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ABSTRACT

The Moderate Resolution Imaging Spectroradiometer (MODIS) aboard both NASA’s Terra and Aqua
satellites is making near-global daily observations of the earth in a wide spectral range (0.41-15 um). These
measurements are used to derive spectral aerosol optical thickness and aerosol size parameters over both
land and ocean. The aerosol products available over land include aerosol optical thickness at three visible
wavelengths, a measure of the fraction of aerosol optical thickness attributed to the fine mode, and several
derived parameters including reflected spectral solar flux at the top of the atmosphere. Over the ocean, the
aerosol optical thickness is provided in seven wavelengths from 0.47 to 2.13 um. In addition, quantitative
aerosol size information includes effective radius of the aerosol and quantitative fraction of optical thickness
attributed to the fine mode. Spectral irradiance contributed by the aerosol, mass concentration, and number
of cloud condensation nuclei round out the list of available aerosol products over the ocean. The spectral
optical thickness and effective radius of the aerosol over the ocean are validated by comparison with two
years of Aerosol Robotic Network (AERONET) data gleaned from 132 AERONET stations. Eight thou-
sand MODIS aerosol retrievals collocated with AERONET measurements confirm that one standard
deviation of MODIS optical thickness retrievals fall within the predicted uncertainty of A7 = £0.03 +0.057
over ocean and At = *£0.05 = 0.157 over land. Two hundred and seventy-one MODIS aerosol retrievals
collocated with AERONET inversions at island and coastal sites suggest that one standard deviation of
MODIS effective radius retrievals falls within Ar.; = *=0.11 um. The accuracy of the MODIS retrievals
suggests that the product can be used to help narrow the uncertainties associated with aerosol radiative
forcing of global climate.
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1. Introduction

The Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) field experiment was de-
signed to aid the development and evaluation of satel-
lite algorithms that retrieve geophysical parameters im-
portant to the earth’s radiative balance and estimates of
global change. Aerosols are one of those important
geophysical parameters that determine the earth’s en-
ergy balance and hydrological cycle. These suspended
airborne particles scatter solar radiation back, absorb
solar radiation in the atmosphere, and shade the earth’s
surface. Airborne particles act as cloud condensation
nuclei entering into cloud processes and thereby change
cloud reflectivity and the hydrological cycle (Twomey
1977; Rosenfield and Lensky 1998). Aerosols also affect
human health and reduce visibility (Samet et al. 2000).
Some aerosol types are natural, such as wind-blown
desert dust or sea salt caused by breaking waves. Other
aerosol types are created from human activities such as
urban/industrial pollution and biomass burning. Unlike
CO,, another atmospheric pollutant input into the at-
mosphere from human activity, aerosols are not well
mixed in the atmosphere and, because of their spatial
and temporal variability, the uncertainty of estimating
human-induced aerosol forcing on climate and the hy-
drological cycle is on the order of 2 W m™2, which is
equal to the estimated forcing of all the greenhouse
gases combined (Houghton et al. 2001). Therefore,
characterizing global aerosol distribution presents one
of our major challenges today (Kaufman et al. 2002).

Operational remote sensing of aerosols from long-
term satellites provides a means to achieve a global and
seasonal characterization of aerosol. Satellite sensors
view the entire earth and produce global images, thus
resolving the spatial patterns resulting from the spatial
inhomogeneities of aerosol sources. Daily global im-
ages from polar-orbiting satellites (Husar et al. 1997,
Herman et al. 1997; Torres et al. 2002) and more fre-
quent imagery from geostationary satellites (Prins et al.
1998) resolve the temporal patterns resulting from the
short lifetimes of aerosols, which are on the order of a
few days to a week.

The Moderate Resolution Imaging Spectroradiom-
eter (MODIS) is a new sensor with the ability to char-
acterize the spatial and temporal characteristics of the
global aerosol field. Launched aboard NASA’s Terra
and Aqua satellites in December 1999 and May 2002,
MODIS has 36 channels spanning the spectral range
from 0.41 to 15 wm representing three spatial resolu-
tions: 250 m (2 channels), 500 m (5 channels), and 1 km
(29 channels). The aerosol retrieval makes use of seven
of these channels (0.47-2.13 wm) to retrieve aerosol
characteristics and uses additional wavelengths in other
parts of the spectrum to identify clouds and river sedi-
ments (Ackerman et al. 1998; Gao et al. 2002; Martins
et al. 2002; Li et al. 2003). Unlike previous satellite
sensors, which did not have sufficient spectral diversity,
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MODIS has the unique ability to retrieve aerosol opti-
cal thickness with greater accuracy and to retrieve pa-
rameters characterizing aerosol size (Tanré et al. 1996;
Tanré et al. 1997). The results section of this paper
shows that MODIS’s ability to separate aerosols by size
can be used as a proxy for separating human-generated
aerosol from natural sources, which aids substantially in
estimating global human-induced aerosol forcing
(Kaufman et al. 2002).

The first MODIS instrument was launched aboard
Terra at the end of 1999 and began transmitting data at
the end of February 2000. Algorithms were in place,
designed to use the observed radiances to derive many
important aerosol products. Early comparisons of the
retrieved aerosol parameters with ground-based valida-
tion data showed remarkable agreement between the
two types of data (Chu et al. 2002; Remer et al. 2002),
but also showed us situations in which the algorithms
could be improved. Almost immediately, the algo-
rithms were modified to reflect a better understanding
of the instrument’s capabilities and the nature of aero-
sols and clouds. In a companion study in this special
issue, the MODIS aerosol algorithm over ocean is com-
pared with an independent aerosol retrieval algorithm
applied to the same dataset of MODIS radiances (Ig-
natov et al. 2005). In another companion paper in this
special issue, the MODIS retrievals over land and
ocean are evaluated regionally for the specific time and
location of the CLAMS field study using the additional
resources available during the CLAMS intensive ob-
serving period (Levy et al. 2005). However, in the
present study we take a global view. We give a com-
prehensive description of the MODIS aerosol algo-
rithms, highlighting the changes that were implemented
postlaunch. We describe the wealth of aerosol products
derived from MODIS data and available to any user.
Last, we show some of the global comparisons to
ground-based data as validation for the products previ-
ously described.

2. MODIS aerosol algorithms

The MODIS aerosol algorithm is actually two en-
tirely independent algorithms, one for deriving aerosols
over land and the second for aerosols over ocean. Both
algorithms were conceived and developed before the
Terra launch and are described in depth in Kaufman et
al. (1997a) and Tanré et al. (1997). In addition, Levy et
al. (2003) provide a more recent description of the over-
ocean retrieval algorithm. Both the land and ocean
aerosol algorithms rely on calibrated, geolocated reflec-
tances provided by the MODIS Characterization Sup-
port Team (MCST), identified as products MODO02 and
MODO3 for Terra MODIS products and MYDO02 and
MYDO3 for the Aqua MODIS products (MCST 2000,
2002). The uncertainties in these measured reflectances
in the visible and mid-IR bands are less than 2%
(Guenther et al. 2002). Ignatov et al. (2005) provides a
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good discussion of these reflectances and possible er-
rors associated with them. These reflectances along
with the MODIS cloud mask product identified as
MOD/MYD35 (Ackerman et al. 1998) and meteoro-
logical data from the National Centers for Environmen-
tal Prediction (NCEP) provide the input for the algo-
rithms. The MOD/MYD35 cloud mask product also
supplies the earth’s surface information that identifies
whether a pixel is a “land” pixel or a “water” pixel.
Although the algorithm inputs the NCEP data, it can
run successfully without these supplements by using cli-
matology for first-guess water vapor and ozone profiles.

The theoretical basis of the algorithms has not
changed from inception, although some of the mechan-
ics and details of the algorithms have evolved. MODIS
data are organized by “Collections.” A collection con-
sists of data products that were generated by similar,
but not necessarily the same, versions of the algorithm.
(A complete history of changes to the algorithm over
the course of the MODIS mission can be found online
at http://modis-atmos.gsfc.nasa.gov/MODO04_L2/
history.html.) In this section we leave the explanation
of the theoretical basis of the algorithms to the earlier
references and, instead, focus on the mechanics of the
V4.2.2 algorithm presently in operation, highlighting
the changes made since 1997.

The data analysis that follows uses data from the
MODIS sensor aboard the Terra satellite from both
Terra Collections 003 and 004, generated by various
versions of the algorithm beginning with V3.1.0; V4.2.2
will be used to reprocess all previous data to Collection
004, and then eventually to Collection 005. However, a
complete 2-yr dataset of Collection 004 data was not
available at the time of the analysis for this paper. Al-
though there are subtle differences in the two collec-
tions, the essential characters of the derived products in
Terra Collections 003 and 004 remain the same, and
thus are combined for the analyses in the sections that
follow. A comprehensive comparison of the primary
products of the two Terra collections and one Aqua
collection can be found in Ichoku et al. (2005).

a. The land algorithm

Figure 1 illustrates the mechanics of the land algo-
rithm. An individual MODIS image scene, called a
granule, consists of a 5-min swath of data. The MODIS
level 1b granule consists of calibrated radiances or re-
flectances. These reflectances are corrected for water
vapor, ozone, and carbon dioxide before the algorithm
proceeds. The first step in deriving aerosol products
over land is to organize the measured reflectances of
the three MODIS channels used in the procedure: pg 47,
Po.cs and p, 3. All three channels are organized into
nominal 10-km boxes corresponding to 20 by 20, or 400
pixels for each box. This organization requires the
250-m resolution 0.66-um channel to be degraded to
500 m in order to match the resolution of the other two
channels.
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1) SELECTION OF PIXELS

The 400 pixels in the box are evaluated pixel by pixel
to identify whether the pixel is cloudy, snow/ice, or wa-
ter. The land algorithm will retrieve aerosol for coastal
boxes that contain one or more pixels identified as
ocean, but will decrease the quality of that land re-
trieval. An ocean retrieval requires all 400 pixels in the
box to be identified as water. Originally, the standard
MODIS cloud mask (MOD/MYD35) provided all
masking information. Since launch, additional masking
has been put in place, including most recently an inter-
nal cloud mask based on spatial variability to identify
low clouds and the reflectance in the 1.38-wm channel
to identify high clouds. Because the algorithm is sensi-
tive to small subpixel patches of snow/ice, now all eight
pixels contiguous to a pixel identified as “snow/ice” by
MOD35 will also be labeled as “snow/ice.” The pixels
are further screened for subpixel water by determining
the value of the Normalized Difference Vegetation In-
dex (NDVI) for each pixel. Values of NDVI less than
0.10 are identified as containing subpixel water and are
excluded along with cloudy and snowy pixels from the
remainder of the algorithm.

2) DETERMINATION OF SURFACE REFLECTANCE

This process is described in Kaufman et al. (1997a),
with the following modifications: The algorithm now
includes brighter surfaces, which expands the geo-
graphical extent of the land retrieval. The reflectance at
3.8 wm is no longer considered, and dark pixels are
selected based only on their reflectance at 2.13 um. To
be selected, a pixel must fall within the range of 0.01 =
P13 = 0.25. Experimentation with the operational re-
trieval showed us that p, ;5 values as bright as 0.25 gave
us the same accuracy as the more conservative value of
0.15 initially proposed in Kaufman et al. (1997a). The
pixels remaining after masking and dark target selec-
tion are then sorted in terms of their visible reflectance,
Poss- The pixels with the darkest 20% and brightest
50% of py e are discarded. The reason is to eliminate
remaining pixels possibly contaminated by cloud shad-
ows or odd surfaces at the dark end or residual cloud
contamination and odd surfaces at the bright end. The
possibility of residual bright cloud contamination is
more common than cloud shadows; thus the filter is
skewed toward permitting more dark pixels than bright
ones. The remaining 30% of the pixels will be the ones
used in the regular retrieval path, labeled path A in Fig.
1, but only if there are at least 12 of these pixels re-
maining from the original 400 in the 20 X 20 box. The
mean measured reflectance is calculated from these 12
or more dark target pixels in the three wavelengths
(Po.47> Pogs and p,q3). The surface reflectances at 0.47
and 0.66 um (p 47, poee) are derived from the mean
measured p, ;5 value using the empirical relationships,

Po.47 = 0.25 p3 133 Po.66 = 0.50 p2 13, 1)
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MODIS Over Land Algorithm
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Fi1G. 1. Flowchart illustrating the derivation of aerosol over land.

as described in Kaufman et al. (1997a,b). A retrieval
following path A is given a quality control value of 3,
“very good.” An alternative path used for brighter sur-
faces is described below.

3) CHOOSING THE AEROSOL MODELS

The estimated surface reflectances (pg47, pogs) and
the measured mean top-of-atmosphere reflectances
(Po.a7> Pose) are used as input into the continental model
lookup table (LUT) to retrieve values for the aerosol
optical thickness at 0.47 and 0.66 um (7 47, To.6)- In the
land algorithm, the two wavelengths are derived inde-

pendently. The retrieved optical thicknesses along with
the continental model’s single scattering albedoes
(®o0.47> ®o0.66) and phase functions (P47, Pyee) at the
appropriate scattering angle are used to calculate the
path radiance in each wavelength using the single scat-
tering approximation:

Po0.47 = @o0.47T0.47F0.47} )
Po0.66 = ©o0.66T0.6610.66:
where py .47 and pyg 6 are the path radiances at 0.47 and
0.66 um, respectively. The spectral dependence of the
path radiance distinguishes between dust (dominated
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by coarse mode) and nondust (dominated by fine
mode). Kaufman et al. (1997a) describes how the algo-
rithm uses the ratio of path radiances, p,o.¢¢/Poo.47, 1O
make a three-branched decision whether the aerosol is
pure dust, nondust, or mixed. Using the continental
model does not impact the resulting ratio. It is simply
used to remove the molecular and surface contributions
and to isolate the aerosol reflectance in both channels.
The thresholds for the decision tree are

Poo.66/Po 0.47 < 0.72 THEN pure nondust (3a)
Po0.66/Pooa7 > 0.9 — 0.01(® — 150°) THEN pure dust
(3b)
0.72 = poo.66/Pov.47 = 0.9
— 0.01(® — 150°) THEN mixed (3c)

for scattering angles ® = 150° to 168°. For scattering
angles <150°, O is simply set to 150° for the boundary
to collapse to 0.9 in that angle range. If the aerosol is
mixed, then the fraction that the fine mode contributes

to the total optical thickness, n = 7/7*", is given by
I:Zo().66 _ 0‘72:|
00.47
=1 590:0.01(0-150° — 0.72° @)

again, where 0 is set to 150° when ® < 150°. Equation
(4) gives an approximation to the fine-mode fraction
over land. Its accuracy is dependent on the assumptions
of aerosol models and surface reflectances. Further-

July 2002
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more, Eq. (4) magnifies relative errors in the retrievals
of individual path radiances (p, .47, Po 0.66) DY Up to 4 to
8 times the original percentages. This is especially pro-
nounced for situations of low aerosol loading. As a rule,
satellite retrievals of aerosol optical thickness are more
robust than corresponding retrievals of aerosol size,
and retrievals of size parameter require sufficient aero-
sol loading in order to be valid (Ignatov et al. 1998;
Remer et al. 2002).

In practice the “mixed” aerosol criterion [Eq. (3¢)] is
seldom found, and 7 is usually either O or 1 over land.
However, in a monthly mean analysis, at least qualita-
tively, the pattern of fine-mode fraction corresponds to
the global distributions of dust and nondust sources and
transport. Figure 2 shows four monthly mean values of
the fraction of total aerosol optical thickness attributed
to the “nondust” aerosol model. Red shades indicate
that “nondust” dominates over the monthly mean.
Purple shades indicate that “pure dust” dominates.
Blank areas in black are where no retrievals were made
due to overly bright surfaces, monthly domination by
clouds, or snow. Note that these plots do not differen-
tiate between high and low aerosol loading. Sensitivity
to aerosol size decreases in very clean regions.

Note that nondust is a misnomer because even
though the nondust aerosol models are dominated by
their fine modes, each also contains a coarse mode as
well. Three nondust models are available and are de-
scribed in Table 1, along with a description of the con-
tinental model and the dust model. The urban/
industrial model remains unchanged from Kaufman et

3]

October 2002

F1G. 2. Monthly mean plots of fraction of total aerosol optical thickness attributed to nondust or fine-mode aerosol over land.
Fraction 1.0 indicates all fine mode. Fraction of 0.0 indicates all coarse mode.
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al. (1997a) and Remer and Kaufman (1998). The new
developing world—moderate absorption model is
based on the biomass burning model of Kaufman et al.
(1997a) and Remer et al. (1998), slightly modified to
reflect the more recent study of Dubovik et al. (2002a).
The developing world—heavy absorption model uses
the same size parameters as the other developing world
model, but allows for the greater aerosol light absorp-
tion noted in Africa (Ichoku et al. 2003; Eck et al. 2003;
Dubovik et al. 2002a). Similar to the original concep-
tion of the algorithm, the current version uses season
and geography to choose between the three nondust
models (Dubovik et al. 2002a). However, the bound-
aries have changed. Figure 3 gives the new distribution
of the three nondust models.

If the aerosol is identified as dust by Eq. (3), then the
dust model of Table 1 is used. However, pure dust
poses a problem with the dark target method. The as-
sumption that p, ;5 is transparent to aerosols and pro-
vides direct information from the surface does not hold
when the aerosol is composed of large particles. There-
fore, Eq. (1) is not expected to hold in the pure dust
case for very dark surfaces. However, over moderately
bright surfaces, near the point of critical reflectance
(Kaufman 1989) the surface contribution is negligible
and the procedure can continue with minimal uncer-
tainty introduced from the surface. Therefore, in the
pure dust case retrievals are made only when p, ;5 falls
between 0.15 and 0.25.
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4) DETERMINING AEROSOL OPTICAL THICKNESS

In both the nondust and pure dust cases, the esti-
mated surface reflectances (pg47, poes) and the mea-
sured mean top-of-atmosphere reflectances (pg .47, Po.c6)
are used as input into the chosen model’s LUT to re-
trieve values for the aerosol optical thicknesses, fluxes
and other parameters. A full second retrieval is made
from the appropriate model’s LUT. This second full
retrieval differs from Kaufman et al. (1997a) that de-
scribes, instead, a correction based on the single scat-
tering approximation to the preliminary continental
model retrieval described above. The final step in the
process is to interpolate the values at 0.47 and 0.66 um
using an Angstrém law in order to report optical thick-
ness and flux values at 0.55 um. Note that the algorithm
does not retrieve aerosol directly at 0.55 uwm over land
because there is no established relationship between
that channel and the surface reflectance at 2.13 um
analogous to Eq. (1) and, therefore, no method for es-
timating surface reflectance at 0.55 um. However, 0.55
um is an important wavelength often used in global
climate modeling and analysis, and therefore MODIS
reports a value for that wavelength even though there is
no direct retrieval.

5) ALTERNATIVE FOR BRIGHT SURFACES

The standard dark target retrieval path, described
above, that uses specific aerosol models requires a

TABLE 1. Size distribution parameters and single scattering albedo used in the MODIS lookup table for the land algorithm.

Mode r(um) r,(jm) v, (um) w,(470) ,(660)
Continental aerosol model
Water soluble 0.005 0.176 1.09 3.05 0.96 0.96
Dustlike 0.50 17.6 1.09 7.364 0.69 0.69
Soot 0.0118 0.050 0.693 0.105 0.16 0.16
Urban/industrial
Accumulation 1 0.036 0.106 0.6 F1 0.96 0.96
Accumulation 2 0.114 0.21 0.45 F2 0.97 0.97
Coarse 1 0.99 1.3 0.3 F3 0.92 0.92
Coarse 2 0.67 9.5 0.94 0.045 0.88 0.88
Developing world—moderate absorption
Accumulation 0.061 0.13 0.50 F4 0.91 0.89
Coarse F5 Fo6 F7 F8 0.84 0.84
Developing world—strong absorption
Accumulation 0.061 0.13 0.50 0.86 0.85
Coarse F5 Fo6 F7 F8 0.84 0.84
Desert dust

Mode 1 0.0010 0.0055 0.755 6.0x 1078 0.015 0.015
Mode 2 0.0218 1.230 1.160 0.01 0.95 0.95
Mode 3 6.24 21.50 0.638 0.006 0.62 0.62

FL: —0.015 + 0.51 7gep — 1.46 2 + 1.07 T2y,
F2: 0.0038 — 0.086 Tego + 0.90 725 — 0.71 Tog.
F3: —0.0012 + 0.031 74,

F4: —0.0089 + 0.31 7gqp.

F5: 1.0 — 1.3 7ge0.

F6: 6.0 — 11.3 700 + 61 .

F7: 0.69 + 0.81 7o

F8: 0.024 — 0.063 Tego + 0.37 o


































































