TOA spectral reflectance was calculated by both the scalar and the vector
implementations of the RT3 code, for a set of 3069 sun/surface/satellite geometrical
conditions. Plotted in Fig. 5.6 are the 0.47 µm and 0.66 µm differences (vector –
scalar) in TOA reflectance, for eight geometries representative of MODIS geometry
in the tropics and midlatitudes (Table 5.1).

TABLE 5.1 SOLAR/SURFACE/SATELLITE GEOMETRY FOR EIGHT EXAMPLES

Angle /
Solar
Reference Zenith
A
B
C
D
E
F
G
H

12.00
12.00
12.00
12.00
36.00
36.00
36.00
36.00

View Zenith
6.97
52.84
6.97
52.84
6.97
52.84
6.97
52.84

Relative
Azimuth
60.00
60.00
120.00
120.00
60.00
60.00
120.00
120.00

Scattering
163.40
120.53
169.59
132.35
140.12
104.74
147.00
136.29

All units are degrees

Fig. 5.6: Difference between vector and scalar derived reflectance at the TOA,
for eight example sun/surface/satellite geometries, as a function of τ. At 0.466
µm, where the ROD = 0.194 (left). At 0.66 µm, where the ROD = 0.051 (right).
Details of the eight geometries are given in Table 5.1. Figure reproduced from
Levy et al., [2004].
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At large optical depths, the magnitude of the vector-scalar reflectance at 0.47 µm
(~0.003) is about double that at 0.66 µm (~0.0015). However, in more normal
aerosol loadings (τ = 0.25), the differences at 0.47 µm (~ 0.004) may be more than
eight times than that at 0.66 µm (~0.0008).
Fig. 5.6 also demonstrates that the sign of the vector/scalar reflectance
difference can be either positive or negative. This is mainly a result of the scattering
angle Θ, a result of the relative positions of the sun, surface and satellite (Eq. 2.5).
Fig. 5.7 displays contour plots of the vector/scalar difference as a function of solar
and view zenith geometry, for two separate relative azimuth angles (φ = 30° and
150°). Scattering angles are also plotted as contours. Generally, vector-scalar
reflectance is positive when Θ > 135° and negative when Θ < 135°. Magnitudes of
the differences increase toward 180° and 90°, similar as would be expected from
simulating a purely Rayleigh atmosphere (e.g., Lacis et al., [1998]). However, the
contours are not necessarily parallel. Because upward and downward radiation paths
are asymmetric, all angles must be considered, not just the scattering angle. Due to
the orbit of a polar orbiting satellite such as MODIS, passing the equator close to
noon, scattering angles less than 90° are rare.
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Fig. 5.7: Contour plots of the reflectance difference (vector – scalar) between
RT3 calculations of TOA 0.466 µm reflectance, as a function of view and solar
zenith angles for two different relative azimuths, for φ = 30° (left) and φ = 150°
(right). Contours of scattering angle are also plotted. In both plots, τ= 0.25 and
ROD = 0.194. Note the signs of the contours. Figure reproduced from Levy et
al., [2004].

5.3.2 Errors in τ retrieval
For the above examples of solar and satellite geometry, absolute vector-scalar
reflectance differences at 0.47 µm are often greater than 0.01, and may be as high as
0.03 for very large solar zenith angles. For the eight selected geometrical conditions
described in Table 5.1, I integrated the vector-scalar reflectance differences into the
MODIS algorithm. Fig. 5.8 plots the change in retrieved τ as a function of input τ, at
0.47 µm (a) and 0.66 µm (b). Positive differences in reflectance lead to negative
errors in the retrieved τ. In other words, if at a particular input τ, the new (polarized)
reflectance value is larger than the old (scalar) value, the retrieved τ must be lower.
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Fig. 5.8: Errors in retrieved τ (AOT), as a function of input τ, due to the neglect
of polarization in the RT formulation, for each of the sample geometries listed in
Table 5.1. Plotted are at 0.466 µm (left) and 0.660 µm (right). Figure
reproduced from Levy et al., [2004].

In most cases, the magnitude of the τ error is about ten times the magnitude of
the reflectance error. However, at some geometries and optical depths, the ratio can
be even larger. Some examples include geometries ‘F’ and ‘B’ at 0.47 µm, where the
τ error is thirty times the reflectance difference at input τ = 3.0, and for geometries
‘G’ and ‘A’, where the error is more than twenty times the difference at τ = 0.25. The
“kinks” in Fig. 5.8 are a result of numerical instability in the MODIS algorithm’s
interpolation.
Whereas the neglect of polarization can induce large errors (either positive or
negative) upon individual aerosol retrievals, it is not clear how neglecting polarization
will affect retrievals of aerosol climatology. Fig. 5.9 displays the extreme, median
and quartile values of vector-scalar differences of TOA reflectance, for the entire set
of simulated τ and geometrical conditions. Whereas the magnitude of vector-scalar
differences can be greater than 0.03 at 0.47 µm, more than half of our simulations
result in differences of 0.004 or less at this wavelength. This translates into errors of
approximately 0.04 in retrieved τ (assuming a ratio of ten to one), which is not so
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extreme. At 0.66 µm, maximum vector-scalar differences are 0.01, but most are less
than 0.002. Also plotted in Fig. 5.9 are the maximum (magnitude) reflectance
differences that would still yield τ within expected MODIS uncertainty over land,
defined here as τε =±0.05 ± 0.2τtrue [Chu et al., 2002], assuming that a 0.01 error in
reflectance leads to 0.1 error in derived τ. In more than half the simulations, the
neglect of polarization does not lead to extreme errors in retrieved τ, even at 0.47 µm.

Fig. 5.9: Maximum, minimum, median and quartile values of the difference
between vector and scalar TOA reflectance, plotted as a function of τ. Thick
curves and closed symbols represent 0.47 µm whereas thin curves and open
symbols depict 0.66 µm MODIS channels. The black dotted lines approximate
the maximum difference in reflectance that would yield τ retrieved within the
expected τ error (Δρ ~ ((0.05 + 0.2τ) / 10). Figure reproduced from Levy et al.,
2004].

Finally, Fig. 5.9 also plots the median vector-scalar reflectance difference for
the set of simulated geometry, –0.0008 for 0.47 µm and –0.0002 for 0.66 µm. These
errors would introduce approximately +0.008 and +0.002 errors upon the retrieved
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τ in the two wavelengths, respectively. These are small relative to typical τ~0.2 (over
the continents).
Next, I compared the simulated geometry to the statistics of MODIS
observation geometry over long-term and global scales. MODIS-atmosphere global
data (Level 3 Daily) includes scattering angle histogram data, that can be aggregated
into a year-long histogram. [http://modis-atmos.gsfc.nasa.gov] that includes over two
billion observations (Fig. 5.10). MODIS from Terra and MODIS from Aqua are
plotted separately as well as together. The Figure shows that the simulated geometry
is similar to the observed geometry, and may even over represent extreme angles,
suggesting that TOA reflectance errors from neglecting polarization would introduce
only a small error (~ 0.008) into a global, long term value of MODIS derived τ over
land. This means that whereas a vector code is not required for deriving aerosol
climatology, including polarization is necessary for characterizing individual aerosol
events for air quality applications.
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Fig. 5.10: Histograms of scattering angles simulated by our set of geometry
compared to scattering angles observed by MODIS throughout the course of
2003. Terra and Aqua are plotted separately and together. Figure reproduced
from Levy et al., 2004].

5.4: Additional strategies for improving MODIS aerosol
retrieval over land
The first three subsections in this chapter describe several approaches for
improving aerosol retrieval from MODIS. These were all investigated based on my
original intent to improve the algorithm for specific application over the U.S. midAtlantic. These approaches should be generally and universally applicable regionally
and globally. However, there are a number of other concepts that should be
addressed, including:
•

Consistency of the assumed wavelengths compared to response function of the
MODIS channels. The assumed wavelengths for the MODIS c004 over-land
algorithm differ from those assumed over ocean, in some channels, by up to
10 nm.
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•

Assumption of sea-level Rayleigh optical depth (ROD) as a function of the
‘correct’ MODIS channel wavelength. For the 0.47 µm channel, the overocean algorithm assumes 0.466 µm, whereas the over-land algorithm assumes
0.470 µm. This amounts to differences in assumed ROD of ~0.008.

•

Correction for (lower) Rayleigh optical depth in elevated terrain. The MODIS
over-land algorithm makes a correction for elevated terrain, by simply adding
the difference from assumed sea-level ROD, and in the 0.47 µm channel only.
Differences in Rayleigh versus aerosol phase functions may introduce errors.

•

Cloud masking and selection of statistically appropriate pixels to be used in a
10 x 10 km framework.

•

Implementation of a MODIS aerosol retrieval on a finer (urban?) scale.

The last two points were not considered for this dissertation.

5.5: A new paradigm for MODIS aerosol retrieval.
Yoram Kaufman challenged me to find a way to estimate the land surface
reflectance with higher accuracy, such that one could separate aerosol and land
surface signals based on the observed spectral dependence including that in the 2.12
µm channel. One major theoretical flaw of the c004 algorithm is that aerosol is
assumed to have no interaction with the 2.12 µm radiation. In other words, τ at 2.12
µm is assumed zero for all aerosols. For a fine-dominated aerosol such as
urban/industrial aerosol (either the Remer and Kaufman, [1998] or Dubovik et al.
[2002a] models), τ = 0.50 at 0.55 µm translates into τ ~ 0.05 at 2.12 µm. Assuming
surface reflectance VISvs2.1 ratios of 0.25 for the 0.47 µm channel and 0.5 for the

98

0.66 µm channel results in retrieval errors (τε) of 0.0125 and 0.025 for τ in the two
channels. By neglecting the information in 2.12 µm, we introduce errors in
translating surface reflectance from 2.12 µm to visible, and therefore errors in
retrieving τ in the visible. With (coarse dominated) dust, having much lower spectral
dependence, the potential errors are much larger. In the dust case (τ2.12 ~ 0.3, Fig.
2.2), neglecting 2.12 µm aerosol signal would lead to τε ~ 0.15 at 0.66 µm. However,
this bias is correctable, providing the major incentive for development of the secondgeneration operational algorithm.
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Chapter 6: Global aerosol models for the secondgeneration algorithm
Chapter 5 examined some of the sources of error in the global MODIS aerosol
retrieval (c004). The next two chapters summarize the development of the secondgeneration algorithm, expanding the concepts introduced in Chapter 5. This chapter
summarizes the derivation of new global aerosol models and optical properties [Levy
et al., 2007a]. Chapter 7 details the implementation of the new algorithm, including
parameterization of surface reflectance [Levy et al., 2007b].

6.1: Motivation
The limited wavelengths used in the MODIS algorithm over land provide rough
information about aerosol size, and can be used to estimate η (non-dust fraction).
However, since the MODIS over-land retrieval suffers from surface and other
contaminations, it is not sufficiently sensitive to aerosol ω0 or details of the size
distribution within each size range (fine or coarse). Therefore, the algorithm must
select the aerosol model apriori of the retrieval.
As described by Remer et al., [2005], the c004 over-land aerosol algorithm
selects the aerosol type (model) appropriate for a given region and season. For many
regions around the world, there was little or no information prior to launch and
algorithm development. In other words, some of the model assignments were
essentially guesses. The assumed optical properties (size and refractive index) used
for creating the LUTs were also based on very limited information. For example, the
‘Urban/Industrial’ model, derived by Remer and Kaufman [1998], was derived from
fewer than 150 AERONET almucantur measurements at six sites along the East Coast
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of the U.S, during the summertime only. The model’s optical properties were
calculated using early versions of the almucantur retrieval algorithm [Nakajima and
King, 1990; Kaufman et al., 1994]. Even though aerosol properties are different in
the winter (less water), in Europe (more absorbing) and the U.S. Midwest (larger
particles), the Remer and Kaufman [1998] East Coast summertime aerosol model was
assumed not only for the U.S. Eastern seaboard during all seasons, but to the entire
Eastern half of the U.S. and Europe.
Since the original development of the MODIS aerosol algorithm, and even
since the advent of c004 products, much has been learned about global and regional
aerosols’ physical and optical properties. Dubovik et al. [2002] analyzed AERONET
almucantur inversions at selected sites around the globe, where each site presumably
represented a different aerosol regime. Their study resulted in derivation of bilognormal aerosol models for each of these sites, which included descriptions of their
size and optical properties. For Levy et al. [2005], I applied the Dubovik et al. [2002]
version of the Urban/Industrial aerosol model derived at GSFC, and found that the
model improved retrievals of U.S. mid-Atlantic aerosol during the summer of 2001.
While these studies found unique aerosol types at each site, they did not account for
seasonal variation, nor were they necessarily representative of all AERONET sites.
Omar et al. [2005] attempted to interpret all almucantur retrievals from all
AERONET sites to determine global aerosol climatology. They performed a cluster
analysis of AERONET data and found that six aerosol models (listed as desert dust,
biomass burning, background/rural, polluted continental, marine, and dirty pollution)
represented the global AERONET dataset. These models varied mainly by their ω0
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and size parameters. Two models were representative of clean conditions (marine
and background/rural τ < 0.1). One of the remaining models (dust) was dominated by
coarse mode, whereas three were dominated by fine mode. The three fine-dominated
models varied mainly by their ω0 (biomass burning, polluted continental, and dirty
pollution). While their study determined which models were observed over each
AERONET site, it did not try to assign unique aerosol type to each site. Because of
the similarity (in physics) of remotely sensed measurements from AERONET and
satellite, the following section uses the AERONET data to distinguish regional
aerosol types.

6.2: Cluster analysis of AERONET data
Cluster analysis encompasses a number of different algorithms and methods for
grouping objects of similar kind into respective categories. A general question facing
researchers in many areas of inquiry is how to organize observed data into
meaningful structures. In other words cluster analysis is an exploratory data analysis
tool which aims at sorting different objects into groups in a way that the degree of
association between two objects is maximal if they belong to the same group and
minimal otherwise. Therefore, cluster analysis can be used to discover structures in
data without providing an explanation for why they exist at all. It is up to the
investigator to provide this explanation based on his or her theoretical understanding
of the matter. For air quality studies, clustering has been used to organize wind
backtrajectories for understanding the interaction of sources and meteorology that
contributes to polluted conditions along the U.S. mid-Atlantic [Taubman et al., 2006;
Hains et al., submitted 2007].
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The goal here is to discover patterns in AERONET data in order to determine
the properties of aerosol at a given site. For the purpose of a constrained satellite
algorithm, where the aerosol type must be known apriori to the retrieval, the final
goal is to assign an aerosol model that is appropriate in a given region. Thus, the
Omar et al. [2005] study, while it provides meaningful interpretation to aerosol
optical models, does not assign a particular model at a particular site. Therefore, I
performed a sort of ‘forced’ cluster analysis, thereby limiting the number of potential
clusters. I used the cluster analysis routines provided with the IDL (Interactive
Display Language) software version 6.1.
There were about 136,000 AERONET almucantur retrievals that were
processed as of February 2005. At that time, the AERONET retrievals did not
determine non-spherical fraction (e.g., Dubovik et al., [2006]), instead assuming that
either aerosol is 100% spherical or 100% spheroid mixture. About 13,496 spherical
and 5128 spheroid retrievals (~14%) met the minimum quality parameters suggested
by the AERONET team, including: τ0.44 > 0.4, θ0 > 45°, 21 symmetric left/right
azimuth angles, and radiance retrieval error less than 4%. Quadratic fit to the spectral
τ [Eck et al., [1999], yielded τ at 0.55 µm (τ0.55) associated with each almucantur
retrieval. In order to extract expected (dynamic) dependence of τ, (e.g., Remer and
Kaufman, [1998]), the retrievals were separated into ten equal bins of τ (having τ0.55
medians ranging between 0.28 and 1.33). Although AERONET requires τ0.44>0.40,
because of the strong spectral dependence of most aerosol types (except for dust), the
minimum bin for τ0.55 is around τ0.55=0.28. This is only slightly higher than the
lowest τ index within the operational c004 MODIS LUT (τ=0.25), so no significant
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aerosol information is lost. I clustered each τ bin separately to keep track of dynamic
(dependence on τ) properties.
Knowing that MODIS is incapable of separating similar sized aerosol types
over land, I chose to limit the number of possible aerosol types, to represent ‘low’,
‘medium’ and ‘high’ in some parameter space. Thus, the cluster analysis is allowed
to find only three clusters. It is assumed that clusters from separate τ bins can be
recombined in some way, to collectively describe the dynamical (τ dependent)
properties of a particular aerosol type.
Omar et al., [2005] showed that other than τ, unique aerosol types are
identified by parameters that represent aerosol size and absorption. Therefore, I
chose to cluster with respect to only two optical parameters: SSA (ω0) at 0.67 µm
and the asymmetry parameter (ASYM or g) at 0.44 µm, assuming that one absorption
parameter (ω0) and one size parameter (g) is sufficient to represent the entire aerosol
parameter space. Separate wavelengths were chosen to reduce the chance for finding
an artificial dust cluster due to its near-ultraviolet 0.44 µm absorption (ω0), while
noting that larger-sized aerosols are be better separated by phase function asymmetry
at the shortest wavelength (0.44 µm).
Since I ‘forced’ the cluster analysis to retrieve three distinct aerosol clusters, I
imagined that each cluster would comprise about a third (plus or minus) of the entire
AERONET population. However, the results displayed quite different characteristics,
there were two clusters with significant fraction and a third with only 11 points. This
eleven-point cluster included points with unusually low ω0 < 0.6, and/or g < 0.5,
indicating either retrieval errors or true (physically unlikely) outliers. Upon removing
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these points and re-clustering, there are now three clusters each having reasonably
similar number of points. Averaging the optical parameters within each cluster yields
three distinct spherical fine-dominated aerosol optical models.
At each AERONET site, and for each season, Fig. 6.1 (a-d) displays pie-plots
showing the percentage of the retrievals attributed to each cluster. To remove poor
statistics, only shown are pie plots at sites having at least 10 observations (per season)
during the history of AERONET, excluding the many sites that have few retrievals of

τ0.44 > 0.4 (τ0.55 >∼0.28). Green pie segments represent the weakly absorbing ω0~0.95
model (presumably urban/industrial aerosol, dominated by sulfate and OC), blue
segments are the moderately absorbing ω0~0.90 model (presumably aerosol from
forest burning and developing world processes), and red segments designate the
highly absorbing ω0~0.85 model (presumably savanna/grassland burning aerosol). At
most sites and most seasons, the aerosol type is as expected. Weakly absorbing
aerosol (green) dominates the U.S. East Coast and far western Europe, whereas
highly absorbing aerosol (red) dominates the savannas of South America and Africa.
Most other sites are either dominated by moderately absorbing aerosol (blue) or are a
mix of all clusters.
There are some surprises, however. Southeast Asia seems to be primarily
weakly absorbing aerosols, as opposed to more absorbing type assumed by Remer et
al., [2005]. Recent studies (e.g., Eck et al., [2005]) confirm that aerosol in urban
areas in far Southeast Asia are primarily weakly absorbing (ω0~0.95). A few sites in
Western Europe have large fractions of absorbing aerosol, possibly a result of heavy
diesel use.
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Fig. 6.1: Percentage (pie charts) of spherical aerosol model type (from cluster
analysis) observed at each AERONET site per season. Colors represent
absorbing (ω 0~0.85), moderately absorbing (ω 0~0.90) and weakly absorbing
(ω 0~0.95), respectively. Figure from Levy et al., [2007a].
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A similar cluster analysis was performed for the spheroid retrievals, resulting
in a single cluster sufficient for describing the spheroid-based almucantur inversions
[Dubovik et al., 2006]. Since the sites contributing to spheroid data are primarily
those known to be in dust regions, the spheroid model presumably represents coarsedominated (dust) aerosol.

6.3: Regional assignment of aerosol type
Since the MODIS aerosol retrieval over land is not sufficiently sensitive to ω0,
the expected aerosol type must be assigned a priori to the retrieval. Remer et al.,
[2005] described how assumed aerosol type was assigned to region and season for the
c004 algorithm, even where little was known about the prevailing aerosol type. For
example, MODIS assigned the same moderately absorbing smoke properties in
regions of forest fire burning (both tropical and high latitude forest) and developing
industrial regions in Eastern Europe and most of Asia. Whether the c004 boundaries
are appropriate can be evaluated by determining the dominant aerosol type
represented at each AERONET site (Fig. 6.1), and within regions.
Keeping in mind our goal of dividing the world into plausible aerosol types, a
MODIS algorithm requires that each site should have an assumed aerosol type
attached to it. The moderately absorbing aerosol type is set as the default, overwritten
only if clear dominance of one of the other two aerosol types is observed. If either
the weakly-absorbing or the absorbing aerosol occupies more than 40% of the pie,
while the other occupies less than 20%, the site is assigned to the dominant aerosol
type. For example, GSFC (39°N, 77°W) during the summer months (JJA), is 87%
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weakly-absorbing and 13% moderately absorbing, meaning the weakly-absorbing
type is assigned.
Fig. 6.2 (a-d) displays the aerosol types assigned at each site. As in Fig. 6.2,
green represents weakly absorbing, blue represents moderately absorbing and red
designates absorbing aerosol types. Most site designations seem reasonable and
expected. North America during the summer (JJA) is split between weakly absorbing
and moderately absorbing aerosol types at approximately 100°W longitude, similar to
that assumed in Remer et al., [2005]. Southern Africa during the winter season (DJF)
is solidly designated as absorbing aerosol (like was found by Ichoku et al., [2003]).
Even though Western Europe is evenly split between weakly absorbing and
moderately absorbing (except for two absorbing sites), the entire region was assigned
to ‘weakly absorbing’, deferring to that assumed by the MODIS c004 algorithm.
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Fig 6.2: Final spherical aerosol model type designated at each AERONET site
per season. Colors represent absorbing (ω 0~0.85), moderately absorbing
(ω 0~0.90) and weakly absorbing (ω 0~0.95), respectively. Figure from Levy et al.,
[2007a].
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Fig. 6.3 plots the final assignment of aerosol types around the globe, as a
function of season. Note that where possible the shapes correspond with the
clustering of AERONET sites over land. At some regions, however, some
subjectivity was needed to connect areas and draw lines. Over southeastern Asia,
high mountains are boundaries between two aerosol regimes. Over Brazil, the
boundary is near the border of Amazon forest and grasslands. Even though
insufficient data exists for Africa north of the equator, the known surface types and
seasonal cycles suggest that heavy absorbing aerosol would be produced during the
biomass-burning season. Red designates regions where the absorbing aerosol is
chosen, whereas green represents weakly absorbing aerosol. The moderately
absorbing (ω0~ 0.90) model is assumed everywhere else. These images were mapped
onto a 1° longitude x 1° latitude grid, such that a fine aerosol type is assumed for each
grid point, and each season. As new information becomes available (e.g., [Mi et al.,
submitted 2007]), these maps can be easily updated.
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Fig 6.3: Final spherical aerosol model type designated at 1° x 1° gridbox per
season. Red and green represent absorbing (ω 0~0.85) or weakly-absorbing
(ω 0~0.95) models, respectively. Moderately absorbing (ω 0~0.90) is assumed
everywhere else (as a default). Figure from Levy et al., [2007a].
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6.4: Physical and optical properties of the aerosol models
As indicated in section 6.2, the ‘forced’ AERONET clustering produced three
spherical, fine-dominated models (moderately absorbing, absorbing and weaklyabsorbing), and one spheroid, coarse-dominated type (dust). I considered these to
represent the range of expected global aerosol. By averaging the properties within
each aerosol type cluster, the physical properties of each aerosol ‘model’ are
determined. These models can be compared with the well-known ‘Continental’
model [Lenoble and Brogniez, 1984] that is used in many satellite applications,
including over-land applications of MODIS (e.g., [MAST, 2006] for aerosol and
http://modis-land.gsfc.nasa.gov for MODIS land surface products).
Fig. 6.4 shows the size distributions for the four AERONET-derived models as a
function of τ. Note the strong dynamic nature of the size properties of the
weaklyabsorbing model, consistent with urban/industrial aerosol models [Dubovik et
al., 2002; Remer and Kaufman, 1998]. While the primary product of the AERONET
almucantur inversion is the complex refractive index and the volume size distribution
dV(r)/dln(r) in 22 bins of equal log size (dlnr), the AERONET retrieval reports the set
of two lognormal modes that represent the size distribution.
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Fig 6.4: Aerosol size distribution as a function of τ (AOD) bin for the three
spherical (moderately absorbing, absorbing and weakly absorbing) and spheroid
(dust) models identified by clustering of AERONET. Figure from Levy et al.,
[2007a]

Table 6.1a displays the lognormal size parameters and refractive indices for the
four AERONET-derived models, as well as the ‘Continental’ model. For each
lognormal mode, rv is the median radius of the volume size distribution, σ is the
standard deviation of the radius, and V0 is the volume of particles per cross section of
the atmospheric column (i.e., the amplitude of the lognormal size distribution).
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TABLE 6.1: OPTICAL PROPERTIES OF THE AEROSOL MODELS USED FOR THE
OVER-LAND LOOKUP TABLE
Model

Mode

rv (µ m)

σ

V0
(µ m3/µm2)

Water
Solub

0.176

1.09

3.05

Dust

17.6

1.09

7.364

Soot

0.050

0.693

0.105

Accum

0.0203τ +
0.145
0.3364τ +
3.101

Refractive Index: k

Continental
1.53 - 0.005i; 1
1.53 - 0.006i; 2
1.53 - 0.006i; 3
1.42 - 0.01i; 4
1.53 - 0.008i; 1
1.53 - 0.008i; 2
1.53 - 0.008i; 3
1.22 - 0.009i; 4
1.75 - 0.45i; 1
1.75 - 0.44i; 2
1.75 - 0.43i; 3
1.81 - 0.50i; 4

Moderateabsorbing

Coarse

0.1365τ + 0.1642 τ0.775 1.43 - (-0.002τ+0.008)i
0.374
0.098τ + 0.729 0.1482 τ0.684 1.43 - (-0.002τ+0.008)i

Absorbing
Accum
Coarse

0.0096τ +
0.134
0.9489τ +
3.448

0.0794τ +
0.383
0.0409τ +
0.743

0.1748 τ0.891

1.51 – 0.02i

0.1043 τ0.682

1.51 – 0.02i

0.0434τ +
0.160
0.1411τ +
3.325

0.1529τ +
0.364
0.1638τ +
0.759

0.1718 τ0.821 1.42 - (-0.0015τ+0.007)i

Weakabsorbing
Accum
Coarse

0.0934 τ0.639 1.42 - (-0.0015τ+0.007)i

Spheroid/
Dust
– (0.0025τ0.132)i; 1
1.48τ
– 0.002i; 2
1.48τ—0.021 – (0.0018τ-0.08)i; 3
1.46τ—0.040 – (0.0018τ-0.30)i; 4
1.057
1.48τ—0.021 – (0.0025 τ0.132)i; 1
0.6786 τ
1.48τ—0.021 – 0.002i; 2
1.48τ—0.021 – (0.0018τ-0.08)i; 3
1.46τ—0.040 – (0.0018τ-0.30)i; 4

Accum 0.1416 τ -0.052

0.7561 τ 0.148 0.0871 τ1.026 1.48τ

Coarse

0.554 τ -0.052

2.2

—0.021

—0.021

Listed for each model are the individual lognormal modes, and the final SSA at different wavelengths. Listed for each mode
are the volume modal radius rv, standard deviation σ of the volume distribution, and total volume of the mode, V0. The complex
refractive index is assumed for all wavelengths (1,2,3 and 4 for 0.47, 0.55. 0.66 and 2.1 µm, respectively), unless otherwise
noted. The Absorbing and Moderately absorbing model parameters (rv, σ and k) are defined for τ ≤ 2.0; for τ > 2.0, we assume τ
= 2.0. Likewise, the Weakly-absorbing and Spheroid model parameters are defined for τ ≤ 1.0. V0 (for all models) is defined for
all τ.
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Theoretical scattering and absorption properties of aerosols were explained in
Chapter 2, and are defined as a function of wavelength, aerosol size and composition
(which establishes the complex refractive index). Calculation of extinction and
scattering efficiencies are accomplished by using a Mie computer program (MIEV,
[Wiscombe, 1980]). Assuming the size distribution is normalized (N0=1), Qext, Qsca
and P(Θ) for the particle population are defined by integrating the single particle
properties over the size distribution. This requires a sufficient number of Mie size
parameter (X=2πr/λ) bins (such as 300 or more that cover 0.02 < X < 2000). The
actual number of bins depends on how many are needed to represent a given accuracy
(say 99.99%) of the area distribution described by the theoretical distribution. For
non-spherical aerosol particles, a code (such as a complete or approximate T-matrix
code; [Mischenko et al., 1994, Dubovik et al., 2006] is required.
Mass and extinction properties are related through the mass extinction
coefficient, Bext. For the purpose of columnar mass M estimation, the mass
concentration coefficient (Mc) can be defined as:
1
Bext

(6.1)

M = "M c .

(6.2)

Mc =

so that
!

In reality, since the aerosol lognormal properties are dependent on τ, the extinction
!
parameters and thus Mc is also a weak function of τ. Table 6.2 lists the extinction,

scattering and mass conversion factors for the four AERONET-derived aerosol
models, along with the Continental model for comparison. In each case, τ0.55=0.5.
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TABLE 6.2: EXTINCTION/MASS PROPERTIES OF THE AEROSOL MODELS
Model
Continental
Moderately Absorbing / Developing World
Absorbing / Smoke
Weakly-absorbing / Urban-Industrial
Spheroid / Dust

ω0
0.886
0.920
0.869
0.947
0.953

Qext [ ] reff [µm] Bext [m2/g] Mc [µg/cm2]
0.621 0.293
1.5910
62.8600
1.018 0.261
2.9220
34.2230
0.977 0.256
3.5330
28.3070
1.172 0.207
3.4310
29.1460
1.339 0.680
1.4770
67.6960

Listed for each model are the single scattering albedo, extinction efficiency, effective radius, mass
extinction coefficient and mass concentration conversion factor. These parameters are calculated at
0.55 µm, for τ0.55 = 0.5. The particle density is assumed to be 1 g /cm3.

Fig. 6.5 plots properties of the four AERONET-derived aerosol models, along
with the Continental model for comparison. Figs. 6.5-d are plotted for τ0.55 = 0.5,
where Fig. 6.5b plots the spectral dependence of τ, 6.5a plots phase function at 0.55
µm, 6.5c plots the spectral dependence of ω0., and 6.5d plots the spectral dependence
of g. Note that even though the three fine-dominated models have similar τ spectral
dependence, they differ in other properties. The coarse model (spheroid-dust) has
much smaller spectral dependence than any of the fine-dominated models, and nearly
flat phase function in the 90°-180° scattering angle range observable by MODIS.
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Fig 6.5: Optical properties of the AERONET-derived models, compared with
the Continental model for τ 0.55 = 0.5. The phase function at 0.55 µm is plotted in
(a), whereas the spectral dependence of the optical depth, single scattering
albedo and asymmetry parameter are plotted in (b-d), respectively. Figure from
Levy et al., [2007a].

Fig. 6.6 compares the phase function of each of the models (also for τ0.55=0.5)
as compared to the analogous models from the MODIS c004 algorithm. Differences
are minimal (especially for the 90°-180° scattering angle range) for the weaklyabsorbing (urban/industrial) and absorbing (heavy smoke) aerosol types. A possibly
significant change is seen in the moderately absorbing (developing world/moderate
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smoke) phase function. The largest change is for the ‘dust’ model, due to assuming
spheroids instead of spheres. The differences are primarily in the MODIS-observable
scattering angle ranges, which will have a significant effect within the aerosol
retrieval. The quality of these aerosol models is evaluated in the next section.

Fig 6.6: Comparison of phase function (at 0.55 µm) between new (solid curves)
and analogous MODIS (dotted curves) aerosol models. Models are moderately
absorbing (a), absorbing (b), weakly absorbing (c), and dust (d). For all plots,
τ 0.55 = 0.5. Figure from Levy et al., [2007a].
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6.5: Optical properties and spectral τ
How well do the assigned aerosol models represent ambient aerosol at specific
AERONET sites? The time series of Level 2 ‘sun’ (extinction of direct solar
radiation) retrieved products from AERONET are independent of the ‘sky’ retrieved
products. The sun measurements cannot evaluate the assumed absorption properties,
but can validate the resulting spectral dependence of the aerosol optical depth.
Fig. 6.5b showed the spectral τ dependence of each model for τ0.55 =0.5.
Similar plots could be made from the spectral dependence indexed by other τ0.55
values. For each AERONET site, the sun-retrievals were divided into three-month
seasons (winter = DJF, spring = MAM, summer = JJA, fall = SON). The N (number
of) observations within each season were sorted according to τ0.55, where τ0.55 was
calculated by fitting a quadratic to the observed spectral τ. For given indexed value
of τ0.55 (τ = 0.25, 0.5, 1.0, 2.0), I determined which AERONET observation
contained τ0.55 closest in magnitude to the indexed value. This location was
considered the ‘central’ (C) index of the bin and all observations indexed between CN/20 and C+N/20 determined all observations considered ‘close’ to the indexed τ0.55
value. The spectral optical thickness for each bin was calculated by averaging the
spectral optical thickness for the set of observations within the bin.
Fig. 6.7 compares spectral dependence of the aerosol models with spectral
dependence at selected AERONET sites, for indexed τ0.55 = 0.5. Since MODIS
observes at many wavelengths (including 0.47, 0.55, 0.66, 0.86 and 2.12 µm bands),
the AERONET spectral τ observations (4 to 8 bands between 0.34 and 1.02 µm,
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depending on site) were interpolated to the same wavelengths. Extrapolation of
AERONET to 2.12 µm was not performed because of the great distance from 1.02
µm. Different seasons (for AERONET) are represented by different line styles. At
least one fine-dominated model, plus dust, are plotted for each site.
At Alta Floresta (9°S, 56°W), the spectral dependence in the visible
wavelengths agrees well with either the moderately absorbing or absorbing models.
The AERONET spectral dependence varies with season, and is seen most clearly at
0.86 µm. During the summer and fall, the AERONET dependence is slightly closer
to the absorbing model than the moderately absorbing, and during the winter and
spring, the moderately absorbing model provides a slightly better match to sunderived spectral τ. Therefore, the distribution of models includes this seasonal
dependence at this location.
At Cape Verde (16°N, 22°W), although the moderately absorbing finedominated model is assumed all year, coarse (dust) is expected to dominate. Plotted
for Cape Verde is the AERONET spectral τ compared with the modeled dust. Even
though the dust model is improved from that assumed by MODIS c004, my modeled
spectral dependence is still too large to properly represent dust over Cape Verde.
This means that my global dust properties may not be specifically appropriate for
Cape Verde and that separate dust models may be required at different sites. Yet,
errors between modeled and observed spectral dependence are smaller than for c004.
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Fig 6.7: Comparison of spectral τ between new models (filled shapes) and
averages of AERONET ‘sun’ measurements (dotted curves) at selected sites and
seasons, for τ 0.55 = 0.5. Different curves represent AERONET data during
different seasons. The number of observations (n) used to create each curve is
displayed in the legend. Note that there are at least two aerosol types displayed
(at least one fine-dominated type plus dust). Sites plotted are Alta Floresta (A),
GSFC (B), Mongu (C), Cape Verde (D), Beijing (E) and Venice (F). Figure from
Levy et al., [2007a].
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The weakly absorbing model (ω0 ~ 0.95) shows remarkable match to
observations at GSFC (39°N, 77°W). The only difference is seen during the winter
and spring for the lowest τ value (0.25), where the particles are known to be larger
(have less spectral dependence) than the rest of the year. Mongu (15°S, 23°E) is
another site that is well represented by its assumed aerosol type (absorbing).
Beijing (39°N, 116°E) and Venice (45°N, 12°E) are interesting because
dominant aerosol type is known to vary. Both sites are influenced by dust transport,
so that the averaged AERONET spectral dependence should lie somewhere between
the fine-dominated and coarse-dominated (dust) models. It is clear that Beijing is
mixed, and is more coarse-dominated during the winter and spring. Venice is less
often in the path of dust (from Africa) but its averaged spectral dependence shows the
addition of coarse aerosol not represented by a fine-dominated model.
The derivation of the new set of aerosol models provides important
information on characterizing the global aerosol system. Details about their
derivation are important for comparison with measurements from other sensors and
with models. These models have been implemented within the new aerosol
algorithm, and have improved the aerosol retrieval over land (Chapter 7).
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Chapter 7: The second-generation MODIS aerosol
algorithm over land.
The work described in this Chapter has been accepted as Levy et al., [2007b].

7.1: Motivation
Kaufman et al., [1997a] introduced the strategy for retrieving aerosol over land
from MODIS, based on Eq. 3.5. Except for the surface reflectance, each term on the
right hand side is a function of the Rayleigh scattering, aerosol type and aerosol
loading (τ). While Eq. 3.5 is technically valid only for a dark, uniform, Lambertian
surface, the bi-directional properties of the surface reflectance can be approximated
by the value of the surface reflectance for the relevant solar and satellite viewing
geometry [Kaufman et al., 1997a]. Assuming that a small set of aerosol types and
loadings can describe the range of global aerosol, the algorithm relies on a LUT to
determine the conditions that best mimic the MODIS-observed spectral reflectance

ρmλ, and retrieve the associated aerosol properties (including τ and η). The key to
maximal accuracy lies in making the most appropriate assumptions about both the
surface and atmospheric contributions.
Since launch, the aerosol products have been continuously monitored and the
algorithm improved and updated as required. Some of the improvements included
bug fixes, cloud masking subroutines and pixel selection. However, comparisons
with ground truth sunphotometer observations still indicated deficiencies in the
algorithm that were correctable (discussed in Chapter 5). Chapter 6 derived a set of
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new global aerosol models that are applicable to a MODIS-type retrieval algorithm.
This chapter describes the essential components of the second-generation algorithm,
performs sensitivity tests, and performs some preliminary evaluation.

7.2: MODIS and AERONET datasets
This work made extensive use of both MODIS (collection 4) and AERONET
(Version 1, Level 2) data products. For MODIS, this dataset included about ~108
MODIS retrievals (from both Terra and Aqua) over-land obtained during 2000-2005.
Of these measurements, there were about 15,000 co-locations with AERONET sundata, at over 200 global sites, co-located in time via the technique of Ichoku et al.,
[2002a]. A valid MODIS/AERONET match was noted when there at least five (out
of a possible 25) MODIS retrievals (10 km x 10 km resolution) within the box, and at
least two (out of a possible five) AERONET observations within the hour. MODIS
products included the statistics (mean, standard deviation and pixel containing
AERONET sites), spectral optical depth (τλ), the fine aerosol weighting (η), and the
gas-corrected spectral reflectances used to drive the retrieval. Co-located AERONET
products included the statistics (mean, standard deviation and closest in time to
overpass) spectral optical depths.
Although the actual products provided by MODIS and AERONET are not
necessarily physically identical, in many cases they are comparable. For example, by
fitting a quadratic equation through the logarithms of τ and wavelength, AERONET τ
can be interpolated to 0.55 µm [Eck et al., 1999] to match directly with the MODIS
retrieval. Comparison of η is trickier. Over land, MODIS considers η to be the
contribution of the fine-dominated model (the non-dust model) to the total τ, the
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AERONET sky retrievals designate η to be the volume contribution from aerosol
below a radius of 0.6 µm, whereas the O’Neill method [O’Neill et al., 2005] separates
fine and coarse aerosol by spectral behavior. Practically, however, the definitions of
η are similar enough so that they should be correlated [Kleidman et al., 2005;
Anderson et al., 2005; Chu et al., 2005].

7.3: Creating the new LUT
The derivation of new aerosol models was discussed in Chapter 6. Cluster
analysis yielded three fine-dominated, spherical, models including: a ‘weakly
absorbing’ aerosol model (ω0~0.95), presumably corresponding to urban/industrial
aerosol in the industrialized Northern Hemisphere, an ‘absorbing’ (ω0~0.85) aerosol
model found in the known sooty and/or savanna-burning regions of South America
and Africa, and a ‘moderately absorbing’ aerosol model representative of biomass
burning and incomplete fossil fuel burning in the developing world. Similar cluster
analysis of spheroid assumed retrievals yielded only one model, a coarse-dominated
model that presumably represented global dust aerosol. Each aerosol ‘model’ is
comprised of two lognormal modes, either dominated by the fine mode (the three
spherical models) or the coarse mode (the spheroid model). For each model, the
spectral dependence of τ and optical properties (scattering and extinction) were
calculated via Mie code or T-matrix code (depending on spherical or spheroid
assumptions). Based on the dominant aerosol type found during clustering, an
aerosol type was ‘assigned’ to each AERONET site (as a function of season) and then
extrapolated to include the surrounding region. These regions were mapped onto a 1°
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longitude x 1° latitude grid, such that a fine aerosol type is assigned for each grid
point, globally. As more information becomes available (for example, studies like
[Mi et al., submitted 2007]), it should be easy to update this map.

7.3.1 Choice of radiative transfer code, assumed wavelengths and
Rayleigh optical depths
The c004 (and previous MODIS over-land) LUTs were calculated using
‘SPD’, the scalar version of the RT code written by Dave et al., [1970], a code that is
standard in the remote sensing community. However, as discussed in Chapter 5,
Fraser et al. [1989] suggested and I confirmed [Levy et al., 2004] that under some
geometries, neglecting polarization would lead to significant errors in top of
atmosphere reflectance, further leading to significant errors (> 10% or > 0.1) in τ
retrieval. Dave also provided a vector (polarized) option to the code (VPD), although
the code had not been kept up to date, and was unusable. Therefore, the choice of
vector code should be well understood and suitable for creating the LUT. In scalar
mode, the RT code should be consistent with the Dave benchmark. Also, it should
reasonably match the Ahmad et al., [1982] calculations used for the over ocean
aerosol retrieval [Remer et al., 2005]. Since I had used RT3 [Evans and Stephens
[1991] for my polarization study [Levy et al., 2004], I was familiar with compiling
and executing the code, as well as analyzing its products. This plane-parallel
adding/doubling code allows for polarization to be turned on or off, by changing only
one line within an input file. Thus, it was easy to compare the results to the Dave
code’s scalar mode, and then upgrade to vector mode to include polarization effects.
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Under most geometries and optical depths, differences between the two RT codes are
less than 0.001 (~1%).
As noted in Chapter 6, the aerosol scattering phase function elements and
extinction efficiencies (that are inputs to RT3) are calculated by integrating (over size
distribution) the results of Mie code (MIEV, [Wiscombe et al., 1980]) or T-matrix
kernel code [Dubovik et al., 2002b; Dubovik et al., 2006] depending on spherical or
spheroid assumptions. Assuming a Rayleigh atmosphere and realistic layering of the
aerosol, I computed the Legendre moments of the combined Rayleigh and aerosol, for
each layer of a US Standard Atmosphere [U.S. Government, 1976]. These moments
were fed into RT3 to calculate TOA reflectance and total fluxes.
While Table 3.1 represents best estimates of MODIS central wavelengths and
expected Rayleigh optical depth (ROD) for each channel, the c004 algorithm over
land used different values. For example, the MODIS 0.47 µm band (channel 3)
stretches between 0.459 and 0.479 µm (http://modis.gsfc.nasa.gov). The sea-level
Rayleigh optical depth (ROD or τR ) drops drastically over this channel, from about
0.203 at 0.459 µm to 0.170 at 0.479 µm [Bodhaine et al., 1999]. Therefore, the
choice of ‘center’ wavelength to model and its associated ROD is crucial to obtaining
unbiased aerosol retrieval. This is also an issue for the 0.66 µm channel (channel 1:
0.620 - 0.670 µm), but since the RODs are only about one-quarter of those at 0.47
µm, any error is much less crucial. In c004, the assumed ROD was 0.186 for channel
3 and 0.048 for channel 1. The 6S RT code [Vermote et al., 1997] models the
MODIS channel filter functions, and suggests that the ROD values should be more
like 0.193 and 0.051, respectively for the two channels. The MODIS aerosol over
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ocean algorithm [Tanré et al., 1997, Ahmad et al., 1982] assumes the RODs for the
channels as 0.195 and 0.052, respectively. The assumptions for other channels (Table
3.1) are also consistent with those assumed over ocean.

7.3.2 Structure of the LUT
As introduced in Chapter 5, it is desirable that a new aerosol algorithm should
include aerosol information in the longer wavelengths (e.g., 2.12 µm). Therefore the
LUT is computed at the four weighted central wavelengths (λ of 0.466, 0.553, 0.644
and 2.119 µm) representing the MODIS channels 3, 4, 1 and 7, respectively. The
aerosol model-dependent parameters of Eq. 3.5 are calculated for several values of
aerosol total loadings (indexed by τ at 0.55 µm), and for a variety of geometry. Each
of the spherical aerosol models (Continental, moderately absorbing, absorbing and
weakly-absorbing) and the one spheroid model (dust) are represented within the LUT.
The scattering and reflectance parameters are calculated for seven aerosol
loadings (τ0.55 = 0.0, 0.25, 0.5, 1.0, 2.0 3.0, and 5.0). TOA reflectance is calculated
for 9 solar zenith angles (θ0 = 0.0, 6.0, 12.0, 24.0, 36.0, 48.0, 54.0, 60.0 and 66.0), 16
sensor zenith angles (θ = 0.0 to 65.8, approximate increments of 6.0, based on
Lobatto quadrature with 8 abscissa points (e.g.,
http://mathworld.wolfram.com/LobattoQuadrature.html)), and 16 relative azimuth
angles (φ = 0.0 to 180.0 increments of 12.0). All of these parameters are calculated
assuming a surface reflectance of zero. These are similar to the indices and geometry
calculated for c004 LUT.
When surface reflectance is present, the second term in Eq. 3.5 is nonzero.
The flux is a function only of the atmosphere, however, the atmospheric
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backscattering term, s, and the transmission term, T, are functions of both the
atmosphere and the surface. Therefore, RT3 was run two additional times with
distinct positive values of surface reflectance.

s = (1/ "1s )(1# (Fd T"1s /( " * # " a )))
(7.1)

and
s = (1/ " 2s )(1# (Fd T" 2s /( " * # " a )))

Here, values of 0.1 and 0.25 were chosen for the surface reflectances ρs1 and ρs2.

! These two equations can be solved for the two unknowns, s and T. These values of
Fd, s, and T are included within the LUT, for each indexed value of τ.

7.4: VISvs2.12 surface reflectance
When performing atmospheric retrievals from MODIS or any other passive
satellite sensor, the major challenge is separating the total observed reflectance into
atmospheric and surface contributions (e.g., Eq. 3.4), and then defining the aerosol
contribution. Over the open ocean, the surface reflectance is nearly zero in the 0.66
µm and longer wavelength channels, so that assuming negligible surface reflectance
in these channels is a good approximation. Moving from coastline onto land,
however, the surface reflectance in 0.66 µm and longer channels can be far from zero
and vary over surface type. As the land surface and the atmospheric signals are
comparable, errors of 0.01 in assumed surface reflectance can lead to errors on the
order of 0.1 in τ retrieval [Kaufman et al., 1997b]. Errors in multiple wavelengths
can lead to poor retrievals of spectral τ, which in turn are useless for estimating size
parameters.
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As discussed in Chapter 5, a single set of VISvs2.12 ratios is not globally
applicable. Some surfaces exhibit strong bi-directional reflectance functions (BRF).
Gatebe et al., [2001] flew the Cloud Absorption Radiometer at low altitudes over
different vegetated surfaces and found not only did VISvs2.12 vary by surface type,
but also as a function of angle. In fact VISvs2.12 ratios often greatly differed from
the one-to-four and one-to-two values assumed by the c004 algorithm. Also, Remer
et al., [2001] noted that VISvs2.12 varied as a function of scattering geometry. Thus,
an improved global aerosol retrieval algorithm requires estimates of surface
reflectance that include surface type and angular variability.
Application of modeled surface type and global maps of measured spectral albedo
(like those described by [Moody et al., 2004]) were explored, but they are not
necessarily representative of the directional surface reflectance. Yet, the combined
MODIS/AERONET data sets, developed since 2000, contain information that can be
used for developing empirical surface reflectance relationships. Before Terra launch
such data were unavailable.

7.4.1 Atmospheric correction of c004 MODIS/AERONET co-located
products
Atmospheric correction [Kaufman and Sendra, 1988] attempts to calculate the
optical properties of the surface, by theoretically subtracting the effects of the
atmosphere from the satellite-observed radiation field. One needs to assume the
optical properties of the intervening atmosphere, including all aerosol and nonaerosol components. In addition to knowing or assuming all atmospheric
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components, accurate radiative transfer (RT) is also required. The atmospherically
corrected surface reflectance ρsλ is calculated by re-arranging Eq. 3.5.
In order to minimize errors arising from multiple scattering by the aerosol, the
atmospheric corrections should be limited to conditions of low τ (e.g., τ < 0.2). Out
of the original 15,000 co-located MODIS/AERONET points (described in section 2),
there were over 10,000 collocations with low τ (τ0.55 < 0.2). The archive included the
‘gas absorption corrected’ MODIS-Level 2 observed reflectance (average over 50 x
50 km as well as the 10km box nearest the AERONET site), as well as AERONETobserved (L2A) spectral τλ and column water vapor depth (both averages over 1 hour,
and observation nearest in time to MODIS overpass). The closest 10 km MODIS box
and nearest AERONET observation were used for atmospheric correction. The
molecular properties of the atmosphere were assumed those of the U.S. standard
atmosphere [1976], with the Rayleigh optical depth (ROD) values scaled from sea
level values, according to the elevation/air pressure of the sunphotometer.
The relationship between the satellite-measured reflectance and the surface
reflectance is a complicated function of the atmospheric effects of scattering and
absorption by the aerosol. Previous atmospheric correction exercises assumed some
form of the Continental aerosol model (e.g., Vermote et al. [1997]) to describe both
the scattering and absorption properties. While this model may provide reasonable
simulations in channels near to 0.55 µm (such as 0.47 and 0.66 µm), it cannot be
expected to provide accurate simulations at 2.12 µm, even for low τ. For example,
for τ0.55 = 0.2, τ2.12 ranges from 0.03 to 0.16, depending on whether fine or coarse
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dominated aerosol is assumed. Thus, assuming the wrong aerosol size in the
correction procedure will lead to errors in estimating 2.12 µm surface reflectance.
Therefore, the AERONET-derived Ångstrom exponent (α) was used to decide
which aerosol type to assume. In the 4200 cases where α > 1.6, the atmospheric
correction assumed a fine-dominated model, specifically the ‘moderately absorbing’
model (ω0 ~ 0.9). When α < 0.6 (400 cases), the correction procedure assumed the
coarse-dominated model. Co-locations where 0.6 < α < 1.6 (about 6000 cases) were
not used due to uncertainties of aerosol mixing.
The atmospheric correction resulted in two datasets: surface reflectance at
three wavelengths (0.47, 0.66, 2.12 µm) for each of the two regimes (fine and coarsedominated). Separate comparison of 0.66µm versus 2.12µm and 0.47µm versus
2.12µm, for each regime indicated that their regressions differed by less than 10%
(both slope and y-offset values), suggesting to combine the two surface reflectance
datasets into one.

7.4.2 Mean values of VISvs2.12 surface reflectance relationships
Atmospheric correction was performed on the 4600 MODIS/AERONET colocations having AERONET-observed τ0.55 < 0.2 and either α < 0.6 or α > 1.6. Fig.
7.1a plots the regressions of corrected 0.47 µm and 0.66 µm surface reflectance, each
versus the corrected 2.12 µm surface reflectance. Note both slope and y-offset. The
presence of the y-offset is important, because even in the darkest, most water-laden
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vegetation, zero reflectance at 2.12 µm does not imply zero surface reflectance in the
visible channels (e.g., Kaufman et al., [2002]).

Figure 7.1: Atmospherically corrected surface reflectance in the visible (0.47
and 0.66 µm channels) compared with that in the 2.12 µm SWIR channel (top),
and the 0.47µm compared with that in the 0.66 µm channel (bottom). (Figure
adapted from Levy et al., [2007b])
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Correlation (R) values are 0.93 for the 0.66vs2.12 µm channel regression, but
only about 0.75 for 0.47vs2.12. For 0.47vs2.12, including the offset (about +0.011)
yields a slope close to one-quarter (0.258). For 0.66vs2.12, the offset is near zero, but
the slope is greater than one-half (0.55). Thus in a mean sense, atmospheric
correction of MODIS data yields VISvs2.12 surface reflectance relationships that
differ from the assumed c004 VISvs2.12 ratios.
The relationship of 0.47 to 0.66 µm (‘0.47vs0.66’) may be stronger than
0.47vs2.12 because it has higher correlation (R = 0.87) and less scatter (Fig. 7.1b).
This suggests that the 0.47 µm surface reflectance should be estimated indirectly via
0.66 µm, rather than directly from 2.12 µm. In other words, the algorithm should first
estimate 0.66 µm from 2.12 µm, then estimate 0.47 µm from 0.66 µm, i.e.
s
s
" 0.66
= f ( " 2.12
)
s
s
" 0.47
= g( " 0.66
)

,

(7.2)

where f() and g() are different relationships. To test whether the relationships shown
!
in Fig. 7.1 are dependent on the formulation data set, similar regressions were
performed on a subset of the data where AERONET-measured τ < 0.1 (2508 cases).
The results show differences in both slope and y-offset of less than 1%, suggesting
that the average VISvs2.12 relationship (displayed in Fig. 7.1) is robust.

7.4.3 Variability of VISvs2.12 surface reflectance relationships:
Angle
However, Fig. 7.1 shows that the VISvs2.12 surface reflectance relationship
displays large scatter. For example, if surface reflectance is 0.15 at 2.12 µm,
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applying the regressed relationships of 0.66vs2.12 and 0.47vs0.66 results in estimates
of surface reflectance of 0.083±0.03 at 0.66 µm and 0.050±0.03 at 0.47 µm.
Obviously, this could result in very large errors in retrieved τ, on the order of 0.3 or
more. Therefore, to reduce the scatter we look for dependencies on other parameters
to refine the relationships.
The VISvs2.12 surface reflectance relationships are angle dependent [Remer
et al., 2001]; Gatebe et al., 2001; Lypustin et al., 2001]. Out of different possible
angle parameters (solar zenith angle, sensor zenith angle, glint angle or scattering
angle), the scattering angle has the largest individual influence on the VISvs2.12
relationship.
The Fig. 7.1 data were sorted according to scattering angle and put into 20 groups
of equal size (about 230 points for each scattering angle bin). Fig. 7.2a displays the
median values of surface reflectance in each bin as a function of scattering angle, and
shows a definite relationship at 2.12 µm, less at 0.66 µm, and nearly none at 0.47 µm.
Since Fig. 7.1 noted a slope and y-offset for both VISvs2.12 relationships, I suspected
that slope and offset might depend on scattering angle. Fig. 7.2 (b-d) plots the slope,
y-offset and correlation of the surface reflectance relationships calculated in each
scattering angle bin and plotted as a function of scattering angle. The 0.66vs2.12
regression slope (r0660 in the Figure) shows dependence on scattering angle, whereas
the 0.47vs0.66 regression slope (rVIS in the Figure) shows nearly none. Both yintercepts show strong dependence on scattering angle.
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Figure 7.2: VISvs2.12 surface reflectance relationships as a function of
scattering angle. The data were sorted according to scattering angle and put
into 20 groups of equal size (about 230 points for each scattering angle bin). On
all subplots, each point is plotted for the median value of scattering angle in the
bin. Part (a) plots median values of reflectance at each channel as a function of
the scattering angle. Linear regression was calculated for the 230 points in each
group. The slope of the regression (for each angle bin) is plotted in (b), the yintercept is plotted in (c) and the regression correlation is plotted in (d). Note for
(b), (c) and (d) that 0.47 µm vs 2.12 µm (r0470) is plotted in blue, 0.66 µm vs
2.12 µm (r0660) is plotted in red and 0.47 vs 0.66 µm (rvis) is plotted in green.
Figure adapted from Levy et al., [2007].
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7.4.4 Variability of VISvs2.12 surface reflectance relationships:
Surface type and NDVISWIR
Because AERONET sites are located in different surface type regimes, it
could be expected that the VISvs2.12 surface relationships will vary based on surface
type and/or season. Using the International Geosphere/Biosphere Programme’s
(IGBP) scene map of USGS surface types and formatted for MODIS validation
(http://edcdaac.usgs.gov/modis/mod12c1v4.asp), scene type of the
MODIS/AERONET validation box was determined. Urban and non-urban retrievals
were separated and grouped into season (winter or summer) and into general location
(mid-latitude or tropical). Different surface types display different VISvs2.12
relationships. Generally, more vegetated surfaces (midlatitude summer sites both
urban and nonurban) have higher 0.66vs2.12 surface reflectance ratios (ratio > 0.55)
than winter sites or tropical savannas and grasslands (ratio < 0.55). Except for the
urban sites during summer (ratio ~ 0.766), the 0.47vs0.66 surface reflectance ratio is
relatively consistent (ratio ~ 0.52). The relationship of the surface reflectance ratios
to known surface condition suggests a relationship to its vegetation amount/condition
or ‘greenness.’
Except for urban areas, most surfaces seem to have VISvs2.12 surface
reflectance relationships that may be related to a vegetation index (VI). The wellknown Normalized Difference Vegetation Index (NDVI), defined as a function of the
red (0.66 µm – channel 1) and near-IR (0.86 µm – channel 2), are influenced by
aerosol, negating its usefulness for determining surface type. We attempted to work
with other VIs (such as described by Karnieli et al., [2000]) that have different
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sensitivity to atmospheric (aerosol) conditions, and found the most promising to be
the NDVISWIR, defined as:
m
m
m
m
NDVISWIR = ( "1.24
# " 2.12
) /( "1.24
+ " 2.12
)

(7.3)

where ρ1.24 and ρ2.12 are the MODIS-measured reflectances of the 1.24 µm channel
!
(MODIS channel 5) and the 2.12 µm channel (channel 7). These longer wavelengths
are much less influenced by aerosol (except for heavy aerosol or dusts), and thus are
potentially most useful for estimating surface condition. This VI is also known as
NDVIMIR (Mid-InfraRed) (e.g., Karnieli et al., [2000]). In aerosol free conditions
NDVISWIR is highly correlated with regular NDVI. A value of NDVISWIR > 0.6 is
relative to more active vegetation, whereas NDVISWIR < 0.2 is representative of
dormant or sparse vegetation. Fig. 7.3 plots the relationship of the 0.66 µm channel
and 2.12 µm channel (atmospherically corrected) surface reflectance relationship for
non-urban sites, as a function of low, medium and high values of NDVISWIR. As the
NDVISWIR increases, the ratio between 0.66 µm and 2.12 µm surface reflectance
increases.
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Figure 7.3: 0.66 µm versus 2.12 µm surface reflectance as a function of bins of
NDVISWIR values. The standard regression is plotted, with regression Eq.s given
in the lower right hand corner. The ratios (if forced through zero) are given
beneath the legend. Blue refers to low NDVISWIR, red to medium and green to
high values. Figure from Levy et al., [2007b]

7.4.5 Final parameterization of VISvs2.12 surface reflectance
relationships
Results of the global atmospheric correction exercise imply that not only do
the VISvs2.12 surface relationships differ from the ratios assumed by the c004
algorithm, they also have a strong dependence on both geometry and surface type.
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Therefore, the VISvs2.12 surface reflectance relationship is parameterized as a
function of both NDVISWIR and scattering angle Θ, such that Eq. (7.2) can be
expanded into:
s
s
s
" 0.66
= f ( " 2.12
) = " 2.12
* slope0.66 / 2.12 + yint 0.66 / 2.12
and

(7.4)

s
s
s
" 0.47
= g( " 0.66
) = " 0.66
* slope0.47 / 0.66 + yint 0.47 / 0.66

!

where
NDVI SWIR
slope0.66 / 2.12 = slope0.66
/ 2.12 + 0.002" # 0.27,
yint 0.66 / 2.12 = #0.00025" + 0.033,
slope0.47 / 0.66 = 0.49,and
yint 0.47 / 0.66 = 0.005

!

(7.5)

where in turn
NDVI SWIR
slope0.66
/ 2.12 = 0.48;NDVI SWIR < 0.25,
NDVI SWIR
slope0.66
/ 2.12 = 0.58;NDVI SWIR > 0.75

(7.6)

NDVI SWIR
slope0.66
/ 2.12 = 0.48 + 0.2(NDVI SWIR - 0.25);0.25 " NDVI SWIR " 0.75

!

If the relationships described by Fig. 7.1 are considered global average
relationships, then the above parameterization describes perturbations for angle and
land type. Note that while the parameterization is based on the results of Figs. 7.1,7.2
and 7.3, the coefficients are not identical to those shown in the Figures. Even though
the atmospheric corrected data set is the broadest and most comprehensive
representation of global surface reflectance relationships, it is limited to AERONET
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site locations, which in turn are mostly concentrated in certain geographical regions
(http://aeronet.gsfc.nasa.gov). Trial and error was used to modify the basic results
from the AERONET-based atmospheric correction, to give the best statistics of
MODIS retrievals globally, (especially in places were few or no AERONET sites are
located). The parameterization derives more accurate estimates of surface reflectance
on average, than those estimated using fixed ratios.

7.4.6 Notes on VISvs2.12 surface reflectance relationship errors
Note that even with the surface reflectance parameterization, there still will be
errors in estimating surface reflectance. According to the MODIS Land Surface
Reflectance Homepage (http://modis-sr.ltdri.org/html/prodacc.htm), improper aerosol
model assumptions can lead to errors in atmospherically corrected reflectance on the
order of 0.002 in the 0.47 and 0.66 µm channels, and 0.006 at 2.12 µm. The errors
are especially large at 2.12 µm due to potentially choosing a fine-dominated model
instead of a coarse-dominated model (or vice-versa). However, since this study predetermined the choice of fine or coarse-dominated aerosol models via the
AERONET-observed Ångstrom exponent, errors at 2.12 µm should be much less,
dependent on the choice of fine-dominated aerosol model. For τ0.55=0.5, the
difference in spectral optical thickness between the moderately absorbing model
(ω0~0.90) and absorbing model (ω0~0.85) is about 0.02, 0.02 and 0.002, respectively
in the 0.47, 0.66 and 2.12 µm channels (e.g., Fig. 6.5b). On average, this would be
equivalent to errors of about 0.002, 0.002 and 0.0002, respectively in surface
reflectance, but would vary according to the differences in phase function.
Regardless, the error at 2.12 µm is small enough so that the derived surface
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reflectance relationship should be reasonably robust, even when a model with wrong
ω0 was assumed.
Of course, other errors may creep into the surface reflectance parameterization.
These include, but are not limited to additional surface BRF effects lost during
averaging over scattering angle and errors due to MODIS instrument calibration.
These errors can cause reflectance errors that are similar in magnitude to those caused
by improper aerosol model assumptions.

7.5: Inversion of spectral reflectance, including 2.12 µ m
A major limitation of the c004 algorithms was that aerosol is assumed
transparent in the 2.12 µm channel. Under a dust aerosol regime, aerosol
transparency is an extremely poor assumption. Even in a fine aerosol dominated
regime, τ is not zero. For the moderately absorbing aerosol model (ω0~0.90), τ0.55 =
0.5 corresponds to τ2.12 ~ 0.05, corresponding to an error in 2.12 µm path reflectance
of about 0.005. Via the VISvs2.12 reflectance relationship, the path reflectance error
at 0.66 µm is on the order of 0.003, leading to ~ 0.03 error in retrieved τ. As a
percentage of the actual τ, the error is not very large. However, combined with errors
at 0.47 µm, the resulting error in spectral dependence leads to error in estimating η.
In the spirit of the MODIS aerosol over ocean algorithm [Tanré et al., 1997],
an over-land multi-channel reflectance inversion is developed. Analogous to the
ocean algorithm’s combination of fine and coarse aerosol modes, the new land
algorithm attempts to combine fine-dominated and coarse-dominated aerosol models
(each bi-modal) to match with the observed spectral reflectance. The 2.12 µm
channel is assumed to contain both surface and aerosol information, and the visible
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surface reflectance is a function of the VISvs2.12 surface reflectance relationships
derived in section 7.4. Simultaneously inverting the aerosol and surface information
in the three channels (0.47 µm, 0.66 µm and 2.12 µm) yields something greater than 2
pieces of information. With some assumptions, three parameters can be derived:

τ0.55, η0.55 and the surface reflectance (ρs2.12).
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Fig 7.4: Cartoon of inversion technique. Observed reflectance in three channels
is represented by turquoise dots in the small sub-figure. Green represents finedominated model (and its induced path reflectance), whereas orange represents
coarse-dominated model (and its induced path reflectance). Red denotes surface
reflectance. The combination of fine, coarse and surface (combo) is the
turquoise square and spectral dependence curve that most closely matches the
observations (dots). The ‘ghostlike’ modal creatures were adapted from those
imagined by Lorraine Remer.
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Eq. 3.5 can be rewritten, noting that the calculated spectral total reflectance

ρ*λ at the top of the atmosphere is the weighted sum of the spectral reflectance from a
combination of fine and coarse –dominated aerosol models, i.e.,

" *# = $" *# f + (1% $) " *c
#

(7.7)

where ρ*fλ and ρ*cλ are each composites of surface reflectance ρsλ and atmospheric
!
path reflectance of the separate aerosol models. That is:
" *# f = " #af + Fdf#T #f " #s /(1$ s#f " #s )
and
"

*c
#

ac
#

c
c
d# #

s
#

c
#

(7.8)

s
#

= " + F T " /(1$ s " )

where ρafλ and ρacλ are the fine and coarse model atmospheric path reflectance, Ffdλ
!

and F

c

dλ

are normalized downward fluxes for zero surface reflectance, Tfλ and Tcλ

represent upward total transmission into the satellite field of view, and sfλ and scλ are
atmospheric backscattering ratios. The weighting parameter, η of Eq. 7.7 is defined
for λ = 0.55 µm. Remer et al. [2005] explains how this parameter also represents the
fraction of the total optical thickness at 0.55 µm contributed by fine (non-dust)
aerosol. Note the angular and τ dependence of some of the terms: ρa=ρa(τ, θ0,θ,φ),
F=F(τ ,θ0), T=T(τ ,θ), s = s(τ ) and ρs=ρs(θ0,θ,φ). Whereas the other terms are a
function of the aerosol properties (not aerosol amount or geometry) and are contained
within the LUT. The surface reflectance is independent of the aerosol, but dependent
on the geometry. In practical terms, we parameterize the surface reflectance using the
VISvs2.12 surface reflectance relationships, which assumes it is a function of
scattering angle and vegetation index.
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Although the second-generation algorithm is intended to be a package that
includes many modifications from the c004 algorithm (inversion + models + surface
reflectance assumptions), a sanity check can be performed by running the new
inversion with old models + surface reflectance assumptions. Fig. 7.5 evaluates only
the new inversion technique by assuming c004 aerosol models and c004 VISvs2.12
ratios. The MODIS and AERONET observations were taken from Terra over South
America, between 2000 and 2003. Differences between the new 3-channel inversion
and old two-channel technique for deriving τ are negligible, whereas the new
inversion tends to show some additional sensitivity to η (at least when τ is large >
0.5). Since previous sections of this dissertation explained improvements in the other
algorithm updates, from here on, the second-generation algorithm includes all
changes.

Fig 7.5: Evaluation of 3-channel inversion (red) versus 2-channel technique
(blue) for deriving τ (AOT - left) and η (ETA - right) at 0.55 µm. Both are
compared to AERONET (preliminary O’Neill method for η) Regression curves
for τ show little difference between the two algorithms, however there may be
some extra sensitivity to η. Note the use of c004 assumptions for aerosol model
properties and surface reflectance relationships.
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Due to the limited set of aerosol optical properties in the lookup table, the
equations may not have exact solutions, and solutions may not be unique. In order to
reduce the possibility of non-unique retrievals the algorithm attempts to fit with
discrete values of η. Upon completion, the retrieval is assigned a Quality Assurance
‘confidence’ (QAC) value that ranges from 0 (bad quality) to 3 (good quality). This
QAC flag is used for creation of Level 3 (gridded) products and for combining land
retrievals with concurrent over-ocean aerosol retrievals into ‘joint products’ (see
[MAST, 2006] and [Hubanks et al., 2005] for more details).

7.5.1 Selection of “dark pixels”
Fig. 7.6 illustrates the main steps of the second-generation land algorithm.
The procedure collects Level 1 B (L1B) spectral reflectance in eight wavelength
bands (Table 3.1, plus 1.37 µm) at their finest spatial resolutions, as well as
associated geo-location information. These L1B reflectance values are corrected for
water vapor, ozone, and carbon dioxide obtained from ancillary NCEP analysis data
files. Details of this gas correction and cloud masking are found online [MAST,
2006]. Basically, the high resolution (20 x 20 at 500 m resolution) pixels in the 10
km x 10 km box are evaluated pixel by pixel to identify whether the pixel is suitable
for aerosol retrieval. Clouds [Martins et al., 2002], snow/ice [Li et al., 2004] and
inland water bodies (via NDVI tests) are considered not suitable and are discarded.
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Fig. 7.6: Flowchart illustrating the derivation of aerosol over land for the new
algorithm. Figure adapted from Levy et al., [2007].
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The non-masked pixels are checked for their brightness. Pixels having
measured 2.12 µm reflectance between 0.01 and 0.25 are grouped and sorted by their
0.66 µm reflectance. The brightest (at 0.66 µm) 50% and darkest 20% are discarded,
in order to reduce cloud and surface contamination and scale towards darker targets.
If there are at least 12 pixels remaining (10% of 30% of the original 400), then the
reflectance in each channel is averaged, yielding the “MODIS-measured” spectral
reflectance ρm0.47, ρm0.66, ρm2.12, and ρm1.24. These reflectance values are used for
Procedure A. If less then 12 pixels remain, then Procedure B (described later) is
followed.

7.5.2 Correcting the LUT for elevation
A major change from the c004 algorithm concerns how the algorithm corrects
for elevated surface targets. The sea-level Rayleigh optical depth (ROD, τR,λ) at a
wavelength λ (in µm) can be approximated over the visible range [Dutton et al.,
1994]; Bodhaine et al., 1999] by

" R,# = 0.00877 #$4.05

(7.9)

When not at sea level (pressure = 1013 mb), the ROD is a function of pressure (or
!
height, z) so that it can be approximated by:

" R,# (z = Z) = " R,# (z = 0)exp(

$Z
)
8.5

(7.10)

where Z is the height (in kilometers) of the surface target and 8.5 km is the
!
exponential scale height of the atmosphere. The difference between ROD at z=0 and
z=Z is "# R ,$ .
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!

In c004, the algorithm (too) simply corrected the retrieved τ product by
adding the optical depth that was neglected by assuming sea level for the retrieval,
(i.e. " # (z = Z) = " # (z = 0) + $" R ,# ). However, this correction can give poor results
because of the large differences between molecular and aerosol phase functions.

!

Instead, the new algorithm makes use of the procedure described in Fraser et al.,
[1989], adjusting the lookup table to simulate different ROD by adjusting the
wavelength. Substitution of Eq. 7.10 into Eq. 7.9 yields

"(z = Z) = " (z = 0)exp(

Z
).
34

(7.11)

For example, at Z = 0.4 km, λ increases by about 1.2%. For the blue 0.47 µm
!
channel, (centered at 0.466 µm) this means that

" R,# (z = 0) = 0.194 , " R,# (z = 0.4) = 0.185 and "(z = 0.4) = 0.471 µm. In other words,
the algorithm simulates a 0.4 km elevated surface by adjusting the blue channel’s

!

! to 0.471 µm. Assuming!that gases and aerosols are optically well mixed
wavelength
in altitude, the parameter values of a 0.471 µm LUT can be acquired by interpolating
(linearly as functions of log wavelength and log parameter) between the 0.47 µm
(0.466 µm) and the 0.55 µm (0.553 µm) entries. Similar interpolations are performed
for the other channels (for example, 0.55 µm would be adjusted to 0.559 µm). For
the 0.4 km case, this means that lower values of TOA atmospheric path reflectance
and higher values of transmission are chosen to represent a given aerosol model’s
optical contribution. However, also note that since the 0.55 µm channel has also been
adjusted, the associated values of the τ indices have been adjusted accordingly. In
other words, the algorithm retrieves aerosol optical depth at the adjusted wavelength,
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which is equivalent to retrieving τ down to the surface elevation height. For highly
elevated terrain (e.g., Z = 4 km), ROD decreases by 40%, resulting in a channel
equivalent wavelength increase of 10%.
Whereas most global land surfaces are at sea level or above, a few locations
are below sea level (Z < 0). In these cases, the algorithm is allowed to extrapolate
below 0.466 µm. Since the extrapolation is at most for a hundred meters or so, this is
not expected to introduce large errors, and these cases can still be retrieved. Note
also that due to the extremely low ROD in the 2.12 µm channel, little is gained by
adjusting this channel.

7.5.3 Procedure A: Inversion for dark surfaces
If following Procedure A (for dark surfaces), the QAC is initially set to a
value between 0 (bad quality) and 3 (good quality), depending on the number of dark
pixels remaining. In Procedure A, the algorithm assigns the fine aerosol model, based
on the location and season. From the lookup table, ρa, F, T and s (for the fine model
and coarse model separately) are interpolated for angles (θ0, θ and φ), resulting in six
values for each parameter, each one corresponding to a different aerosol loading
(indexed by τ at 0.55 µm).
The 2.12 µm path reflectance is a non-negligible function of the τ, so that the
surface reflectance is therefore also a function of the τ. For discrete values of η
between -0.1 and 1.1 (intervals of 0.1), the algorithm attempts to find the τ at 0.55 µm
and the surface reflectance at 2.12 µm that exactly matches the MODIS measured
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reflectance at 0.47 µm. There will be some error, ε, at 0.66 µm. The solution is the
one where the error at 0.66 µm is minimized. In other words,
m
" 0.47
# " *0.47 = 0

m
ABS( " 0.66
# " *0.66 ) = $

(7.12abc)

!
m
" 2.12
# " *2.12 = 0

!
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!*
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(7.13abc)
!

where in turn, ρa=ρa(τ), F=F(τ), T=T(τ), s = s(τ) are each functions of τ indexed
within the lookup table, calculated for separate fine and coarse models. The surface
reflectance relationships, f(ρs2.12) and g(ρs0.66) are described by Eqs. 7.4-7.6. The
algorithm actually tries non-physical values of η (-0.1 and 1.1) to allow for the
possibility of imperfect assumptions in either aerosol models or surface reflectance.
Again, the primary products are τ0.55, η0.55 , and the surface reflectance (ρs2.12). The
fitting error ε is also noted.
Once the solution is found, a number of secondary products can also be
calculated. These include the fine and coarse mode optical depths τf0.55 and τc0.55:
f
c
" 0.55
= " 0.55#0.55 and " 0.55
= " 0.55 (1$ #0.55 )

the columnar mass concentration, M:
!
f
c
M = M cf " 0.55
+ M cc " 0.55

(7.15)
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!

(7.14)

the spectral total and model optical thicknesses τλ, τfλ, and τcλ:

where
!

" # = " #f + " #c

(7.16)

f
f
c
c
" #f = " 0.55
(Q#f /Q0.55
) and " #c = " 0.55
(Q#c /Q0.55
),

(7.17)

The Ångstrom Exponent α:

!

(7.18)

" = ln(# 0.47 / # 0.66 ) /ln(0.466 /0.644)

and the spectral surface reflectance ρsλ,,. Mfc and Mcc are mass concentration
!
coefficients for the fine and coarse mode, whereas Qfλ and Qcλ represent model
extinction efficiencies at wavelength, λ. If the resulting products are inconsistent,
then the QAC value initially assigned to the pixel is changed to 0 (‘bad quality’).

7.5.4 Procedure B: Alternative Retrieval for Brighter surfaces
The derivation of aerosol properties is still possible when the 2.12 µm
reflectance is brighter than 0.25, but is expected to be less accurate [Remer et al.,
2005], due to increasing errors in the VISvs2.12 relationship. However, if Procedure
A is not possible, but there are at least 12 cloud-screened, non-water pixels that
satisfy

where

m
0.25 <" 2.12
< 0.25G < 0.40

(7.19)

G = 0.5((1/ µ ) + (1/ µ 0 )) ,

(7.20)

!

!
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then Procedure B is attempted. In this relationship µ0 is the cosine of the solar zenith
angle, cos(θo), and µ is cosine of the satellite view angle, cos(θ). Eq. 7.20 represents
the combination of up and down slant paths of the radiation. The concept is that at
oblique angles, as the photon path increases, the atmospheric signal dominates over
that from the land surface. The contribution from the surface reflectance becomes
less important, and the retrieval can tolerate higher surface reflectance [Remer et al.,
2005]. In procedure B, the QAC is automatically set to 0 (“bad quality”).
Procedure B is analogous to “Path B” of the c004 algorithm described in
Remer et al., [2005]. Like in c004, the Continental aerosol model is assumed. Unlike
c004, the VISvs2.12 surface reflectance assumptions are those described by Eqs. 7.47.6, and the Continental aerosol properties are indexed to 0.55 µm. In other
words,η=1.0). The primary products for Procedure B are τ (τ0.55) and the surface
reflectance (ρs2.12). The error ε is also saved. Since Procedure B was followed, the
only secondary products calculated are M and τ0.47, and the QAC is set to 0. The other
products in are left undefined.

7.5.5 Low and negative optical depth retrievals
A major philosophical for the second-generation algorithm is that negative τ
retrievals are allowed. Given that there is both positive and negative noise in the
MODIS observations, and that surface reflectance and aerosol properties may be
under or over-estimated depending on the retrieval conditions, it is statistically
imperative to allow retrieval of negative τ. In fact it is necessary for creating an
unbiased dataset from any instrument. Without negative retrievals the τ dataset is
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biased by definition. However, a large negative retrieval indicates a situation outside
the algorithm’s solution space and should not be reported. The trick is to determine
the cutoff between a retrieved τ that is essentially the same as zero, and a retrieved τ
that is truly wrong. MODIS should retrieve with the expected error defined by Eq.
1.1, then values down to -0.05 are essentially the same as a zero retrieval and are
reported as retrieved. Allowing for slightly higher uncertainty, the algorithm include
τ retrievals down to -0.10 (twice the expected error in pristine aerosol conditions), but
report these values as -0.05 and lower the QAC value. Note that all retrievals with 0.05 < τ <0 are reported with high QAC value = 3, unless identified as poor quality
for some other reason. Some of the products that are retrieved or derived (such as
η or Ångstrom Exponent) are set to zero or reported as not defined for negative
retrievals. In cases of low τ (τ < 0.2), η is too unstable to be retrieved with any
accuracy. Therefore, η is reported as un-defined even though other parameters (such
as Ångstrom exponent and Fine τ) may be reported.

7.5.6 Sensitivity study
Because it uses MODIS channels with wide spectral range, and assigns expected
aerosol type, the algorithm (Procedure A) should be able to retrieve τ with robustness,
and have some sensitivity to the size parameter η. I tested the sensitivity of
Procedure A by applying the following exercises: (1) simulation of aerosol loadings
and angles included within the LUT, with specific combinations of fine and coarse
modes (distinct values of η, that are not necessarily integral multiples of 0.1), (2)
simulation of aerosol loadings not contained within the lookup table (e.g., extra
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values of τ) and (3) simulations for LUT conditions, but including one or more
prescribed errors.
Exercise 1: Whereas the study of Tanré et al. [1997] tested the algorithm on
a single geometrical combination, this experiment simulated the 720 reasonable
geometrical combinations in the LUT (0°≤φ≤180°, θ≤60°, θ0≤48°). The finedominated aerosol model was set as the moderately absorbing (ω0 ~ 0.9) aerosol
model, with the coarse-dominated model set as the spheroid (dust) model (Chapter 6).
For each combination of geometry, and for each MODIS channel, I extracted the fine
and coarse mode values of atmospheric path reflectance ρaλ, backscattering ratio sλ,
downward flux Fd and transmission Tλ. I assumed that the 2.12 µm surface
reflectance ρs2.12 = 0.15, and the c004 VISvs2.12 surface reflectance ratios (i.e, ρs0.66=
0.5 ρs2.12 and ρs0.47= 0.5ρs0.66). TOA reflectance ρ*λ was simulated for 5 distinct values
of η (η = 0.0, 0.25, 0.5, 0.75 and 1.0). Therefore, for each value of τ in the LUT,
there are 720 x 5 = 3600 attempts to retrieve that τ. Since the algorithm is designed
to only choose between η values that are multiples of 0.1, it should be possible to
retrieve values of 0.0, 0.5 and 1.0, but not 0.25 or 0.75.
For smaller τ (τ ≤ 1), the τ was retrieved within Δτ < 0.01 for all 3600
combinations. As τ increases, however, computational instabilities lead to a less
exact solution. Still, though, the retrieved τ is certainly within 10% and in most cases
to within Δτ<0.1. When we input LUT parameters for the combination of τ=0.5 with
η either 0.0 or 1.0, both τ and η are retrieved exactly.
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As might be expected, attempts to retrieve combinations of fine and coarse
aerosol (e.g., η≠0 and η≠1) lead to errors in the retrieval. Figs. 7.7 and 7.8 provide a
way of assessing the retrieved MODIS products. Fig. 7.7 plots retrieved τ, surface
reflectance and fitting error as a function of either air mass (top) or scattering angle
(bottom), given that the input conditions are τ0.55=0.5, η=0.5 and ρs2.12=0.15. In this
case, all of the 720 geometrical combinations in the LUT were plotted. The retrieved
values never exactly matches the intended input, although the errors are very small
(less than 0. 1%). Note that the retrieval uses an under-estimated surface reflectance
to balance the over-estimated optical depth. Most errors are small, and are well
within any expected error bars. Fig. 7.8 is similar, but for η=0.25, and plotted only
for the air mass dependence. The errors are much larger (up to 1%), but τ is still well
within expected error.
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Fig. 7.7: Retrieved MODIS products as a function of Air Mass (a-c) and
Scattering Angle (d-f) for inputted atmospheric conditions (τ=0.5, η=0.5 and
ρ s2.12=0.15) and 720 LUT geometrical combinations. The retrieved τ is plotted in
(a) and (d), the 2.12 µm surface reflectance in (b) and (e) and the fitting error is
plotted in (c) and (f). Note that in all cases, the η value of 0.5 was retrieved
exactly. Figure from Levy et al., [2007b].
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Fig. 7.8: Retrieved MODIS products as a function of Air Mass for inputted
atmospheric conditions (τ=0.5, η=0.25 and ρ s2.12=0.15) and 720 LUT geometrical
combinations. The retrieved τ is plotted in (a), retrieved η in (c), the 2.12 µm
surface reflectance in (c) and the fitting error is plotted in (d). Figure in Levy et
al., [2007b].
Exercise 2. The same combination of radiative transfer codes used to create
the operational LUT (MIEV + RT3) was used to simulate additional values of aerosol
loading (τ0.55 = 0.35, 1.5 and 6.0). This “extended” LUT simulates the same 720
geometrical combinations and same set of η values (as in exercise 1). On average the
retrieval is very close to the expected value, however, the standard deviation over all
geometry is larger than for τ in the normal LUT. A notable exception is the attempt
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at retrieving τ0.55 = 6.0, where the algorithm does a poor job of extrapolating. In the
operational algorithm, we constrain the maximum possible τ to be 5.0.
Another aspect of this exercise is the attempt to retrieve the specific
combinations of fine and coarse mode, e.g., η. Attempts to retrieve η=0.5 are usually
successful. All attempts at retrieving either η=0.25 or η=0.75 led to retrieving
η=0.20 and η=0.70. Although it is impossible for an exact retrieval, due to allowing
the algorithm to choose η between 0.1 intervals, it is interesting that no retrievals of
η=0.30 or η= 0.80 are produced.
Exercise 3. This exercise studied the impact of different types of errors that
could creep into the retrieval process. Potential errors include (but are not limited to)
random, systematic or spectrally dependent errors that arise from issues like sensor
calibration, assuming the wrong aerosol model at a given location, coarse input
topography mapping, or wrong estimates of the VISvs2.12 surface reflectance
relationships. These errors are expressed by adding random or systematic errors in
the spectral reflectance measurements, geometrical conditions or other input
boundary conditions. Table 7.1 lists some prescribed errors, for the same set of eight
geometries listed in Table 5.1. Table 7.2 shows the results when attempting to
retrieve conditions of τ0.55=0.5, η=0.5 and ρs2.12 =0.15, for the eight sample
geometries. Table 7.2a displays the retrieved values of τ0.55 for each case. Table 7.2b
shows the Mean Squared Error (MSE) for each retrieved product, computed over all
eight geometries. For any case of prescribed errors/geometry, one or more products
may be over- or underestimated. If all geometry leads to either one direction or the
other, the MSE value is designated by (+) or (-). For example, when retrieving with
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no additional errors (‘LUTinput’), τ is never retrieved exactly, but is overestimated by
an average MSE of 0.0011 (+). In balance, ρs2.12 is consistently underestimated (MSE
of 0.0004 (-)), with a nonzero fitting error, ε. This is simply a result of computer
round off error.

TABLE 7.1: LIST OF PRESCRIBED ERRORS FOR V5.2 SENSITIVITY STUDY
Ref.
1
2
3
4
5
6
7
8

Error Type
LUTinput
ModError
RndError
SfcError
CalError
ElvError
GeoError
AllError

Description
LUT input: Use the LUT with no prescribed errors
Aerosol model error: Attempt retrieval with Weakly-absorbing fine model LUT
Random Error: All channels have random reflectance error of up to ±0.002
Surface Error: 10% error in assumed 0.66/2.12 surface reflectance relationship
Calibration Error: All channels have random error of up to ±1%
Elevation Error: Elevation is 1km instead of assumed sea level
Geometry Error: All angles have random error of up to ±5 degrees
Combination of 2,3,4,5,6 and 7.

TABLE 7.2: RESULTS OF SENSITIVITY STUDY USING PRESCRIBED ERRORS
Geometry
Error LUTinput RndError CalError GeoError ModError ElvError SfcError AllError
Type

A
0.501
0.4786 0.5242 0.5143
B
0.501
0.4887 0.5242 0.4977
C
0.501
0.5227 0.5227 0.4657
D
0.5011 0.5104 0.4995 0.4761
E
0.5008 0.4754
0.502
0.4893
F
0.501
0.5135 0.5029 0.4922
G
0.5014 0.4973 0.5199 0.4698
H
0.5016 0.4961 0.5001 0.4744
A: Retrieved τ at 0.55 µm (expected τ=0.5)

0.5015
0.4993
0.4835
0.5014
0.4866
0.5035
0.4811
0.5198

0.6068
0.6035
0.5104
0.5228
0.5211
0.531
0.5097
0.5299

0.5402
0.5422
0.4955
0.498
0.4877
0.488
0.488
0.4939

0.6963
0.6677
0.4809
0.4892
0.5737
0.5536
0.427
0.5106

Product
Error LUTinput RndError CalError GeoError ModError ElvError SfcError AllError
Type
0.0011(+) 0.0159
0.0162
0.0215
0.0123 0.0561(+) 0.0221
0.1006
τ
0.0000
0.0000
0.0707
0.1000
0.0707 0.4243 (+) 0.1323 (+) 0.4912 (+)
η

ρ
ε

0.0004 (-)
0.0010

0.0008
0.0021

0.0022
0.0037

0.0025
0.0028

0.0031 (-)
0.0020

0.0067
0.0025

0.0020 (+) 0.0074 (+)
0.0035
0.0052

B: MSE of retrieved τ,η,ρσ and ε (expected τ=0.5, η=0.5, ρσ=0.15 and ε=0.0). Entries
designated with (+) mean that the product was over-estimated for all 8 geometries, whereas
those with a (-) means it was under-estimated for all geometries.
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Under most conditions, introducing minor calibration or random errors does not
destroy the retrieval of τ. For most individual errors, the retrieved τ is accurate to
within 0.02. However, even when errors are combined (model error, random error,
surface error, calibration error and geometrical error), the algorithm still retrieves
τ=0.5 with MSE = 0.10, thus retrieving within the expected error of Δτ=0.125.
Retrieval of surface reflectance seems to be robust. Retrieval of η is much more
unstable. For simple calibration and geometrical errors, the MSE for η is < 0.1.
Combinations of errors lead to large MSE (>0.2) for η retrieval, meaning that η is not
a stable product. Yet, even though the η parameter is sensitive to errors, it should
give qualitative indication of particle size.

7.6: Preliminary validation
Examples of the three primary aerosol products (τ0.55, η and ρs2.12) are shown in
Fig. 7.9, along with a color composite of the L1B reflectances (RGB image; 0.47,
0.55 and 0.66 µm channels). This image was taken on May 4, 2001 over the U.S.
East Coast, and is the same granule used by King et al., [2003]. There is continuity of
τ from land to ocean, and that the retrieval of η and surface reflectance seem
reasonable. Note that η is not plotted over land when τ < 0.2.
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Fig. 7.9: Retrieved aerosol and surface properties over the Eastern U.S. on May
4, 2001 (same granule as in King et al., [2003]). Panel A) is a ‘true-color’
composite image of three visible channels, showing haze over the mid-Atlantic.
Panels B) and C) show retrieved τ and η, showing that the heavy aerosol (τ ~
1.0) is dominated by fine particles. The transport of the aerosol into the Atlantic
is well represented with good agreement between land and ocean. Note that
over-land η is not reported when τ < 0.2. Panel D) shows the retrieved surface
reflectance.

The primary means of MODIS validation is by comparing the products with
equivalent measurements from AERONET or other aerosol measurements. In this
way, the standard products of c004 were validated (e.g., Remer et al., [2005]),
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meaning that their uncertainties are quantified. In the case of the land products
(through V4.2), this meant that ~60% (slightly less than one standard deviation) of
the AERONET-measured τ values were retrieved by MODIS to the expected error
described by Eq. 1.1. The other land parameters were either not yet validated, or are
diagnostic parameters that cannot be validated. In addition to validation by
AERONET, it is important to perform qualitative analyses based on visual inspection
and global statistics.
Since the algorithm was described by Remer et al., [2005], it has continued
through minor updates. The last update to the c004 family was known as Version 5.1
(‘V5.1’). V5.1 updated the snow mask [Li et al., 2005] and cleaned up confusing
information in the output files. However, V5.1 never became operational, as there
was the opportunity to replace it with the algorithm described in this Chapter. In this
work [Levy et al., 2007b] V5.1 is used to bridge from c004 algorithms to the secondgeneration algorithm, known in operation as V5.2.

7.6.1 Direct comparison of V5.2 and V5.1
Fig. 7.10 plots retrieved τ at 0.55 µm from both V5.1 and V5.2, over small areas
of a MODIS granule over the Western U.S. on Sep 30, 2003. V5.1 (OLD) is
presented in (a), whereas V5.2 (NEW) is shown in (b). The V5.2 aerosol retrieval
adds more valid retrievals over very low τ areas (coastal Oregon and northern
California). V5.2 reports these areas as having near zero or slightly negative τ, where
V5.1 would have reported fill values (no retrieval). In areas farther from the
coastline, V5.2 tends to clean up contamination presumably caused by clouds,
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elevation, and inhomogeneous surface properties, and produces a more reasonable
picture of τ.

Fig. 7.10: Retrieved τ (AOT) at 0.55 µm for Old V5.1 (a) and New V5.2 (b) over
California for 30 September 2003. The color scale is the same for both plots.
Note the increase in the retrieval spatial coverage and reduction in surface
contamination for V5.2. Figure in Levy et al., [2007b]

7.6.2 Statistics of V5.2 versus V5.1
Of most interest to the climate community will be the changes in the statistics
of the aerosol products. These include the global mean values and the distribution
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(histogram) of the values. For the set of MODIS granules listed in Table 7.3 (about
6300 granules of both Terra and Aqua), the mean 0.55 µm τ is reduced from 0.28 to
0.21. This is a significant reduction that should be evaluated with GOCART [Chin et
al., 2002], or other models that estimate aerosol climate effects.

TABLE 7.3: Description of Data used in Provisional Validation (adapted from
Levy et al., [2007b])
Terra/Aqua
Date of MODIS Observations
Why interesting?
August 2001 (full month: 4138 granules)
7 July 2002 (full day: 132 granules)
8 July 2002 (full day: 136 granules)
6 Mar 2004 (full day: 132 granules)
7 Mar 2004 (full day: 138 granules)
Eight days in 2003 (full days: 1070 granules)
14 Nov 2005 (full day: 138 granules)
22 Apr 2001 (full day: 136 granules)
26 Jun 2002 (full day: 138 granules)
Test_bed_Aqua: (39 granules)
Test_bed_Terra: (102 granules)
Total granules = 6299

Terra & Aqua
Aqua
Quebec Smoke in NE US
Aqua
Quebec Smoke in NE US
Aqua
Asian Dust
Aqua
Asian Dust
Aqua
Yearly Cycle
Terra
Low AOD globally
Terra
ACE-Asia
Terra
Summer time haze
Aqua
interesting Aqua data
Terra
interesting Terra data

Fig. 7.11 plots the histograms of retrieved τ at 0.55 µm from both V5.1 and
V5.2. These histograms include 141 individual Terra and Aqua granules that are
known as the MODIS “test_bed”, and twelve days of global data – all listed in Table
7.3. The use of global data is especially important for determining how the retrieval
behaves in regions not selected for algorithm development. Of course, the obvious
change in the V5.2 product is that small magnitude negative τ retrievals are valid.
About 10-11% of the total τ retrievals are now retrieved as below zero, of which only
about 3% are below -0.05. This promising result indicates that V5.2 has reasonable
ability to detect very clean conditions within the expected error of ±0.05. Also Fig.
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7.9 shows that the fraction of retrieved medium to medium high τ (0.2 < τ < 0.75) is
reduced, while the fraction of high τ (τ > 0.75) remains about the same.

Fig. 7.9: Histogram of retrieved τ (AOD) over land, from V5.2 (c005) in green,
compared to V5.1 (c004) in orange. The data include the 141 granules of the
Terra and Aqua “test_bed” as well as twelve complete days. The value of each
bin refers to the minimum value of the bin (the max value would be the value of
the next bin). Note that the general lognormal nature of the retrievals is
preserved, except now there are some negative values. (Figure in Levy et al.,
[2007b])
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7.6.3 Comparison of V5.2 to V5.1 and with AERONET
As of 1 April 2006, the V5.2 algorithm was run on nearly 6300 granules,
including one full month (August 2001), fifteen entire days (listed in Table 7.3) and
about 141 individual granules that are known as the MODIS “test_bed.” These
granules include observations from both Terra and Aqua, and are seasonally and
yearly representative of the MODIS time series. For comparison, both V5.1 and V5.2
were run on the same set of granules. Note that the database used to derive the land
surface relationships (350,000 Aqua and Terra data from 2000-2004) has a small
overlap with our 6300 granule-testbed. In that way, the comparison to AERONET
shown in this section is not entirely independent of the formulation database.
However, the data used in this section includes all values of τ and α, while the
formulation database was limited to specific ranges of these variables. Also, the data
used here represent a comparison of spatio-temporal statistics, while in the
formulation data base only the individual match between sunphotometer location and
satellite overpass were used. Thus, the plots shown here, while not entirely
independent, offer a test of the new retrieval in more general conditions than in the
specific formulation data. Figs. 7.12 and 7.13 plot the comparisons of both V5.1 and
V5.2 with the AERONET data, via the spatio-temporal co-location method of Ichoku
et al., [2002a].
Fig. 7.12 plots the retrieved MODIS τ against AERONET τ, both at 0.55 µm.
The data have been sorted by AERONET τ and averaged into bins with equal
numbers of observations in each bin. The mean and standard deviation of each bin
are calculated and plotted in Fig. 7.12 as a solid dot and error bars. The correlation is
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calculated from the freely plotted points before binning, although the cloud of points
is not shown in the plot. The regression equation has improved tremendously
compared to V5.1, from “y=0.097+0.91x” to “y=0.029+1.01x.” Correlation R is also
improved, from R=0.847 to R=0.894. It should be noted that slight differences in the
number of points arise due to different selection of valid dark pixels and allowance of
below zero τ retrievals.

Fig. 7.12: Preliminary validation of c005 products. MODIS τ over land
retrieved at 0.55 µm, compared with AERONET τ interpolated to 0.55 µm. The
solid shapes and error bars represent the mean and standard deviation of the
MODIS retrievals, in 20 bins of AERONET-derived τ. Both the retrievals from
V5.1 (orange) and V5.2 (green) are shown. The regressions (solid lines) are for
the cloud of all points before binning (not shown). The expected errors for
MODIS (±0.05 ±0.15τ) are also shown (dashed lines). (Figure in Levy et al.,
[2007b]).
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Fig. 7.13a plots MODIS η against AERONET η, where I calculated
AERONET η from sun observations of spectral τ, using the 4th version of the O’Neill
et al., [2003] spectral de-convolution algorithm. Keep in mind that unlike
MODIS/AERONET comparisons of τ, MODIS and AERONET do not retrieve the
same quantity labeled as η. The AERONET retrieval assumes one fine mode and one
coarse mode. Thus, AERONET η is the weighting between modes. The MODIS
land η is a weighting between bi-modal models, where fine-dominated models also
contain a coarse mode and vice-versa. The improvement to the MODIS η product is
mainly its correlation to AERONET. Note that η is defined only when τ > 0.2. Figs
7.13b and c show comparisons for derived products, including the Ångstrom
Exponent (defined by 0.47 and 0.66 µm), and Fine optical depth (i.e., τf = τ x η),
respectively. For τf, the correlation and slopes are nearly unchanged between V5.1
and V5.2; however, the offset decreases from +0.051 to -0.031. The result is that
nearly two-thirds of all V5.2 MODIS retrievals of τf compare to AERONET within
expected uncertainty defined by Eq. 1.1. Note again that the difference in the number
of points is due to different selection of dark pixels and treatment of negative τ
retrievals. The Ångstrom exponent has little improvement from V5.1 to V5.2, except
for slightly better but still poor correlation with the AERONET measured quantities.
In general, the changes to the MODIS aerosol retrieval algorithm described here have
resulted in a much less biased τ and τf products than the previous algorithm. MODIS
η and other size parameters correlate better with AERONET, although it still leaves
room for improvement.
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Fig. 7.13: MODIS aerosol size retrievals compared with AERONET derived
products. The solid shapes and error bars represent the mean and standard
deviation of the MODIS retrievals, in 20 bins of AERONET-derived product.
Both the retrievals from V5.1 (orange) and V5.2 (green) are shown. The
regressions (solid lines) are for the cloud of all points (not shown). A) η over
land retrieved at 0.55 µm, compared with AERONET η retrieved by the O’Neill
(2003) method. Note that η is defined differently for MODIS and AERONET
and that we only show results for τ > 0.20. B) MODIS-derived α (0.466/0.644
µm) over land with AERONET α interpolated to the same wavelengths. C)
MODIS Fine τ over land retrieved at 0.55 µm, compared with AERONET Fine τ
interpolated to 0.55 µm by quadratic fitting and the O’Neill method. The
expected errors for MODIS (±0.05 ±0.15τ) are also shown (dashed lines).
(Figure adapted from Levy et al., [2007b]).
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7.7: Summary and future c005 evaluation
Over the past three years, I developed the second-generation aerosol retrieval
algorithm, that updates or overhauls many assumptions contained the previous
algorithm. Preliminary validation of the products indicated that they were accurate to
within expected uncertainties. However, the final global algorithm is biased towards
fitting AERONET data, so that it is not necessarily representative of everywhere in
the world.
In April 2006, the second-generation algorithm went into operational
production. By 2007, the entire MODIS mission had been reprocessed, using the
second-generation algorithm. Since the products are easily accessible to any
investigator, independent researches have evaluated the new products. These
evaluations include those for regions not originally studied for c005 development,
such as those with lack of independent data. In most cases, the c005 results look
good, however, in certain regions under certain conditions, the products are not as
accurate as would be hoped.
For example, Mi et al., [submitted, 2007] present a validation of MODIS
retrieved aerosol τ over two AERONET sites in Northern and Southern China, and
compare the results of c005 with c004. The uncertainties of surface estimation have
been singled out from other error sources by replacing the c004 reflectance ratios
with atmospherically corrected reflectance. The difference between the aerosol
models used in c004 and c005 algorithm is also investigated, in terms of the effects
on the quality of τ retrieval at the two sites. As might have been expected, the
performance of MODIS τ retrievals differs in Northern and Southern China, where
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the surface ecosystem and climate are quite different. Like previous validation
studies, Mi et al., [submitted, 2007] showed generally overestimation of τ at both
sites by MODIS c004, attributing to the assumptions of VISvs2.12 surface reflectance
ratio and single scattering albedo of the aerosol fine model. Although the secondgeneration algorithm tackled both issues, resulting in generally improved retrieval of
τ, uncertainties in aerosol models still dominate retrieval errors. Some of the largest
retrieval errors occur at the northern site, primarily due to the presence of complex
aerosol compositions, including mixtures of dust with sulfate aerosol, organic and
black carbon.
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Chapter 8: Using MODIS for evaluating modeled
relationship between τ and surface {PM2.5} over the
U.S. mid-Atlantic
Chapters 6 and 7 introduced the principles of the second-generation algorithm,
which was validated (preliminarily) by comparing to global AERONET data. Once
the performance of the new MODIS algorithm is evaluated, the products can be
applied to answer scientific questions. While the primary goal of the MODIS
retrieval is to characterize the global and regional aerosol properties and their effects
on climate, investigators have used the MODIS products for various other
applications. One interesting and useful application is using MODIS -derived
column-averaged aerosol properties to infer properties of aerosol near the Earth’s
surface that impact air quality and human health.
This Chapter concentrates on MODIS retrievals over the U.S. mid-Atlantic, and
how they can be used to further the understanding of aerosols in the region. Since the
University of Maryland has been tasked with evaluating the CMAQ model results in
the region for 2002, this Chapter attempts to characterize the 3-dimensional aerososl
properties during this time period (specifically July and August, 2002).
The primary goal is to understand the relationship between of columnar ambient
optical depth and surface dry aerosol concentration in the region. The previous
Chapters developed the new MODIS algorithm that retrieves integrated ambient
aerosol optical properties (c005) that are more realistic and accurate on a global scale.
Here I first evaluate the c005 MODIS products over the mid-Atlantic during the
summer of 2002, by comparing to sunphotometer obsevations. Then I compare the
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products against surface-based measurements of PM2.5 concentration ({PM2.5}, where
{} represents concentration) in the mid-Atlantic region.
Chapter 2 (e.g., Eq. 2.20) suggested that when the conditions are appropriate
(aerosol column concentrated in the boundary layer), the two quantities (MODIS
aerosol products and {PM2.5}) should be related. Wind analyses, lidar, and aircraft
measurements performed during the summer 2002 period can all help to evaluate the
validity of this assumption in specific cases. This dissertation, however, concentrates
on UMD (RAMMPP) aircraft profiles to evaluate the apportionment of aerosol within
the boundary layer. Since the EPA requires use of the CMAQ model to regulate air
quality and develop strategies for pollution reduction, I will evaluate the internal
consistency of the τ / PM2.5 relationship within CMAQ over the region.

8.1: Summary of previous satellite / surface {PM2.5} studies
In order to capture the variability of aerosols within their short lifetime, it is
necessary to measure aerosols with high spatial and temporal coverage. Daily and
global measurements (from satellite) may be sufficient for climate applications, but
are insufficient for assessing air quality and human exposure to aerosol pollution. Air
quality monitoring requires high frequency (e.g., hourly) measurements in local (e.g.,
urban) scales. Even within the densely populated U.S. mid-Atlantic region, surface
{PM2.5} is measured at approximately 1 site per 1000 km2, ensuring gaps in coverage.
Considering that global PM measurements are even sparser, it is imperative to
evaluate aerosol data where we can. Rigorous surface to column aerosol
characterization, using the relative density of sites in the mid-Atlantic, may
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eventually lead to better use of satellite products for monitoring air pollution on a
global scale.
Satellites have the vantage point to observe the whole picture, and the
operational MODIS algorithm provides data on 10 km x 10 km resolution. While not
ideal for urban scale aerosol monitoring, they should improve the existing surface
PM2.5 observing networks. Since satellites can observe plumes, they can help to
determine whether the plumes are a result of local emissions or long-range transport.
Thus, they can help determine source-receptor relationships in cases of NAAQS
violations in the mid-Atlantic region (e.g., Engel-Cox et al., [2005]). However,
passive sensors (such as MODIS) are only sensitive to the column-integrated
properties of the aerosol (τ and possibly size information). For a useful relationship
between τ and {PM2.5}, either the aerosol profile must be known, or the bulk of the
aerosol loading must be near the surface. In addition, surface aerosol properties (size,
shape, composition) must be representative of the column.
Given these caveats, Chu et al., [2003] demonstrated that satellite –derived τ
(from MODIS) can be applied to global, regional, metropolitan, and even local/urban
air pollution events. They designed three case studies around the world, representing
regional (~24000 km2 over northern Italy), metropolitan (~5000 km2 over greater Los
Angeles) and urban scales (~900 km2 over urban Beijing) and found that MODIS
derived τ was comparable to sunphotometer measurements (AERONET and nonAERONET) on all of these spatial scales. They also found that AERONET retrievals
of τ were correlated with surface {PM}.
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A number of studies have characterized the relationship of τ and {PM} and
how it varies around the world (e.g., [Gupta et al., 2006; Wang et al., 2004]). EngelCox et al., [2004] compared MODIS to hourly {PM2.5} measurements from USEPA
surface sites. They found correlations on the order of R~0.5-0.6 over much of the
Eastern half of the U.S., with much lower (including negative) correlations over the
Western half. These and other results encouraged Al–Saadi et al., [2005] to elaborate
on this concept, describing a joint EPA/NOAA/NASA effort that uses MODIS and
other satellite products to monitor and help forecast surface {PM} on a national scale.
For August and September 2003, they found correlations of R~0.6 over the Eastern
half of the U.S., but R<0.4 over most of the west. Over the eastern U.S., surface
{PM2.5} (in [µg·m-3]) could be approximated by

{PM 2.5 } " 60[µg # m$3 ] % & 0.55

(8.1)

Engel-Cox et al., [2006] focused on the relationship of MODIS-τ and {PM2.5}

!
over Baltimore
during the summer of 2004. They found that
{PM 2.5 } " 30[µg # m$3 ] % & 0.55 + 5[µg # m$3 ],

(8.2)

regardless of whether {PM2.5} represented hourly ({PM2.5}hourly) measurements from

!
non-reference
continuous aerosol mass monitors or daily ({PM2.5}daily) measurements
from Federal Reference Monitors (FRM). Under both surface measurement time
scales, correlation coefficients were R~0.6, but they had different values of slope and
offset. Then they used ~100 cases of lidar (at any time during the day) measurements
of total τ and τ in the PBL (τPBL), also comparing with both {PM2.5}hourly and
{PM2.5}daily. For hourly {PM2.5}, correlation coefficients were higher when regressing
to τPBL (R=0.64) than to total τ (R=0.56), but there were significant differences in the
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regression equations. Like that reported for MODIS τ, slopes using total τ were 2530 µg·m-3·τ−1 (τ is unitless). When regressing to τPBL, however, the slope was 48
µg·m-3·τ−1. For estimating daily {PM2.5}, both correlation coefficients were R~0.75,
and slopes rose to 40 and 65 µg·m-3·τ−1 for τ and τPBL, respectively. This suggested
that knowing the vertical apportionment of aerosol depth (that can be measured from
lidar) can determine (case by case) whether a τ/{PM} correlation should exist [EngelCox et al., 2006; Chaw et al., 2006]. When there is significant high altitude aerosol
(for example high altitude smoke transport), there will be little or no correlation
between the two properties.
Statistical analysis of the vertical apportionments will lead to better
quantification of the correlation. Understanding the meteorological conditions that
precede specific 3-D aerosol configurations would lead towards improved ability to
monitor and even forecast aerosol events at the surface. Van Donkelaar et al. [2006]
evaluated the relationship by simulating meteorology and vertical profiles using a
global chemical transport model, and concluded that temporal variation of τ in the
vertical is the dominant variable for determining the τ/{PM} relationship.

8.2: Observed aerosol properties over the mid-Atlantic during
July-August 2002
The Mid-Atlantic Regional Air Management Association, Inc. (MARAMA;
http://www.marama.org) is a voluntary, non-profit association of ten state and local
air pollution control agencies, including those in Delaware, the District of Columbia,
Maryland, New Jersey, North Carolina, Pennsylvania, Virginia and West Virginia.
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For the purpose of this dissertation, the mid-Atlantic region is defined by the
MARAMA domain. MARAMA recognizes pollution as a regional problem, thus
encompassing the work of the MDE.

8.2.1 Datasets
A number of aerosol datasets were collected during July and August of 2002
over the mid-Atlantic. MODIS observations from Aqua began in early July, thus this
was the first two months of both Terra and Aqua observations. AERONET data were
collected at nine sites (AERONET naming conventions) in the mid-Atlantic region:
CCNY (40N, 73W), Columbia_SC (34N, 81W), COVE (36N, 75W), GISS (40N,
73W), GSFC (38N, 76W), MD_Science_Center (39N, 76W), Norfolk_State_Univ
(36N, 76W), SERC (38N, 76W), and Wallops (37N, 75W). Backtrajectories at
multiple levels, from NASA Global Modeling and Assimilation Office (GMAO)
assimilated gridded data, are available for most of the AERONET sites. The EPA
collected speciated, daily and/or hourly average aerosol concentrations at several sites
in the region. The UMD aircraft measured 22 profiles of aerosol extinction and
scattering, and there were intensive measurements of PM at Fort Meade, Maryland
(FME) [Hains et al., submitted 2007]. Finally observations from the Micropulse
LIDAR (MPL: http:mplnet.gsfc.nasa.gov) were available during the period. In this
chapter, I utilize retrievals of τ from MODIS and AERONET, hourly surface {PM2.5}
from the EPA’s continuous monitors, and scattering and absorption coefficients
measured by the three-wavelength nepholometer and the PSAP onboard the UMD
Piper-Aztec aircraft. Each of these products are inter-compared and compared with
that simulated by the CMAQ model during the period.
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8.2.2 Summary of events
Fig. 8.1 shows a plot of daily averaged τ and surface {PM2.5} measured in
Baltimore, during July-August 2002. The period was marked by episodes of heavy
aerosol loadings evident in both the column and at the surface. In most cases, the
events tracked together, with a τ = 1.0 representing approximately 40 µg·m-3·τ−1
(matching that found by Engel-Cox et al., [2006]. Days 187-189 (July 6-8) are
marked by extreme loadings, both in the column and at the surface, resulting from the
transport of heavy smoke from fires in Quebec [Taubman et al., 2004; Vant-Hull et
al., 2005; Colarco et al., 2004]. The correlation of the aerosol at Baltimore is high,
demonstrating that while the elevated smoke was not brought to the surface
everywhere, it was brought to the surface in Baltimore. Other interesting events are
days 198-204 (July 16-22), which was a typical episode of summer pollution, marked
by stagnant conditions and buildup of local and regional sulfate-based aerosols. This
event was observed by both the satellite and at the surface instruments at all sites in
the region. Days 225-226 (August 13-14) are likely another episode of smoke
transport from Canada, but includes some regional pollution as well.
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Fig. 8.1: Daily average τ (at 0.55 µm) observed by AERONET sunphotometer
(red), compared with daily {PM2.5} from the EPA-FRM monitor (black), in
Baltimore, between July and August 2002. The mean of each dataset are given
in parentheses in the legend. The AERONET data are Level 2 (quality
controlled).

During the entire period, average {PM2.5} was 22.0 µg·m-3, with average τ of
0.44 (also displayed in Fig. 8.1). Given a 2km PBL (e.g., [Taubman, 2004]), and a
hygroscopic growth factor of 2.0 (e.g., [Gassó et al., 2003]), this converts to a dry
mass extinction coefficient of 5 m2·g-1 for aerosol in Baltimore. This value is
reasonable, and comparable with that given in prior literature.
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8.2.3 Comparisons of datasets
This section provides scatterplots of comparison between datasets. They
provide some understanding of the variability in measurement techniques and vertical
distribution within the mid-Atlantic region.
Fig. 8.2a is a comparison of MODIS with AERONET –derived τ in the
region, providing a validation of the MODIS over land product. The correlation is
high (R2 = 0.86) with nearly a one-to-one fit. There are some outliers, which should
be explained individually. However, this plot indicates that the MODIS τ retrieval
can be trusted. Plotted in (Fig. 8.2b) is the comparison of η retrieved by MODIS and
AERONET (O’Neill method). There is some correlation (R2=0.29), but it is obvious
that the MODIS η product is far from validated.

Fig. 8.2: Comparison of MODIS-land and AERONET derived τ(A) and η (B)
over the mid-Atlantic region during July-August 2002. The τ expected error is
represented by the dashed lines in (A). For AERONET, η is derived using the
O’Neill method.
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Fig. 8.3 plots the hourly-averaged surface {PM2.5} against the MODIS –
derived τ in a 5 x 5 (~50 x 50 km) box. Plotted in red are all co-locations during
July-August 2002. Since (except for at Baltimore site), it is known that the July 6-8
smoke did not make it to the surface in all locations, overplotted in black are the same
points but without those dates. It is interesting that the red points are widely scattered
outliers and not only for high τ, low {PM}. Aerosol spatial variability and sampling
issues within the 50 km x 50 km MODIS may very important (e.g., [Kovacs et al.,
2006]), especially for this smoke episode. Without the smoke data, the correlation is
larger (R2=0.52). In fact, this correlation is larger than that found by Engel-Cox et al.,
[2006] for c004, suggesting that c005 retrievals may be better suited for estimating
{PM2.5} in the U.S. mid-Atlantic region.
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Fig. 8.3: Comparison of two-hourly averaged measured surface {PM2.5} with
5x5 box averaged MODIS over land –derived τ for July and August 2002 in the
mid-Atlantic (red). The three days of the heavy smoke episode (July 6-8) are
removed (black), and the correlation is displayed.

In support of the MDE, the UMD Piper Aztec aircraft measured 22 profiles of
scattering coefficient during the period [Taubman, 2004], concentrating on the
interesting events described in section 8.2.2. Jennifer Hains analyzed each flight and
calculated τ (from the scattering) at 0.55 µm. Fig. 8.4 compares the values, derived
from these profiles, to the averaged MODIS τ in a 5x5 (25 values) box centered at the
profiled location. Data are plotted if either Terra or Aqua passed over the site within
2 hours of the profile, and there were sufficient MODIS statistics (5 within the 25
possible); thus, only 10 matches were made. The means are within 6%, but the
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regression shows low correlation coefficient (R2 = 0.26). Part of the low correlation
may be due the limited sampling height of the aircraft (profiles made below 3km,
neglecting elevated aerosol for calculating τ). However, since some of the situations
show higher τ from aircraft, the issues are assumptions used to derive
scattering/extinction coefficients (and integrating to τ), and sampling variability.

Fig. 8.4: Comparison (and regression) of MODIS derived τ (either Terra or
Aqua) if observed within two hours of aircraft measured profile. Aircraft τ
values were calculated by Jennifer Hains, following Taubman, [2004].
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8.3: Introduction to CMAQ
For aerosol characterization and air quality forecasting, it is necessary to
evaluate the models used for these purposes. They should be realistic in their
treatment of aerosol processes, and provide results that can be validated by
observations. Kinne et al., [2006] describes a project (known as AeroCom) that is
assessing aerosols within global chemical transport models (CTM) and general
circulation models (GCM). In general, large-scale models demonstrate agreement in
total aerosol optical depth (compared to remote sensing from AERONET and
satellite), but completely disagree in deriving component masses and component
optical depths. Since each model assumes different aerosol physical and optical
properties, different meteorology, different size binning, and different physical and
chemical aerosol processing, differences in model outputs are not surprising. While
there are coordinated efforts to evaluate aerosol in global models, there is not much in
the literature evaluating aerosol properties in regional chemical models, such as are
used in air quality forecasting. As the CMAQ model was developed for the EPA,
MDE is using the CMAQ model to evaluate scenarios for meeting NAAQS
compliance in Maryland. This section evaluates results provided by the CMAQ air
quality model to study aerosol in the region during July-August 2002.
The Models-3 Emission Projection and Processing System (MEPPS) is a
flexible software framework that encompasses the Community Multi-scale Air
Quality Model (CMAQ: Byun and Ching, [1999]). Designed and used by the USEPA
to model the chemistry and physical processes leading to poor air quality, Models3/CMAQ addresses applications ranging from regulatory issues to scientific studies.
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The CMAQ system can simulate tropospheric ozone, acid deposition, visibility,
surface PM2.5 and other constituents of air pollution. The Models-3 framework
consists of the Fifth generation Penn State University/National Center for
Atmospheric Research Mesoscale Model (MM5), the MEPSS emission system, and
the CMAQ chemical transport model (CCTM). The Models-3/CMAQ system is an
open source collection of computer modules that can be accessed and modified for a
user’s specific purpose.
One of the major advantages of CMAQ is its high resolution. The ‘baseline’
version of CMAQ run for the University of Maryland produces hourly output for 22
vertical levels (p-sigma coordinates), at 12 km x 12 km horizontal resolution within a
172 x 172 grid box (~2000 km2). This high resolution is comparable to MODIS 10
km x 10 km resolution and is adequate for studying aerosol variability on a regional
scale. Chandresekar et al., [2002] evaluated the MM5 model for a pollution event
over Philadelphia, and concluded that the model was generally successful at
predicting the meteorology. Cloud cover, especially fair weather cumulus, is not well
simulated by CMAQ (e.g., [Mueller et al., 2006]), in part due to averaging processes
from MM5 to CMAQ.
The aerosol component of the CMAQ system is described in general by Byun
and Ching, [1999], with the most version described by Binkowski and Roselle,
[2003]. It is designed to be an efficient and economical depiction of aerosol
dynamics that includes processes of direct emission, new (from gas) particle
formation, coagulation, deposition and activation into cloud droplets. The model
includes the primary emissions of elemental (black) carbon, organic carbon, dust, sea
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salt and other species (from the 1995 USEPA emission inventory, plus assumed size
distributions), as well as secondary (produced) species like sulfate, ammonium,
nitrate and organics. CMAQ uses a ‘modal approach’, such that it considers the
particle size distribution as a superposition of three lognormal modes (Aitken,
accumulation and coarse) that are allowed to grow in size (diameter) and in
concentration (loading) at every time step. Hygroscopic growth is also considered.
Aerosol is allowed to jump from one mode to another. The properties of the size
distribution for each mode and each species are calculated at each time step: the total
particle number, surface area and mass concentrations. Binkowski and Roselle [2003]
describe the components of each aerosol species modeled in CMAQ, as well as a
number of diagnostic parameters that represent other properties of the aerosol.
Mebust et al. [2003] evaluated the speciation of the CMAQ air quality model
against IMPROVE observations, finding that CMAQ consistently under-predicts the
aerosol concentrations of each species (except for sulfate) by ~30-40%. Smyth et al.
[2006] found similar behavior (under-prediction of mass) of CMAQ over a domain in
Western Canada. However, there was excellent temporal agreement between the
model and observations, suggesting that some of the aerosol processes simulated
within the model are appropriate.
The following sections compare CMAQ output with surface and satellite
measurements in the U.S. mid-Atlantic region. The spatial/temporal behavior of the
aerosol properties is presumed to relate as described by Ichoku et al., [2002a]. Thus,
statistics of products are calculated for 5x5 grid boxes (60 km x 60 km for CMAQ),
and compared to data within ±1 hour.
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8.4: CMAQ estimates of surface {PM2.5}
Hourly CMAQ estimates of total surface {PM2.5} were compared to that
observed by the continuous {PM2.5} monitors in the mid-Atlantic region within ±1
hour. Fig. 8.5 shows that CMAQ consistently under-predicts total surface {PM2.5}.
Even when the heavy smoke event (July 6-8) is removed, the slope is only 0.349.
However, the correlation coefficient is R2=0.325, suggesting that while CMAQ may
not be appropriate for quantitative surface {PM2.5} forecasting, it has some skill
representing the relative magnitude. It is noted that in most cases where CMAQ
predicts high {PM2.5} (> 65 µg·m-3), that observed concentrations are also high.

Fig. 8.5: Comparison of CMAQ 5x5 box averages (60 km) of surface {PM2.5}
with observed two-hourly averaged {PM2.5} from continuous monitors. The red
points are all collocations during July and August 2002, whereas the black points
(and regression) exclude the smoke episode (July 6-8).
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8.5: Evaluation of τ /PM relationship in CMAQ
8.5.1 Computation of τ from CMAQ output
The ‘modal’ approach used in CMAQ calculates the properties of the size
distribution for each mode at each time step [Binkowski and Roselle, 2003]. Along
with the surface PM concentration, another parameter monitored by the USEPA is the
visibility, defined as a function of the extinction coefficient, βext (in units of km-1).
CMAQ calculates the extinction coefficient in two different ways.
A theoretical method for computing extinction is to perform full Mie
calculations at each time step, integrating over the size distributions and refractive
indices of each individual species and mode. This is computationally expensive, and
is not necessarily representative of extinction coefficients measured in situ. In his
Ph.D. dissertation, Park [2001] described a method for calculating aerosol optical
properties, by interpolating to a LUT of previously simulated aerosol models.
Unfortunately, while this method is now used within CMAQ for computing
photolysis rates at each level, the individual calculations at each layer are not saved
into output files.
The alternative method is introduced in Malm et al., [1994] and is known as the
‘reconstructed mass extinction.’ This a fit to observations from the IMPROVE
network, and is calculated empirically:
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" ext = 3.0 * f RH * ({ammonium} + {nitrate} + {sulfate}) +
(8.3)
4.0 * {OC} +10.0 * {BC} +1.0 * {fine soil} + 0.6 * {coarse}
where the units of the mass extinction coefficients (the constants) are [m2·g-1], the

!

curly braces represent aerosol species dry mass concentrations (sum of all modes) in
[µg·m-3], and the fRH is from a lookup table [Malm et al., 1994] (plotted in Fig. 3.3).
Mebust et al., [2003] evaluated the visibility component of the CMAQ and found that
in general, CMAQ over-predicts visibility by 25-35%, consistent with the underprediction of aerosol mass at the surface.
While the above equation is intended for computing surface extinction, it can be
applied at any level within the CMAQ atmosphere. The optical depth is the integral
of the extinction coefficient at the center of each layer, multiplied by the layer
thickness (in km).
Due to constraints of computer space, a CMAQ model end-user has access only
to the information contained in the {} of Eq. 8.3 (total concentration of each species),
and not the size distribution and the extinction properties of each modal component.
This means that a reconstructed mass equation, such as Eq. 8.3, is the only way to
calculate τ from CMAQ output. It is necessary that the assumed species mass
extinction coefficients are appropriate for using a reconstructed mass equation for
characterizing aerosol in the mid-Atlantic region.
The CMAQ ‘baseline’ version outputs from July-August 2002 are available
on the University of Maryland’s computer network. The ‘concentration’ files contain
total speciated PM concentrations (sums of all three modes), as well as pollutant gas
concentrations, at 12 km x 12 km horizontal resolution, in 16 p-sigma (pσ) layers, at
every hour during the two month period. Additional files are outputted by CMAQ to
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include latitude, longitude, elevation and urban surface percentage in each horizontal
box, as well as information about thickness, pressure, temperature, water vapor, liquid
water, ice and snow mixing ratios at each level in the atmosphere.
In p-sigma coordinates, (pressure normalized to surface level pressure; pσ =
player/psfc, where player is the pressure and psfc is the pressure at the land surface), the
values for each layer (bottom of layer) are pσ = 1.0, 0.9974, 0.9940, 0.9890, 0.9820,
0.9720, 0.9590, 0.9430, 0.9230, 0.8990, 0.8719, 0.8390, 0.8030, 0.7630, 0.7180,
0.6680 and 0.5680. These values correspond to layer middle heights (km above the
surface) of approximately 0.010, 0.024, 0.068, 0.116, 0.185, 0.282, 0.398, 0.544,
0.727, 0.949, 1.212, 1.523, 1.886, 2.312, 2.820 and 3.393 km, depending on the
elevation of the surface, pressure and temperature. The 16 layers are a subset of the
22 layers modeled by CMAQ, truncated on assumption that little tropospheric air
pollution is contained above about 3.6 km (and that comparable Piper Aztec
measurements are limited in the vertical by aircraft design).
In each layer, and at each grid box, the relative humidity is calculated from the
CMAQ outputs of vapor mixing ratio [w in kg vapor per kg dry air], using the
parameterization from Rogers and Yau, [1989], e.g.,
RH =

w
ws

(8.4)

where the saturation mixing ratio (ws) is
!

" 6.112exp[17.67T /(T + 243.5)] %
w s = 0.622$
',
p
#
&

(8.5)

a function of the temperature (T) in deg C and pressure (p) in millibars. Note that the

!
numerator
in the parentheses is the saturation vapor pressure (es), and that 0.622 is the
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ratio of water vapor and dry air specific heats. This relative humidity is in turn, used
to calculate fRH for specific aerosol species.

8.5.2 Calculating τ with the Malm reconstructed mass extinction
As shown by Fig. 8.5, CMAQ tends to under-estimate surface aerosol
concentration. The aerosol may exist in the model’s column, but not at the correct
level. Therefore, it is instructive to compare the CMAQ integrated aerosol loading
with observations. A reconstructed extinction coefficient equation like Eq. 8.3 is
appropriate.
The extinction coefficients as written in Eq. 8.3 [Malm et al., 1994] were used
to compute the aerosol optical depth at each of the 172x172 points in the CMAQ
domain, for each daylight hour (9:00 to 23:00 UTC, 5:00 AM to 9:00 PM Eastern
Daylight Time). Relative humidity dependence of the optical properties was
computed from relative humidity, which was calculated from model temperature,
pressure and water vapor mixing ration at each layer (e.g., Eqs. 8.4-8.5).
Fig. 8.6a compares CMAQ derived τ with MODIS -observed τ, centered at
and closest in hour with MODIS overpass. Both datasets are averaged over a 5 x 5
boxes (~50 x 50 km for MODIS; 60 x 60 km for CMAQ). No comparison is made
when either MODIS detects a cloud, or there is RH>98% or liquid water present
within any layer of the CMAQ output. When the known smoke days are taken out,
there is a surprisingly robust correlation (R2 = 0.439), however the slope is 0.235.
CMAQ mean τ is only ~31% of observed mean τ. It is interesting that the τ
correlation coefficient is somewhat higher than for surface {PM2.5} (R2 = 0.325).
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Although CMAQ severely underestimates the (reconstructed) optical depth as
well the surface {PM2.5}, it is possible that the relative apportionment of the optical
depth to the surface is correct. If the model’s internal aerosol apportionment is
appropriate, it might indicate that aerosol processes in the atmosphere are well
simulated by the model, but that the model is only deficient in its source inventory.
Fig. 8.6b correlates the CMAQ surface {PM2.5} with CMAQ -derived τ.
Compared to MODIS/monitor observations, CMAQ has larger internal correlation
(R=0.8), which indicates that CMAQ does not include elevated aerosol information in
its domain. The internal CMAQ slope is nearly 58 µg·m-3·τ-1, which is much higher
than observed slope (~30 µg·m-3·τ-1).

Fig. 8.6: A) CMAQ 5x5 (60 x 60 km) box averaged τ derived with the Malm
(IMPROVE) LUT compared with MODIS 5x5 box averages (between 50-80 km
depending on view angle). B) CMAQ 5x5 box averages (60 km) of surface
{PM2.5} compared with CMAQ-derived τ (Malm LUT). The red points are all
co-locations during July and August 2002, whereas the black points (and
equations) denote exclusion of the three days of heavy smoke episode (July 6-8).
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One can suggest that the internal vertical apportionment of CMAQ should match
observed surface to column apportionment. One solution is to revise the
reconstructed mass extinction equation with updated assumptions for the fRH
dependency and/or assumed mass extinction coefficients of the dry aerosol.

8.5.3 Calculating τ using GOCART models for reconstructed mass
extinction
Chin et al., [2002] describes the size and optical characteristics of the aerosol
assumed within the GOCART model. While they are not identical to the aerosol
types modeled by CMAQ, Chin suggested [personal communication] using their
properties to represent the CMAQ aerosol types. GOCART’s sulfate model was
assumed for the union of sulfate, nitrate and ammonium, the OC model for organic
carbon, the BC model for elemental carbon, and dust modes B and E for fine mode
and coarse mode dusts, respectively. I also used the GOCART formulations for fRH,
different for sulfate, organic and black carbon aerosol types (e.g., [Köpke et al.,
1997]). Since the optical properties for the GOCART models [Chin et al., 2002] are
presented for a wavelength of 0.50 µm, and that fine mode aerosol is assumed to be
smaller than r<0.5 µm, I re-calculated the Mie optical properties (using MIEV;
Wiscombe, [1980]), for 0.55 µm wavelength and assumed r<1.25 µm for PM2.5. I
used the listed values [Chin et al., 2002] for aerosol density, except for BC, which I
updated (as per Bond and Bergstrom, [2006]) to 1.8 g·cm-3.
Figs. 8.7a and 8.7b are analogous to Figs. 8.6a and 8.6b, using the GOCART
properties instead of the IMPROVE [Malm et al., 1994] mass coefficients for
reconstructing the extinction. The correlations are nearly the same as those using the
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IMRPROVE coefficients, but the slope is raised to 0.374 for τ (mean CMAQ is 56%
of mean MODIS). The slope of the CMAQ internal τ/{PM} equation is lowered to
39 µg·m-3·τ-1, suggesting that GOCART properties provides better representation of
the aerosols over the mid-Atlantic.

Fig. 8.7: A) CMAQ 5x5 (60 x 60 km) box averaged τ derived with the GOCART
LUT compared with MODIS 5x5 box averages (between 50-80 km depending on
view angle). B) CMAQ 5x5 box averages (60 km) of surface {PM2.5} compared
with CMAQ-derived τ (GOCART LUT). The red points are all co-locations
during July and August 2002, whereas the black points (and regressions) denote
exclusion of the three days of the heavy smoke episode (July 6-8).

Fig. 8.8 shows CMAQ compared with AERONET, whereas all points during
the day (not just near noon-time MODIS over pass time) are available. The
regression equation and correlation coefficient is very similar to that of Fig 8.7,
indicating consistency. Separating CMAQ and AERONET comparisons by hour
shows no significant difference based on time of day, but future study is desirable.
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Fig. 8.8: Comparison of CMAQ 5x5 box averages (60 km) of computed τ
(GOCART LUT) with observed hourly averaged AERONET observations. The
red points are all collocations during July and August 2002, whereas the black
points (and regression) exclude the smoke episode (July 6-8).

8.5.4 Calculating τ using c005 LUT models for reconstructed mass
extinction
As a final exercise in CMAQ τ calculation, I evaluated CMAQ, but using
instead the extinction properties calculated via the new MODIS (c005) LUT,
appropriate for the region. However, instead of using values retrieved from Table
6.2, I re-calculated the properties of the weakly absorbing model (Chapter 6) for a
truncated size distribution (r < 1.25 µm) and appropriate values of dry density
(sulfate; 1.8 g·m-3). The resulting model mass extinction (~4.1 m2·g-1) was applied to
the sum of all PM2.5 components (e.g., sulfate + ammonium + nitrate + organic
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carbon + elemental carbon + fine soil), while the dust model mass extinction (0.5
m2·g-1) and density (2.6 g·m-3) was assumed to apply to coarse aerosol mass.
Because the aerosol optical models derived in Chapter 6 are intended to
represent ‘ambient’ aerosol properties, the weakly absorbing model mass extinction
does not necessarily represent ‘dry’ mass as does the GOCART [Chin et al., 2002]
and the IMPROVE [IMPROVE, 2006] modeled values. Therefore, for fRH, I assumed
the formula suggested by Kotchenruther et al., [1999] with values of the exponent
(γ=0.35) suggested by Taubman, [2004] in his dissertation. The results turned out to
be similar to those using the IMPROVE mass extinction assumptions (simulated
mean τ ~ 35% of observed and simulated τ/{PM} slope ~ 61 µg·m-3·τ-1), so they are
not plotted here.

8.6: Spatial comparison between MODIS and CMAQ derived τ .
The best simulations of τ itself, as well as internal vertical apportionment of τ
and {PM2.5}, were realized when using the GOCART assumed aerosol optical
properties within CMAQ. Thus, the GOCART model assumptions were selected to
provide detailed comparison of CMAQ versus MODIS -derived τ. Figs. 8.9a and
8.9b provide examples for cases when the spatial match was good (July 16) and poor
(July 7). As noted before, July 16 is a case of typical summer buildup of regional,
sulfate dominated haze, whereas July 7 is an atypical case of dense smoke transported
into the region.
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Fig. 8.9: Comparison of CMAQ (GOCART LUT) to MODIS retrievals of τ at
0.55 µm. The top panel (A) is for a day of typical sulfate pollution (July 16,
2001) where the model matches the satellite. The bottom panel (B) is from an
unusually heavy infusion of Canadian smoke at high altitudes (July 7, 2001),
where the model fails to capture satellite-measured τ.

For the July 7 case, the spatial distribution and the relative magnitude of the
aerosol plume is captured very well by CMAQ. In general CMAQ underestimates
MODIS by about 20%, but the location of maximum τ in Kentucky area is confirmed
by MODIS. CMAQ is less cloudy than MODIS, but this is at least partially due to
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having CMAQ data only to 3.6 km. High (cirrus) clouds that are observed by
MODIS cannot be determined from the truncated CMAQ vertical profiles.
The July 16 case shows no similarity between the two datasets. This is the
case of heavy smoke transport; CMAQ is not privy to information outside of its
domain. Therefore, CMAQ cannot be expected to simulate this smoke.

8.7: CMAQ τ and vertical profiles compared to UMD Aircraft.
As might be expected, the slope of CMAQ –derived τ and aircraft –derived τ
is similar to CMAQ compared to either MODIS or AERONET. Figure 8.10a is a
scatter plot of this comparison, for all matches during July-August, as well as when
excluding the smoke episode of July 6-8 (which is regressed). Although mean
CMAQ τ = 98% of aircraft -derived τ, this is misleading because the slope is ~0.365,
offset = 0.15, and the correlation is low (R2=0.26). Thus, while the model may
capture the magnitude of τ in the mean sense, it cannot characterize the spatial
distribution of the aerosol.
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Fig. 8.10: A) Comparison of CMAQ derived τ (GOCART LUT) to derived τ
from aircraft profiles. The red points are for all profiles during the July-August
2002, whereas the black points (regressed) exclude the smoke event of July 6-9,
2002. B) Comparison of average CMAQ derived extinction profiles (GOCART
LUT) and averaged aircraft extinction profiles (red dots) for the July-August
2002 period, except for the heavy smoke event. The error bars are the standard
deviations for each data set. The CMAQ data are 5x5 boxes centered at and
hours closest to aircraft profiles. The red circles are the two-month averages if
the smoke profiles were included. Aircraft profiles were provided by Jennifer
Hains, using data and formulas of Taubman, [2004].

Finally, both CMAQ and the aircraft profiles provide estimates about the
vertical structure of extinction. Figure 8.10b displays averaged (throughout the entire
period except for Jul 6-9) of CMAQ and aircraft –derived extinction coefficients.
The aircraft extinction profiles are the sum of scattering and absorption at 0.1 km
altitude increments, provided by Jennifer Hains. The smoke days (July 6-9) are
characterized by greatly increased high altitude values. Without the smoke, there is
some similarity between the two profiles, especially when considering the standard
deviations during the period (displayed by the error bars). In the middle of the PBL,
however, the CMAQ Bext is only about 60% of that measured by aircraft. Detailed
201

analysis of the modeled vertical profile is beyond the scope of this work, but one
hypothesis is that because CMAQ underestimates clouds (especially fair weather
cumulus clouds, [Mueller et al., 2006]), CMAQ is not converting enough SO2 into
sulfate aerosol.
Representing the two specific aerosol events compared by the MODIS/CMAQ
imagery of Fig. 8.9, I compare extinction profiles from the same two dates in Fig.
8.11. While CMAQ shows some minimal skill at simulating the vertical profile of
typical pollution on July 16, it fails at capturing any of the smoke observed on July 8
over Easton, Maryland (also analyzed by [Colarco et al., 2004]).

Fig. 8.11: Comparison of CMAQ extinction (GOCART LUT) to specific UMD
aircraft profiles of scattering over airports (both at 0.55 µm). The left panel is
for a day of typical sulfate pollution (July 16, 2001) where the model reasonably
matches the profile. The bottom panel is from an unusually heavy infusion of
Canadian smoke at high altitudes (July 7, 2001), where the model does captures
very little of the aircraft measured extinction. The error bars for the model
represent the standard deviation within a 5x5 box (60 x 60 km) around the
airport.
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8.8: Summary
Efforts have been made to apply MODIS -derived τ products to help to monitor
and forecast surface PM2.5 concentrations and air quality. However, if MODIS is to
be used to address policy issues related to poor air quality (for example, withdrawal
of federal funds to states or counties in non-attainment of NAAQS), it should be well
understood and its products be of high accuracy. In the mid-Atlantic region, the
second-generation of MODIS τ products display high enough accuracy (compared to
AERONET over a 50 km x 50 km box) with enough spatial resolution to be
considered to help characterize aerosol in the region.
The next step tested whether (column integrated) τ would be related to surface
{PM2.5}. Scatterplots of the two parameters (noting different units) showed that there
is a general correlation between the two, but that in some cases (e.g., elevated aerosol
layers resulting from long range transport), columnar aerosol properties would be
unrelated to what would be measured at the surface.
I evaluated the relationship of τ and surface aerosol concentrates as simulated
by the baseline run of the CMAQ air quality model. Three different lookup tables
and fRH corrections were used to calculate τ from the model, showing that the use of
the GOCART assumed aerosol parameters and relative humidity corrections [Chin et
al., 2002] provided the best fit to observed τ from AERONET, MODIS and
integration of aircraft measured extinction profiles. The GOCART LUT also
provided the best simulation of the τ to {PM2.5} relationship observed by the
combination of remote sensing and surface monitors. However, while the τ to
{PM2.5} apportionment could be represented internally, both modeled quantities were
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only ~40% of the magnitudes of those observed. As for vertical profiles, CMAQ
underestimated extinction at all levels, except for overestimation at Earth’s surface.
Therefore even if MODIS -derived τ could be used to estimate surface {PM2.5},
CMAQ is not yet realistic and requires substantial improvement before use in air
quality application.
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Chapter 9: Conclusion: Summary and Further Study
9.1: Summary
Aerosols are recognized as major components of the Earth’s atmosphere/surface
climate system, influencing the radiative budget, clouds and precipitation processes
and the health of organisms on the planet (including humans). A significant fraction
of emitted aerosol is anthropogenic, so that they are monitored by the USEPA, the
IPCC and other international agencies that regulate pollution and climate. However,
unlike long-lived spatially homogenous gaseous pollutants (such as carbon dioxide),
aerosols’ short lifetimes (~ 1 week), complicated chemical compositions, and
tendency to interact with clouds and precipitation processes, make them impossible to
monitor on all scales from only one instrument. Thus, aerosol characterization must
be performed from multiple sensors, both in situ and remotely, from surface, aircraft,
and satellite. It is imperative to understand each measurement technique and how it
relates to others. Otherwise, aerosol properties gleaned from one instrument may
seem contradictory to another set of measurements.
In this dissertation, I concentrated on remote sensing of aerosols from space,
specifically from the MODIS sensors aboard NASA’s polar-orbiting Terra and Aqua
satellites. Although the MODIS operational aerosol retrievals had been validated in
the past, it was becoming apparent that the MODIS products were suffering biases
and other inaccuracies that could be fixed. By comparing with other remote sensing
techniques (e.g both sun and sky sunphotometery, I developed a new algorithm that
reduced the bias and uncertainty in retrievals of global τ, over dark land surfaces.
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This second-generation operational algorithm was put into operation in early 2006
and provided a complete mission ‘Collection 5’ product dataset by the end of 2006.
During algorithm development, I derived a set of optical and physical properties
(aerosol ‘models’) that characterized the range of globally observed aerosol (as
observed by AERONET). Using the technique of atmospheric correction, I
parameterized surface reflectance in two visible wavelengths (0.47 and 0.66 µm) as a
function of 2.12 µm, scattering angle and surface type (NDVISWIR). I tapped the 2.12
µm channel to provide coarse aerosol optical information as part of a simultaneous
inversion, where previous MODIS algorithms over land presumed no information.
Finally, I implemented a better correction for elevated surfaces with sophisticated
radiative transfer that includes atmospheric polarization.
I applied the new algorithm to a subset (the testbed) of MODIS observations,
retrieving τ with higher accuracy than the previous MODIS algorithm, regressing
nearly one to one with global sunphotometer measurements, with correlation
coefficient R=0.9. Globally, histograms and statistics indicate that the new MODIS
algorithm retrieves average global over-land τ of ~0.21 (at 0.55 µm), as compared to
the previous version’s estimate of 0.28.
Although the new global aerosol retrieval algorithm was intended to help answer
global climate questions, the derived products are applicable to problems of poor air
quality and surface {PM2.5} non-attainment in the U.S. mid-Atlantic region. As the
University of Maryland was funded to evaluate the year 2002 in support of the state
of Maryland’s mission to put together an ‘attainment’ plan, I concentrated on the
most characterizing aerosol during the most active two months of the year (July and
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August 2002), where both surface {PM} and column τ reached high levels (as seen
by EPA’s continuous monitors and AERONET sites). In addition to typical sulfatedominated pollution episodes (e.g., July 16-22), the period included infusions of
transported smoke (July 6-8) from Canada [Taubman et al., 2004; Vant-Hull et al.,
2005; Colarco et al., 2004], when AERONET observed τ > 2.0.
I evaluated MODIS products during the period and demonstrated that the τ
product was within expected error bars, as compared to (ground-truth) AERONET
sites in the region (regression: τMODIS = 0.04 + 1.04τtrue, with correlation R2=0.88).
The η product was somewhat correlated (R2=0.18), but could not be considered
validated. We conclude that one is justified to use the MODIS –derived τ for
comparison with other datasets.
MODIS derived τ in 5 x 5 boxes (~ 50 x 50 km) centered at surface PM2.5
continuous monitors was compared with the measured surface {PM2.5} within ± 1
hour of overpass, in Maryland and the surrounding MARAMA region. Similar to
previous studies (e.g., [Engel-Cox et al., 2006]), τ was correlated with {PM2.5}. For
typical summertime conditions (not including the smoke episode of July 6-8), the
regression equation was ({PM2.5} = 9.0 + 31.8 τMODIS; R2 = 0.52), indicating that
MODIS products can be used for monitoring surface aerosol.
As part of EPA’s Maryland regulatory plan, the CMAQ model is being used to
evaluate the processes that lead up to surface PM non-attainment. I analyzed the
products from the ‘baseline’ CMAQ model runs for the period. The major task was
calculating ambient optical depth from dry aerosol mass concentrations. This
required assumptions about the mass extinction coefficients and dependence on
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relative humidity for each species, such that I could integrate the extinction as a
function of relative humidity and layer thickness over the entire column. Because the
CMAQ model outputs do not include such extinction information, I was forced to
make assumptions. I tried three different sets of extinction/humidity assumptions,
including those assumed by IMPROVE [Malm et al., 1994], by the GOCART model
[Chin et al., 2002], and by modifying my previously derived dust and weakly
absorbing aerosol models used in the new MODIS algorithm. The GOCART aerosol
optical properties provided the best match to observed τ (from either AERONET or
MODIS), as well as the most similar τ/{PM2.5} to that observed by MODIS and
surface monitors. However, CMAQ means of each property were only about 50% of
the means of those observed, indicating that CMAQ is under-predicting aerosol
consistently throughout the column.
For cases of ‘typical’ summertime pollution (e.g., July 16), CMAQ produced a
regional picture of τ that visually compared to that observed by MODIS. For cases of
atypical pollution (e.g., July 7) marked by transported smoke, CMAQ has no
knowledge of emissions outside the regional domain, resulting in no similarities
between the two images.
Finally, I compared both MODIS and CMAQ with the total τ and extinction
profiles derived from the UMD aircraft flights during July and August 2002. MODIS
and aircraft τ were reasonably correlated, especially when considering appropriate
single scattering albedo and that the aircraft profiles did not reach above 3.5 km.
Similar to the performance at estimating surface aerosol, CMAQ values of extinction
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and total aerosol optical depth (in typical conditions, not including the smoke event)
were on average only about 50% of those observed aboard the Piper-Aztec.

9.2: Aerosol Direct Radiative Effect
Globally, the new algorithm tends to reduce the average τ over land, from τ=0.28
(c004) to τ=0.21 (c005). This result is important in deriving estimates of aerosol
effects on the global radiative budget. Yu et al. [2006] estimate the (observationally
based) aerosol direct radiative effect (DRE) to be -5.5±0.2 and -4.9±0.7 W·m-2 over
ocean and land, respectively. Anderson et al., [2005] follows Charlson et al., [1991]
and linearly relates the DRE to τ (when τ << 1.0) by a factor known as the aerosol
climate radiative efficiency (E). E is defined as
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Here, F0 is the globally averaged TOA solar irradiance (~342 W·m-2), µ0 is about 0.5
in the!global average, Ac is the fractional cloudiness of the globe (~0.6), T is the
spectrally integrated atmospheric transmittance above the aerosol (~0.8), ω0 is ~0.9,
Rs is the globally spectrally integrated land surface albedo (~0.10) and β↑ is the
aerosol upscattering ratio (~0.3, note β↑ is related to g). Plugging these values into
the equation results in E ~ -30 W·m-2·τ-1 over land. For τ = 0.28, this translates to
DRE = -8.4 W·m-2, where for τ = 0.21 (assuming the same values for ω0 and β↑), DRE
= -6.3 W·m-2. In other words, a climate model, using MODIS derived τ as input,
would reduce the magnitude of over-land aerosol DRE by 25% or 2.1 W·m-2.
Assuming that this estimate is not representative of aerosol over deserts and other
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bright surfaces (about 20% of the land area), these before and after DRE estimates are
-6.7 and -5.0 W·m-2. Regardless, there is significant impact to DRE estimates simply
due to a new MODIS algorithm. When this DRE is spread out over the globe
(assuming 30% of the Earth’s surface is land), the change of global DRE is ~ +0.5
W·m-2.
If one estimates that ~30% of global aerosol is anthropogenic (e.g., Yu et al.
[2006]), then implementing the new algorithm leads to a change of estimated DRF of
~ +0.15 W·m-2. In its latest summary for policy makers, the IPCC [IPCC, 2007]
estimates global aerosol DRF as ±-0.5±0.4 W·m-2, meaning that the change of +0.15
W·m-2 is both a significant change, yet well within the stated uncertainty. More work
is needed to further pin down MODIS based estimates of DRE and DRF.

9.3: Further study
As a researcher, I realize that there is still incredible amount of work that
should be performed, both in creating algorithms for satellite sensors, as well as in
characterizing aerosols globally and within the mid-Atlantic region. Here, I consider
possibilities only for the immediate future.
The MODIS instruments do not provide the only observations of aerosol
properties. Previous and current lower resolution satellite sensors (such as TOMS,
AVHRR and GOES) have value in evaluating decadal aerosol trends [Mischenko et
al., 2007], especially when calibrated with MODIS (e.g., Ignatov et al., [2005]).
Newer and future passive instruments (such as MISR, POLDER and OMI) provide
quality information in different wavelengths as well as directional and polarization
information, which can be fused with information from MODIS to determine more of
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the climatic and distributional characteristics of aerosol. In fact, numerous proposals
have been submitted through NASA agencies (including GSFC and the MAST) for
providing such fusion. Yet, this does not mean that in situ measurements of aerosols
will become obsolete. They are representative of discrete locations and times, and
provide direct measurements of the aerosol properties most important in our daily
lives.
The next significant step forward in global and regional aerosol research is
from active sensors such as those from the Calipso satellite-borne and various surface
borne lidar instruments. These instruments, while focused only on narrow swaths or
in discrete locations, provide information about the vertical distribution that
represents the same physics (light extinction by aerosols) as measurements from
passive sensors. Thus, they should be used in combination, each measurement
constraining the others. For example, Anderson et al., [2005] presents a strategy for
combining the instruments from the “A-Train” of satellite instruments. The REALM
group at University of Maryland-Baltimore County (http://alg.umbc.edu/usaq/) is
using lidar data in national and regional applications (e.g., [Engel-Cox et al., 2006]).
These applications are becoming more quantitative, and are the link for applying
satellite products to both climate and air quality problems.
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Glossary (of symbols and acronyms)
{PM2.5} – concentration of Particulate Matter less than 2.5 µm in diameter
AATS – Ames Airborne Tracking Sunphotometer
AERONET – AErosol RObotic NETwork
ATBD – Algorithm Theoretical Basis Document
Bext, Bsca – Mass extinction/scattering coefficients
CLAMS – Chesapeake Lighthouse and Aircraft Measurements for Satellites
(experiment)
CMAQ – Community Mesoscale Air Quality model
EC/BC/OC – Elemental/Black/Organic Carbon
FRM – Federal Reference Monitor
LUT – LookUp Table
MARAMA – Mid-Atlantic Regional Air Management Association
MAST – MODIS Aerosol Team
MDE – Maryland Department of Environment
MODAPS – MODIS Adaptive Processing System
MODIS – MODerate resolution Imaging Spectro-radiometer
N(r), V(r) - Number, Volume size distribution as a function of radius (r).
NAAQS – National Ambient Air Quality Standards
NASA-GSFC: National Aeronautical and Space Administration – Goddard Space
Flight Center (in Greenbelt, MD)
P(Θ) – Phase function (as a function of scattering angle)
RAMMPP - Regional Atmospheric Measurement Modeling and Prediction Program
reff – effective radius of size distribution
rg, rv – median (geometric) radius of number size distribution, median radius of
volume (mass) size distribution
subscripts: s = surface, λ = wavelength, a = atmospheric
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superscripts: * = top of atmosphere.
TARFOX – Tropospheric Aerosol Radiation FOrcing eXperiment
TOA – Top Of Atmosphere
UMCP – University of Maryland, College Park (sometimes also written as UMD)
UMD-Piper Aztec – Aircraft used by the University of Maryland.
USEPA – United States Environmental Protection Agency
VISvs2.12, 0.47vs0.66, 0.47vs2.12, 0.66vs2.12 – Visible versus 2.12 µm surface
reflectance relationship, 0.47 µm verus 0.66 µm, etc
ws, w – saturated, ambient water vapor mixing ratio
X – Mie size parameter
α – Ångstrom exponent
βext, Βsca – extinction/scattering coefficients
η – fine (aerosol) weighting (exact definition in context)
Θ, θ, θ0, φ - Scattering, view zenith, solar zenith, relative azimuth angles
λ – wavelength
ρ – reflectance (normalized radiance). May have subscripts or superscripts
ρ − particle density
σ – width of size distribution
σext σsca, σabs – extinction, scattering, absorbing cross section
τ – optical depth (usually taken to mean ‘aerosol’ optical depth, AOD or optical
thickness, AOT). May have subscripts to symbolize wavelength or measured by
which instrument (e.g., τ0.55 or τMODIS)
ω0 – single scattering albedo (SSA)
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