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This document describes the algorithms for simultaneous remote sensing of
aerosol from EOS-MODIS over land and ocean. The algorithm will be used to monitor
the aerosol optical thickness (proportional to the aerosol total loading) and size
distribution (integrated on the vertical column) of the ambient (undisturbed) aerosol,
over most of the globe (oceans and the moist parts of the continents) on a daily basis.
The size distribution will be derived only over the oceans.  These aerosol products will
be used to monitor the aerosol mass concentration, optical properties, and radiative
forcing.

At launch, over the land the aerosol optical thickness will be derived using the
dark target approach. Therefore the method will be limited to the moist (and some
semi-arid) parts of the continents excluding snow and ice cover. Dust will be sensed
only over the ocean. Methods using contrast reduction, variation in the apparent
brightness and IR remote sensing will be studied and implemented post launch. The
algorithms take advantage of the MODIS wide spectral range and high spatial
resolution with daily global coverage (e.g., 500 m at 0.47 to 2.13 µm with 250 m at 0.66
and 0.86 µm and 1 km at 3.8 µm). These unique MODIS characteristics should allow
excellent cloud rejection while maintaining high statistics of cloud free pixels. The
wide spectral range allows sophisticated derivation of aerosol size distribution over
the ocean and efficient identification of pixels with dark surface cover over the land.
The present algorithm as applied to the MODIS data should allow unprecedented
capability of remote sensing of aerosol. Aerosol mass concentration per unit area will
be derived. The aerosol information will be used to study aerosol climatology, to
monitor the sources and sinks of specific aerosol types (e.g., sulfates and other
industrial/urban aerosol and biomass burning aerosol), to serve as inputs for climate
modeling and detection of the finger prints of anthropogenic climate change, and to
perform atmospheric corrections of remotely sensed surface reflectance over the land.
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Over       the        ocean     the measured radiance in a wide spectral range (0.55-2.13 µm) is
inverted into the aerosol optical thickness and volume distribution (in the range of
0.08-5 µm radius). In the inversion, it is assumed that the aerosol size distribution is
bi-modal log-normal. The ratio between the log-normal modes and the mean particle
size of the dominant mode are determined from the MODIS spectral radiances. Daily
optical thicknesses, size parameters, and secondarily-derived parameters: the mass
concentration, asymmetry parameter, backscattering ratio, Angstrom exponents,
reflected flus, transmitted fluxes and the potential CCN concentration are stored on a
resolution of 10x10 pixels (of 1 km nadir resolution).

Over       the       land    , at launch, the algorithm uses the low opacity of most aerosol
types in the mid-IR (2.13 and 3.8 µm) and the presence of many dark surface covers i n
the blue and red channels (0.47 and 0.66 µm). The dark pixels are identified using a
correlation between the land reflectance in the mid IR and in the blue and red
channels. For pixels that are identified to have low reflectance in the mid-IR,
reflectance in the blue and red is estimated and used to derive the optical thickness i n
these two channels. Daily optical thickness and mass concentration are stored on a
resolution of 10x10 pixels (of 1 km nadir resolution).

1. INTRODUCTION

The impact of atmospheric aerosols on the radiative budget has been broadly
demonstrated (Coakley and Cess, 1985; Joseph 1984; Tanré et al., 1984, Charlson et al.,
1992). Hansen and Lacis (1990) pointed out that one of the greatest source of
uncertainties in climate modeling is due to aerosols. Radiative forcing by aerosol may
explain the difference between the observed and modeled temperature trends. In fact,
the interaction with solar and terrestrial radiation by aerosols perturbs the radiative
budget via scattering and absorption of sunlight (Liou et al., 1978; Coakley et al, 1983).
By acting as CCN (Cloud Condensation Nuclei) or IN (Ice Nuclei - Twomey and
Warner, 1967; Hobbs and Locatelli, 1970; Charlson et al., 1987; Wigley, 1989; Hegg, 1990),
aerosol particles also modify the cloud microphysics. As a result, aerosol particles may
change the cloud radiative properties (Twomey 1977a; Twomey et al., 1984; Albrecht,
1989; Coakley et al., 1987; Radke et al., 1989; Kaufman and Nakajima, 1993). The direct
effect of aerosol on radiation budget and the indirect effect on cloud albedo may cause a
cooling effect that may counter balance the warming due to the increase in CO2
concentration (Twomey et al., 1984; Wigley, 1989; Kaufman et al., 1991; Charlson et al.,
1992). Present estimates of the aerosol forcing vary in a broad range from -0.6w/m2 to -
4.0w/m2 if combining both the direct and indirect effects of sulfate aerosol (Charlson et
al., 1992; Kaufman and Chou, 1993; Langner  et al., 1992; Kiehl and Briegleb, 1993;
Kaufman and Tanré, 1994) and biomass burning aerosol (Penner et al., 1992). Dust
originated from local area change is also suspected to be a major forcing (Li et al., 1996;
Tegen et al., 1996). The direct aerosol effect is due to direct reflection of sunlight to
space by the aerosol particles and the indirect effect is by the modification of cloud
properties, which in turn modifies the radiative budget. Recent paper shows the
importance of inclusion of aerosol in climate model to find the finger prints of man
made climate change (Santer et al., 1996).
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Aerosol particles also play an important role in many biogeochemical cycles.
Ocean serves a major source of natural aerosols like dimethylsulfide (DMS) produced
by phytoplankton (Andreae and Barnard, 1984) and through air-sea exchange, it
contributes greatly to the global cycles of carbon, nitrogen and sulphur aerosols (Duce,
1983).  In addition to the contribution to the marine sulfur budget, DMS plays a
significant role on the global climate as well (Charlson et al., 1987). Liquid water from
ocean also can be transferred to the atmosphere through air bubbles at the surface as
well as sea salt aerosols when water evaporates (Heathershaw, 1974; Fairall et al., 1983,
Hoppel et al., 1990). Biomass burning is an important source of organic particles, while
the arid and semi-arid regions are mainly the sources for mineral dust (Prospero, 1981;
Pye, 1987). In tropospheric chemistry, aerosols also serves as the liquid phase that
increases the speed of chemical reactions (Crutzen, 1983; Taylor et al., 1983).

To fully understand these processes, the aerosol characteristics (composition, size
distribution and total content) have to be determined on a global scale, and only
satellite approach, combining information from remote sensing over land and ocean,
can achieve this objective. Since there is no simple way for obtaining the aerosol
spectral information over the land, except for the limited range between the blue and
the red channels over dense vegetation, the aerosol size distribution will be derived
only over the ocean (0.55µm≤λ≤2.13µm), while the aerosol total content (given by its
optical thickness) will be derived from both over the ocean and large parts of the
continents at representative wavelengths. It has been already demonstrated that the
spectral dependence of the optical thickness carries out information on the aerosols
size distribution (King et al., 1978). One can reasonably expect that the spectral
dependence of the satellite signal (radiance) can be used in a similar way, though i n
some cases it is more difficult (Kaufman et al., 1990; Durkee et al., 1986, 1991) due to
simultaneous wavelength variation of the optical thickness and the scattering phase
function, both resulting from the composite radiance. The first description of the
algorithm for MODIS was published as part of the review paper of the MODIS
Atmospheric group (King et al., 1992). Recent reviews of remote sensing of aerosol
and its radiative forcing is given by Kaufman (1995) and of the application of remote
sensing of aerosol over the land for atmospheric corrections are summarized by
Kaufman and Tanré (1996).

Aerosol should be routinely sensed over the land and ocean. Because the
sources of most of the aerosols (mainly the anthropogenic aerosols) are over the land,
the remote sensing of aerosol over the land is particularly important to test our
understanding of the sources and transformations in the atmosphere and the
anthropogenic contribution to these processes. According to Kiehl et al. (1993) and
Jones et al. (1994), a large part of the radiative forcing is concentrated over the land as
opposed to the ocean. The remote sensing of aerosols over the ocean is more accurate
and informative due to the dark and uniform ocean reflectance (except glint). Oceans
occupy 2/3 of the earth surface, and consequently interact with 2/3 of the solar
radiation. A combination of simultaneous routine of sensing the aerosols over land
and ocean is the key for the determination of the role of aerosol in the atmospheric
environment and the role of human activity involved in the aerosol formation.
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Due to the difference in the reflective properties of the surface under the semi-
transparent aerosol layer, the aerosol retrieval algorithms over land and ocean are
very different, so are the spectral channels used in the inversion. The sensitivity to the
MODIS channel characteristics is also different as well as the assumptions and sources
of errors. Therefore, they are developed as separate computer codes to accommodate
these.

2. OVERVIEW AND BACKGROUND INFORMATION

2.1 Experimental Objective

The objective of this investigation is to monitor atmospheric aerosols over the
land and ocean simultaneously. The aerosol optical thickness and the aerosol mass
loading are monitored over most of the globe (oceans and the moist parts of the
continents) on a daily basis. The size distribution of the ambient (undisturbed) aerosol
will be derived only over the ocean. Over the land, the aerosol optical thickness will be
derived using the dark target approach but limited to the moist parts of the continents
excluding snow and ice cover. Dust will be monitored only over the oceans. Methods
such as using contrast reduction, variation in the apparent brightness and IR spectral
techniques for dust will be studied and implemented post launch. The retrieved
aerosol information will be used to study aerosol climatology, the sources and sinks,
the transport of specific aerosol types (e.g., sulfates and biomass burning aerosol) i n
aerosol forcing of climate, and for atmospheric correction of remotely sensed surface
reflectance over the land.

2.2 Historical Perspective

 Present and past satellite measurements are limited to reflectance
measurements in one channel such as from geostationary satellites (e.g., GOES or
METEOSAT) or two channels from polar orbiters (e.g., AVHRR/NOAA). The
algorithms used for retrieving the aerosol components have to assume an aerosol
model for deriving the total aerosol content. The aerosol model is taken from
literature as the most representative one for the local conditions (Shettle and Fenn,
1979; D'Almeida et al., 1991). Such method has been successfully applied over water
(Griggs, 1975, 1977; Mekler at al., 1977, Koepke and Quenzel, 1979) to produce an
operational product from NOAA AVHRR measurements (Rao et al., 1989), and most
of the remote sensing studies have been devoted to Saharan dust (Fraser, 1976;
Carlson, 1979, Norton et al., 1980, Dulac et al., 1992). Note that a climatology of dust
events is under investigation by Jankowiak and Tanré (1992) recently. On the other
hand, over the land, there has been so far no real attempt to retrieve aerosol content
on a global scale since the surface albedo is generally unknown and variable with
wavelength. Over the dark dense vegetation, which has a very low reflectance in the
blue and red regions, some algorithms have been developed (Kaufman and Sendra,
1988; Holben et al. 1992). By assuming an invariant surface reflectance, the algorithms
have been used for multi-temporal studies (Fraser et al., 1984; Tanré et al., 1988;
Kaufman et al., 1990; Holben et al., 1992). The blue channel on MODIS (not present on
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the AVHRR) offers a possibility to extend the derivation of aerosol optical thickness
over the land to additional surfaces, since surface reflectance is usually darker in the
blue channel and the aerosol scattering is expected to be larger.

2.3 CHARACTERISTICS OF THE MODIS INSTRUMENT

The MODIS (MODerate Resolution Imaging Spectrometer) instrument is
designed to fly on the EOS (Earth Orbiting System) AM and PM platforms, with a daily
global coverage. It is dedicated to perform measurements in the solar to thermal
infrared spectrum region from 0.415 to 14.235 µm (Salomonson et al., 1989). The
characteristics of seven spectral bands which are potentially useful for the remote
sensing of aerosols are reported in Table 1-a. The spectral domain of interest is covered
by three of the four focal planes, the visible (VIS from 0.412 to 0.551 µm), the near
infrared (NIR from 0.650 to 0.940 µm), and the short-wavelength/medium-
wavelength infrared (SWIR/MWIR from 1.240 to 4.565 µm). The spectral stability is
expected to be better than 2 nm and the instantaneous field of view varies between 250
and 500 m. The Noise Equivalent Differential Spectral Luminance (Ne∆L i n
W/m2/µm/sr) is also reported, as well as the Ne∆ρ computed from
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θ
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(Eq.1)

where F0 is the extraterrestrial solar irradiance and θs= cos-1(µs) is the solar zenith

angle. In Table 1-a, Ne∆ρ is given for an overhead sun (θs= 0°).

Because the aerosol loading is usually expressed by the aerosol optical thickness
instead of reflectance or radiance values, we computed the corresponding Ne∆τ using
the single scattering approximation,
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where µv=cos(θv), θv is the viewing angle, and ωο and P(Θ) the single scattering albedo
and phase function. The Ne∆τ reported in Table 1-b is estimated in the most
unfavorable conditions, i.e., in 2.13 µm channel where the aerosol optical thickness is
expected to be minimum. Two cases are selected, pure maritime conditions and the
presence of Saharan dust. Again, the most conservative conditions of a nadir
observation (µv=1) and the lowest value of the phase function obtained for a scattering
angle around 120° are selected. Following Shettle and Fenn (1979), a value of 0.05 is
considered for the phase function of the dust-like model, while for maritime
conditions the phase function is expected to be slightly larger, at around 0.08. The
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results show the Noise Equivalent Differential Spectral Thickness of 2.4x10-2 for
Saharan dust and 1.5x10-2 for maritime conditions (see Table-1-b). When the aerosol
product is not given on a pixel by pixel basis (0.5x0.5 km2) but rather over a grid of
10x10 km2 or 50x50 km2, the noise is reduced by a factor of 20 and 100 respectively.
From Hoppel et al. (1990), who reported that the Ångström parameters for a very clean
air condition, the expected optical thickness, τst, in the 2.13 µm channel would be
around 0.01 for maritime aerosols. For dust, however, a minimum value of 0.05
should be assumed (Tanré et al., 1988b). The signal to noise ratio SNR (defined by
Ne∆τ/τst) as reported in Table 1-b, confirms that the optical characteristics cannot be
retrieved for these conditions on a single pixel scale. The results obtained from coarser
grids can be used with good confidence since the signal is at least 10 times larger than
the noise.

Table        1-a.    Characteristics of the MODIS channels used for the aerosols retrieval over
Ocean; Ne∆ρ corresponds to a sun at zenith (θs= 0°).

Center
Wavelength

Ne∆L Ne∆ρ Maximum
Reflectance

SNR Pixel Size at
Nadir (m)

470 0.145 2.35 10-4 0.96 243 500
550 0.127 2.11 10-4 0.86 228 500
659 0.169 3.39 10-4 1.38 128 250
865 0.123 3.99 10-4 0.92 201 250
1240 0.045 3.12 10-4 0.47 120 500
1640 0.027 3.63 10-4 0.94 275 500
2130 0.009 3.06 10-4 0.75 110 500

Table         1-b.    Aerosol optical thickness sensitivity resulting
only from the radiometric noise. Dust and maritime
conditions are considered.

Grid Size
(Km2)

Ne∆τ (Du
t)

SNR Ne∆τ (Mariti
me)

SNR

0.5x0.5 2.4 10-2 2.0 1.5 10-2 0.66
10x10 1.2 10-3 42 0.8 10-3 13
50x50 2.4 10-4 208 1.5 10-4 66

3. ALGORITHM DESCRIPTION - OCEAN

3.1 Strategy
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Our strategy for the aerosol retrieval over the ocean is based on look-up table
(LUT) approach, i.e., radiative transfer calculations are pre-computed in terms of the
aerosol and surface parameters. The measured spectral radiance is then compared with
pre-calculated values from LUT until the best (least-squares) fit is obtained. This best
fit, or several of the best fits consists of the answer of the inversion. The input
parameters, aerosols models and ocean surface conditions, required for performing the
computations are hereafter described.

Aerosols          models   

Aerosols are formed by two main processes, a primary source which includes
dispersion of material from the Earth's surface (like soil dust, sea salt particles, biomass
burning, industrial debris), and a secondary source resulting from atmospheric
chemical reactions or condensation or coagulation processes (see Mészráros (1981) and
Hidy (1984) for more details). There are several classifications of atmospheric aerosols
but the most commonly used one is according to their sizes. Whitby (1978) showed
that an actual size distribution can be expressed by a sum of log-normal functions, each
representing a different physical or chemical process. He suggests three modes (1) a
nuclei mode which is generated by spontaneous nucleation of the gaseous material for
particle less than 0.04 µm in diameter, (2) the accumulation mode for particles between
0.04 and 0.5 µm diameter, mainly resulting from coagulation and in cloud processes
(Hoppel et al., 1990), and (3) the coarse  mode for particles larger than 1.0 µm i n
diameter originated from the Earth's surface (land and ocean). The classification is
quite similar to the Junge's designation (1963) who referred to as Aitken, large and
giant particles.

To model the aerosol size distribution, a multi-mode log-normal function is
assumed. Shown below is the single-mode log-normal distribution function, as an
example

n r
dN r

dr

N

r

r rm( )
( )

( ) .

(log log )
/ exp= = −
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2 2 3 21 2
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2π σ σ
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where N is the number density (cm-3), rm the mean radius (µm) and σ the standard
deviation of log(r), i.e., σ2 = <(logr-log rm)2>. After the correction for stratospheric
aerosol, the tropospheric aerosol model can be described by a bi-modal log-normal
distribution, i.e., a sum of accumulation and coarse modes , expressed as
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the nuclei mode is not considered since it is too small to be detected from the scattered
light.

The parameters of the two modes (called hereafter small (Si) and large (Lj)
modes), as reported in Tables 2-a and 2-b, are the median radius, standard deviation
and refractive index. The small mode mergers the contribution of an accumulation
mode that is dominated by gas phase processes with that by cloud phase processes. The
large mode mergers maritime particles with dusts. The selected aerosol models are
derived mainly from ground based sampling of the aerosol characteristics, and they
may not fully represent the optical properties of the ambient aerosol integrated along
the vertical column.

In order to avoid this difficulty, there is a need to measure the climatology and
variability of the size distribution and scattering phase function of the ambient
undisturbed aerosol for the entire vertical column. A network of sun/sky radiometers
is being developed and implemented to perform such measurements (Holben et al.,
1996). A set of these data collected have been used to test and modify the present
aerosol models (Nakajima et al, 1983; Kaufman et al., 1994; Kaufman and Holben,
1996). Based upon the data, a prevailing bi-modal log-normal aerosol volume
distributions is shown in the radius range 0.05-10 µm.

Table        2-a:    Parameters of the size distribution for the small mode.

Aerosol
Model

Median
Radius rsm

Standard
Deviation σs

Refractive
Index

SA 0.035 0.40 1.45-0 .0035i
SB 0.07 0.40 1.45-0 .0035i
SC 0.06 0.60 1.45-0 .0035i
SD 0.08 0.60 1.40-0 .0035i
SE 0.10 0.60 1.40-0 .0035i

Table        2-b:    Parameters of the size distribution for the  large mode.

Aerosol
Model

Median
Radius rlm

Standard
Deviation σl

Refractive
Index

LA 0.40 0.60 1.40-0 .0035i
LB 0.60 0.60 1.40-0 .0035i
LC 0.80 0.60 1.45-0 .0035i
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LD 0.40 0.60 1.45-0 .0035i
LE 0.50 0.80 1.50-0 .0035i
LF 1.00 0.80 1.50-0 .0035i

The        Physical        Processes

The satellite signal is composed by two contributions, atmospheric radiative
transfer processes and surface reflection. The radiative transfer code from Ahmad and
Fraser (1982) is used in generating look-up tables. It accounts for multiple scattering i n
the atmosphere by molecules and aerosol particles, and angular reflection by the
surface of sun light, including polarization. The surface contribution over the ocean
includes the specular reflection on the waves (called glitter) and the underwater
Lambertian reflectance which forms the 'ocean color' and reflection by foam.

The specular reflection on the sea surface is calculated using a rough ocean
model from Cox and Munk (1955). The probability distribution of surface slopes is
assumed to be independent of the azimuth, and the reflection of the light by waves is
given by the classical fresnel equation. As the glitter reflectance is several orders of
magnitude larger than the aerosol contribution, it will be avoided by selecting pixels
outside the specular direction (i.e., ±30° around the solar zenith angle and ± 30°
around the solar azimuth angle). An effort is undergone to better define the glint
mask. In addition to the direct glint, for even far from the specular direction, the
surface glint can reflect the diffuse sky light to the satellite sensor, which should also
be taken into account.

The percentage of the sea covered by foam depends on the wind speed (Koepke,
1984). The reflectance of the foam is independent of wavelength in the visible and
decreases by a factor of 0.8, 0.5 and 0.25 at 1240, 1640 and 2130 nm, respectively
(Whitlock et al., 1982). Recent measurements (Frouin et al., 1996) show that this
spectral dependence is questionable (even at 865 nm) and may result in additional
uncertainties. In the radiative transfer code we used, the foam reflectance is assumed
to be isotropic (Payne, 1972).

The water-leaving radiance depends on turbidity and the pigment
concentrations. From Morel and Prieur (1977), waters with high chlorophyll contents
(referred to as case 1) show large variation in the reflectance relative to the pigment
concentrations at 470 nm band, and at 555 nm it is also affected but to a smaller extent.
Case 1 represents the open ocean conditions. In other spectral bands, the reflectances
are almost unaffected. At the band of 659 nm, it can be affected by chlorophyll a
fluorescence but the resulting error is almost negligible (Gordon, 1979). On the other
hand, waters with higher concentrations of inorganic particles as opposed to
phytoplankton (case 2) show large variation in 470,  550 and 659 nm channels. The
resulting uncertainty in the reflectance is large but these conditions are usually
representative of coastal zones only.
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Description        of       the        Look-Up        Table       (LUT)

The look-up tables to calculate the radiance of MODIS spectral bands are used i n
retrieving aerosol parameters of each mode - the small particle mode (5 cases) for the
accumulation mode particles, and the large particle mode (6 cases) for the coarse
particles.

Several values of aerosol total loading are considered for each mode and
described by the optical thickness τa at 0.55 µm. Extreme conditions are included in the
LUT, such as a pure molecular atmosphere (τa= 0.0) and a very turbid atmosphere (τa=
2.0) as observed during dust events (Tanré et al., 1988b) or in smoke plumes generated
from biomass burning (Holben et al., 1991). Three intermediate values were
considered (τa=0.2, 0.5, 1.0), and a linear interpolation between them is applied.
Computations are performed for 15 zenith view angles (θv=1.5° to 88 by step of 6°), 15
azimuth angles (φv=0° to  180°  by step of 12°), and seven sun incident angles (qs = 1.5°,
12°, 24°, 36°, 48°, 54°, 60°, 66°, and 72°).  We tested the accuracy of this look-up table and
found that the errors outside glint region are less than 2%.

The present computations are performed for wind speed of 7.0 m/s and zero
water leaving radiances in all the channels. We are in the process to build additional
LUT for other wind speeds and for different chlorophyll concentrations. The most
appropriate LUT will be selected for the wind speed from assimilated data (Schubert et
al., 1993; Data Assimilation Office (DAO) of Laboratory for Atmosphere at Goddard
Space Flight Center (GSFC)) and from the chlorophyll content derived from other
MODIS channels (Gordon, 1996).  

3.2 Description of the Algorithm

Our approach to generate the LUT and to use them in the retrieval is based on
the simplification suggested by Wang and Gordon (1994) that the multiple scattering
radiance from two log-normal modes can be approximated by the weighted average of
the radiances of each individual mode for the same optical thickness. While
difficulties may be encountered when the two modes have different absorbing
properties, this concept is quite suitable in our conditions. The advantage of this
simplification is that the look-up tables are only needed for 11 aerosol models (5 small
and 6 large) instead of all 5x6x10 combinations (10 is the number of relative
concentrations between the modes). The inputs of the algorithm are the averaged
cloud-free MODIS measurements in seven MODIS solar bands over a box of 10x10 km2

(or 50x50km2). The cloud screening and the data processing for handling the possible
non-uniformity of the aerosol layer (different types and contents) within the box are
not discussed here.

Principle

 If the total radiance Lc
λ detected by the satellite can be written as
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Lc
λ(µs, µv , φv) =  η Ls

λ(µs, µv , φv) + (1-η) Ll
λ(µs, µv , φv) (Eq.6)

where Ls
λ(µs, µv , φv) and Ll

λ(µs, µv , φv) are the radiances of the small (Si) and large (Lj )

modes respectively. The goal is to retrieve the ratio η and the particle sizes of the small
and large modes which give the best fit to the measurements. The aerosol optical
thickness at 550 nm is derived as a by-product.

The selection of the aerosol models is performed by minimizing the following
quantity εsl

ε µ µ φ µ µ φ

µ µ φ
sl n
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s v v Lc
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n j j
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= −
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( , , ) ( , , )

( , , ) .
(Eq.7)

where Lmj(µs, µv , φv) and Lcj(µs, µv , φv) are the measured and the computed radiances
of channel j. The radiances are normalized to reflectance units. We add a constant
value of 0.01 to reduce the weighting of longer wavelengths in SWIR region in the
retrieval. For clear-sky conditions, with strong spectral variation, Lm

2130(µs, µv , φv) is
close to 0.0 with high uncertainty in the relative value. The constant of 0.01 in Eq. 7
minimizes the impact due to this uncertainty in the retrieval. MODIS has seven
potentially useful bands for remote sensing of aerosol over the ocean. But in the
shortest channel (470 nm), the surface contribution is very uncertain and provides no
additional information on the ocean color. As it may result in errors in the aerosol
contribution which we may not understand completely, it is therefore ignored in the
retrieval algorithm and the summation in Eq. 7 is performed over 6 channels only,
from 555 nm to 2130 nm.

Method    

For the 5 small particle modes and the 6 large modes, the radiances Ls
λ(µs, µv ,

φv) and Ll
λ(µs, µv , φv) are computed using the LUT for 5 different values of the aerosol

optical thickness τa at 550 nm (0.0, 0.2, 0.5, 1.0 and 2.0) given the geometrical condition
of the observation. As already mentioned, the surface conditions in the LUT, such as
wind speed and chlorophyll content, are selected from ancillary data. For a
combination of small (Si) and large (Lj) modes of any value of η, we can compute the
total radiance Lc

550(µs, µv , φv) using Eq. 6, for the five optical thicknesses. From the
measured radiance at 550 nm, the optical thickness is derived by linear interpolation
between these five optical thickness values of each small and large mode
combinations. The two modes that give the smallest residual error εsl(η), for the best
selected value of η, is the selected aerosol model. In this retrieval process, for each
small and large mode combination and each value of η, the optical thicknesses in all
seven channels are derived and the satellite radiances are used to compute the
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quantity εsl in Eq. 7. The algorithm provides the aerosol model and associated
parameters, which corresponds to the minimum value of εsl (called the "best"
solution) as well as the parameters averaged over the models to give εsl <3% (called
the "average" solution) of which the standard deviation of the reflectances is also
computed.
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By-products   

Simultaneously, in addition to the derivation of the ratio between the modes, η,
the characteristics of the two modes, the optical thickness, τa, and the associated
parameters are also computed using the LUT, partly corresponding to the quantities
that govern the radiative transfer and the aerosol direct forcing (such as single
scattering albedo, asymmetry factor and backscattering ratio) and partly to physical
properties like the number of particles, the number of cloud condensation nuclei
(CCN) or the moments of the size distribution. The aerosol effective radius should be
determined accurately, even if the actual size distribution does not follow a simple log-
normal law (Hansen and Hovenier, 1974). Other physical parameters like  CCN
number depend strongly on the exact shape of the size distribution, which are not
reliable at this stage.  We do, however, compute all output parameters, including the
CCN, and these are available in the hdf output file, but should only be used as a
research tool.  Further studies will show that for which aerosol types and for what
conditions these additional parameters are representative. The definition of the
parameters are recalled in the appendix.

3.3 Sensitivity Study

We have tested the algorithm twice.  The first time was using values from the
LUT computed from a preliminary choice of model parameters.  The second time was
using values listed in Table 2.  The old and new model values span the same
conditions.  In the following section we report the results of the first sensitivity test
using the preliminary LUT.  The results of the second test are in good agreement to the
first, and are not shown in this document.

We have tested the algorithm by applying it (1) to the conditions which are
identical to those as tabulated in the LUT, and (2) to the conditions that at least one of
the parameters (e.g., optical thickness, wind speed and refractive index) is not the same
as tabulated in the LUT. In addition, we have performed simulations for considering
the following issues such as sensor calibration, contamination by glint, wrong estimate
of the water-leaving radiance. Results of the sensitivity study are provided for the
following retrieved parameters

• the median radius and its standard deviation of each mode
• the optical thickness τa at 550 nm
• the ratio η between the contributions to the radiance of the two modes
• the effective radius of the complete size distribution reff
• and the asymmetry parameter g at 550 nm

Input        data       sets

Table 3-a describes the cases of sensitivity study for which the inputs are
identical to those in the LUT (i.e., cases 0 to 11). In the cases of single mode, two small
modes SA and SB (see Table 4-a) and one large mode LA (see Table 4-b) are considered
with aerosol optical thicknesses equal to 0.2, 0.5, 1.0 and 2.0. For the two modes
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combined, SA and LA, with η =0.41, only two aerosol optical thicknesses of 0.2 and 0.5
are used.

In Table 3-b (cases 12 to 18), we check the results for the aerosol optical thickness
values which are not included in the LUT, i.e., τa=0.35 and 0.85. The cases involve
single mode of small mode SB (cases 12 and 13) and large mode LB (cases 14 and 15),
and double modes of SB and LB (cases 16 to 19) with η=0.15 and 0.70. The effect of wind
speed is also checked for simulations of a wind speed equal to 5.0 m/s (instead of 7.0
m/s) for aerosols models including SA (case 19) and LA (case 20), single mode, and SA

and La (double mode) with η=0.41 (case 21). The smallest value of the optical thickness
(τa=0.20) has been selected since the impact is expected to be maximum in these
conditions. The effect of the refractive index is tested by simulations of a refractive
index of 1.5 with retrieval on 1.45 for single modes of SA and LD, and double mode of
SA and LD with η=0.15 and 0.70 (cases 22 to 25). Again the smallest value of the aerosol
optical thickness has been selected in the simulation since the multiple scattering,
which occurs for large τa, is expected to smooth the effect of the actual phase function.

Table        3-a.    Optical properties and effective radius of the input data sets included in the look-up
table. The optical properties are given at 550 nm.

Case
N°

Small
Mode

 rseff Large
Mode

 rleff  reff Ratio η Opt.
Thick. τ

Asy.
Factor g

0 / / / / / / 0.000 /
1 SA 0.049 / / 0.049 1.00 0.200 0.367
2 SA 0.049 / / 0.049 1.00 0.500 0.367
3 SA 0.049 / / 0.049 1.00 1.000 0.367
4 SA 0.049 / / 0.049 1.00 2.000 0.367
5 SB 0.098 / / 0.098 1.00 0.500 0.588
6 / / LA 0.984 0.984 0.00 0.200 0.764
7 / / LA 0.984 0.984 0.00 0.500 0.764
8 / / LA 0.984 0.984 0.00 1.000 0.764
9 / / LA 0.984 0.984 0.00 2.000 0.764
10 SA 0.049 LA 0.984 0.077 0.41 0.200 0.573
11 SA 0.049 LA 0.984 0.077 0.41 0.500 0.573

Table        3-b.    Optical properties and effective radius of the input data sets which are not included in
the look-up table. The optical properties are given at 550 nm.

Case
N°

Small
Mode

 rseff Large
Mode

 rleff  reff Ratio η Opt.
Thick τ.

Asym.
Factor g

Additional
Variable

12 SB 0.098 / / 0.098 1.00 0.350 0.588 τa ≠
13 SB 0.098 / / 0.098 1.00 0.850 0.588 τa ≠
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14 / / LB 0.890 0.890 0.00 0.350 0.744 τa ≠
15 / / LB 0.890 0.890 0.00 0.850 0.744 τa ≠
16 SB 0.098 LB 0.890 0.380 0.15 0.350 0.706 τa ≠
17 SB 0.098 LB 0.890 0.380 0.15 0.850 0.706 τa ≠
18 SB 0.098 LB 0.890 0.130 0.70 0.850 0.620 τa ≠
19 SA 0.049 / / 0.049 1.00 0.200 0.367 v=5m.s-1

20 / / LA 0.984 0.984 0.00 0.200 0.764 v=5m.s-1

21 SA 0.049 LA 0.984 0.077 0.41 0.200 0.572 v=5m.s-1

22 SA 0.049 / / 0.049 1.00 0.200 0.367 m=1.50
23 / / LD 2.970 2.970 0.00 0.200 0.805 m=1.50
24 SA 0.049 LD 2.970 0.395 0.15 0.200 0.711 m=1.50
25 SA 0.049 LD 2.970 0.086 0.70 0.200 0.481 m=1.50

Table        4-a.    Optical properties and effective radius of the size distribution for the small
mode. The optical properties are given at 550nm.

Aerosol
Model

Effective
Radius

Single Scat.
Albedo

Asymmetry
Factor

Backscattering
Ratio

SA 0.05 0.932 0.367 0.360
SB 0.10 0.969 0.588 0.270
SC 0.06 0.920 0.269 0.398
SD 0.20 0.976 0.720 0.210
SE 0.12 0.967 0.567 0.280

     Table        4-b.    Optical properties and effective radius of the size distribution for the large
mode. The optical properties are given at 550 nm.

Aerosol
Model

Effective
Radius

Single Scat.
Albedo

Asymmetry
Factor

Backscattering
Ratio

LA 0.98 0.938 0.764 0.172
LB 0.89 0.939 0.744 0.181
LC 1.48 0.905 0.763 0.167
LD 2.97 0.856 0.805 0.142
LE 2.46 0.857 0.799 0.144
LF 4.95 0.810 0.828 0.125

Results       (with        no        additional        errors)

We first assume the perfectly measured radiances, i.e., no calibration error and
no uncertainty in the surface reflectance estimated, except for the error of wind speed.
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The retrieved median radius and the standard deviation of the cases are reported i n
Tables 5-a and 5-b for the 'best' solutions and in Tables 6-a and 6-b for the 'average'
solutions. To illustrate the results of the four quantities τa, η, reff and g, we adopt a
scatter diagram plot of the retrieved values versus the input values (see Fig. 1). In the
first quarter (denoted as (a)), the results are obtained with inputs that are identical to
those as tabulated in the LUT; in the second quarter (b), we consider cases with optical
thickness values which are not included in the LUT; in the third quarter (c), the
impact of the wind speed is considered; and finally in the fourth quarter (d), we assess
the effect of the refractive index. The black dots correspond to the 'best' solutions and
the crosses to the 'average' solutions. The standard deviation is also given for the
'average' solution.

τ
a

retBest Solution
Average 

0.5

1.00.5

0.5

1.00.50.51.0

0.5

0.5

1.0 0.5

τ
a

t rueτ
a

t rue ( a )( b )

( c ) ( d )

τ
a

r e t

input in the LUTτ
a
 not in the LUT

wind speed refractive index

Figure        1    . Scatter diagram of the optical thickness, the x-axis correspond to the input,
the y-axis to the retrieved values. Each quarter is devoted to a specific sensitivity study. Quarter
(a) corresponds to an inversion where all the input are included in the LUT. Quarter (b) corresponds
to an inversion with values of the optical thickness not included in the LUT. Quarter (c) corresponds
to a different wind speed. Quarter (d) corresponds to a different refractive index. The black dots
correspond to the 'best' solutions and the crosses to the 'average' solutions (see the text).

•       Median         Radius        and       standard        deviation    

From Table 5-a, it is obvious that the 'best' solutions give perfect results when
the inputs are the same as those included in the LUT. From Table 5-b, for those inputs
which are not the same as included in the LUT, we basically retrieve the right values
except for the following cases:
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(a) model SE instead of model SB (cases 12 and 16)
(b) model SC instead of model SA (cases 19, 21 and 24)
(c) model LB instead of model LA (case  21)

Referring back to Tables 4-a and 4-b, it is clear that the alternative solutions
correspond closely to the aerosols models which have the similar radiative properties
to those in the inputs. For example, the small modes of SE and SC have very similar
effective radius to SB and SA respectively, as well as the large mode of LB compared to
LA. As shown in Tanré et al. (1996), we are often in conditions where the inverted
effective radius shows large discrepancy as compared to the true value while the value
of σ has nearly no impact. There are also conditions where single narrow size
distributions can be retrieved (Kaufman et al., 1990), for instance, for smoke observed
with scattering angles around 100°, where we were able to distinguish between narrow
and broad size distributions.

In Tables 6-a and 6-b, the 'average' solutions are reported. The standard
deviation computed for the median radius is usually small when only single mode is
considered, but it becomes larger for the small and large combined modes cases,
mainly due to the retrieval of the small mode rsm. As a general rule, the large mode
can be retrieved within the error bars, but larger discrepancies may occur to the small
mode.

Table        5-a.    Input and retrieved characteristics of the aerosols models for the 'best' retrieval when all the
parameters are included in the LUT.

Input values Retrieved values
Case
N°

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

1 0.02 0.60 / / 0.02 0.60 / /
2 0.02 0.60 / / 0.02 0.60 / /
3 0.02 0.60 / / 0.02 0.60 / /
4 0.02 0.60 / / 0.02 0.60 / /
5 0.04 0.60 / / 0.04 0.60 / /
6 / / 0.40 0.60 / / 0.40 0.60
7 / / 0.40 0.60 / / 0.40 0.60
8 / / 0.40 0.60 / / 0.40 0.60
9 / / 0.40 0.60 / / 0.40 0.60
10 0.02 0.60 0.40 0.60 0.02 0.60 0.40 0.60
11 0.02 0.60 0.40 0.60 0.02 0.60 0.40 0.60
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Table        5-b.    Input and retrieved characteristics of the aerosols models for the 'best' retrieval when some
parameters are not included in the LUT.

Input values Retrieved values
Case
N°

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

12 0.04 0.60 / / 0.08 0.40 / /
13 0.04 0.60 / / 0.04 0.60 / /
14 / / 0.60 0.40 / / 0.60 0.40
15 / / 0.60 0.40 / / 0.60 0.40
16 0.04 0.60 0.60 0.40 0.08 0.40 0.60 0.40
17 0.04 0.60 0.60 0.40 0.04 0.60 0.60 0.40
18 0.04 0.60 0.60 0.40 0.04 0.60 0.40 0.60
19 0.02 0.60 / / 0.04 0.40
20 / / 0.40 0.60 / / 0.40 0.60
21 0.02 0.60 0.40 0.60 0.04 0.40 0.60 0.40
22 0.02 0.60 / / 0.02 0.60 / /
23 / / 0.60 0.80 / / 0.60 0.80
24 0.02 0.60 0.60 0.80 0.04 0.40 0.60 0.80
25 0.02 0.60 0.60 0.80 0.02 0.60 0.60 0.80

Table        6-a.    Input and retrieved characteristics of the aerosols models for the 'average' retrieval when a l l
the parameters are included in the LUT.

Input Values Retrieved values
Case
N°

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

1 0.02 0.60 / / 0.03±0.01 0.47±0.10 / /
2 0.02 0.60 / / 0.03±0.01 0.52±0.10 / /
3 0.02 0.60 / / 0.03±0.01 0.52±0.10 / /
4 0.02 0.60 / / 0.03±0.01 0.52±0.10 / /
5 0.04 0.60 / / 0.06±0.02 0.50±0.10 / /
6 / / 0.40 0.60 / / 0.40±0.02 0.60±0.11
7 / / 0.40 0.60 / / 0.40±0.02 0.60±0.11
8 / / 0.40 0.60 / / 0.40±0.02 0.60±0.11
9 / / 0.40 0.60 / / 0.40±0.02 0.60±0.11
10 0.02 0.60 0.40 0.60 0.06±0.02 0.51±0.10 0.67±0.23 0.62±0.14
11 0.02 0.60 0.40 0.60 0.05±0.02 0.47±0.10 0.58±0.19 0.60±0.14
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Table        6-b.    Input and retrieved characteristics of the aerosols models for the 'average' retrieval when some
parameters are not included in the LUT.

InpuValues Retrieved values
Case
N°

Median
Rad. rsm

Stand.
Dev. σs

Median
Rad. rlm

Stand.
Dev. σl

Median
Rad. rsm

Stand. Dev
σs

Median
Rad. rlm

Stand. Dev
σl

12 0.04 0.60 / / 0.06±0.02 0.50±0.10 / /
13 0.04 0.60 / / 0.06±0.02 0.50±0.10 / /
14 / / 0.60 0.40 / / 0.60±0.00 0.40±0.00
15 / / 0.60 0.40 / / 0.60±0.00 0.40±0.00
16 0.04 0.60 0.60 0.40 0.05±0.03 0.51±0.11 0.57±0.08 0.43±0.08
17 0.04 0.60 0.60 0.40 0.05±0.03 0.51±0.11 0.57±0.08 0.43±0.08
18 0.04 0.60 0.60 0.40 0.07±0.02 0.53±0.10 0.64±0.22 0.60±0.14
19 0.02 0.60 / / 0.04±0.00 0.40±0.00
20 / / 0.40 0.60 / / 0.50±0.10 0.50±0.10
21 0.02 0.60 0.40 0.60 0.06±0.02 0.51±0.10 0.67±0.23 0.62±0.14
22 0.02 0.60 / / 0.03±0.01 0.49±0.10 / /
23 / / 0.60 0.80 / / 0.70±0.19 0.75±0.09
24 0.02 0.60 0.60 0.80 0.06±0.02 0.51±0.10 0.78±0.21 0.75±0.09
25 0.02 0.60 0.60 0.80 0.03±0.01 0.50±0.11 0.70±0.19 0.70±0.11

•      Optical       thickness              τ        a        .   

Note in Figure 1 that a very good agreement is obtained for the 'best' solutions
(black dots). The average solutions (crosses), on the other hand, lead to slightly
different values but in general the optical thicknesses are retrieved with good accuracy,
even when uncertainties in the refractive index and wind speed are introduced. Cases
for τa=2.0 are perfectly retrieved but are not reported on the plot, in order to keep a
high resolution of the display results.

•            Ratio        η       .   

Similar conclusions can also be made for the ratio η, the contribution to the
radiance of the small mode, when only the 'best' solutions (black dots) are considered
(see Fig. 2). Large variations are observed in the 'average' solutions (crosses) for double
modes, i.e., when η≠0.0 and 1.0. Because of the lack of uniqueness in the relationship
between physical and optical properties (Tanré et al., 1996), large fluctuations in the
retrieved physical properties may occur, (as already noticed in Tables 6-a and 6-b), and
as a result the algorithm has to compensate them by selecting a wrong ratio η. It is
interesting to note that the standard deviation (shown as error bars) is a good measure
of the quality of the retrieval; when it is small, the 'average' and 'best' solution are
similar and quite close to the true values.
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Figure        2.    Same as in Fig. 1 but for the ratio η. Error bars correspond to the standard deviation of the
'average' solution.

•     Effective       radius              r       eff    

The results of the effective radius reff are reported in Figs. 3-a and b. Because of
the plotting scale, Fig. 3-b shows an enhancement of Fig. 3-a, corresponding roughly to
the accumulation mode with reff smaller than 0.40 µm. For the accumulation mode,
(see Fig. 3-b), the 'best' effective radiuses (black dots) are well retrieved for single or
double mode, while the 'average' solutions (crosses) can be far different from the true
value, especially for double mode cases. Again the standard deviation is a good
indicator of the quality of the retrievals. For larger particles (see Fig. 3-a), the retrieval
is very well performed for (a) and (b) conditions, and to a less extent for (c). In (d), large
errors result for both 'best' and 'average' solutions if uncertainty in the refractive
index is considered. It is because the sensitivity of the spectral dependence is very weak
for large particles and small uncertainty in the aerosol properties could have
significant impact. Although the exact characteristics of the coarse mode are difficult to
assess, it is important to notice that the algorithm is able to detect the presence of such
large particles.
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Figure        3-a     . Same as in Fig. 1 but for the effective radius. Error bars correspond to the standard
deviation of the 'average' solution.
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Figure        3-b    . Same as in Fig. 3-a but for effective radius smaller than 0.40µm.
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•      Asymmetry        parameter        g

The asymmetry parameter is again well related to the radiative properties.
Therefore the algorithm is very efficient to retrieve it. From Fig. 4, over the large range
of simulated values from 0.367 to 0.805, the 'best' and 'average' solutions return
almost perfect results. Small discrepancies occur only for different wind speed
conditions and when particles are small, as already noted in Tables 5-a and b. The
uncertainty in the surface conditions leads to choose the closest model with slightly
different radiative properties. The standard deviations are found to be small in all the
cases, which confirms that the problem is very well-conditioned for this parameter.
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Figure        4.    Same as in Fig. 1 but for the asymmetry factor g. Error bars corresponds to the standard
deviation of the 'average' solution.

Results        due       to        potential       sources        of        error

In this section, we discuss additional potential issues like the sensor calibration,
the contamination by glint or false estimate of the water-leaving radiance. To simulate
these effects, we added the error separately to the measurements Lmj for each channel
(j) in the following way.

(a) calibration error
Lmj => Lmj(1.-Rndj) where Rndj is random error scaled between ±0.01. It
represents a random spectral calibration error of maximum of 1%.

(b) Glint error
Lmj => Lmj + 0.01, this considers that the glint effect may not be completely
avoided or predicted, which adds a constant value to the reflectance in all
channels.

(c) Type 1 surface error
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Lmj => Lmj + Rndj, where Rndj is random error ranged between ±0.002. It
represents, for instance, possible errors in the water leaving radiance.

(d) Type 2 surface error
Lmj = Lmj + 0.005/λj, where λj is the center wavelength (in µm) of channel j .

For doing so, the reflectance is increased by approximately 0.01 in 0.55 µm
and 0.0025 in 2.13 µm channels, representing systematic errors in the spectral
dependence of the reflectances, like uncertainties resulting from the foam
spectral dependence.

In Figs. 5 to 8, (a), (b), (c), and (d) quarters represent accordingly the errors shown
above. Note that the results are given for all cases (1 to 25).

•      Optical       thickness              τ        a     

For randomly distributed errors as shown in quarters (a) and (c) in Fig. 5 of
calibration and type 1 surface errors, there is no systematic effect and the impact is
almost negligible in most of the cases. Surface errors due to the glint or Type 2 surface
errors (i.e., non-random errors) lead to an overestimate of the optical thickness. That's
because additional surface contribution is translated into a larger atmospheric
contribution, and in consequence results in a larger optical thickness. This effect is
more important for small optical thickness, as expected.
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Figure        5    . Scatter diagram of the optical thickness, the x-axis correspond to the input, the
y-axis to the retrieved values. Each quarter is devoted to a specific source of errors. Quarter (a )
corresponds to calibration errors. Quarter (b) corresponds to glint error. Quarter (c) corresponds to
Type 1 surface error. Quarter (d) corresponds to Type 2 surface error. The black dots correspond to the
'best' model and the crosses to the 'average' solution (see the text). Errors bars correspond to the
standard deviation of the 'average' solution.

•      Ratio        η    
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Figure 6 clearly shows that it is difficult to retrieve this parameter accurately i n
the presence of these errors. The dispersion is quite large for both 'best' and 'average'
solutions, thus the retrieved values will have to be considered as an estimate. Let us
note that the glint effect is the most destructive error; it may result in 100% error but
there is no systematic bias. Better values of the ratio η can be retrieved far from the
specular reflection. A solution that will be considered is to generate aerosol
climatology from the MODIS data.
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     Figure        6.    Same as in Fig. 5 but for the ratio η.

•     Effective       radius              r       eff    

For effective radiuses smaller that 0.2 µm, glint error can result in a significant
impact to both 'best' and 'average' solutions (see Fig.7-b). Figure 7-b is again an
enlargement of Fig. 7-a for better illustration of the results. For other types of errors,
the best solutions (black dots) give the right answer while the average solutions
(crosses) show large variability. In Fig. 7-a, for large effective radiuses, all the sources of
errors cause an underestimate of the aerosol sizes. As mentioned earlier, the
sensitivity to large particles is weak and there exists a threshold value of effective
radius around 1.0 µm from which the retrieval is questionable.
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     Figure        7-a.    Same as in Fig. 5 but for the effective radius.
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     Figure        7-b.    Same as in Fig. 7-a but for effective radius smaller than 0.40µm.
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•            Asymmetry        parameter        g.   

The presence of these errors does not affect the conclusions made earlier for the
asymmetry parameter g. In fact, the retrieval of the asymmetry parameter is still very
reliable with all the errors introduced (see Fig. 8). Again, the glint error affects more
severely the results than the other sources of errors but in an unbiased way.
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     Figure        8.    Same as in Fig. 5 but for the asymmetry factor g.

4. ALGORITHM DESCRIPTION - LAND

4.1 Strategy

First, lets review briefly the radiative transfer theory applied to the remote
sensing of the aerosol over the land. The remote sensing of aerosol over the land
stems from the relationship between the measured radiance at the top of the
atmosphere ρ∗  (given in apparent reflectance units - ρ*=πL/Foµo, where L is the
radiance at the top of the atmosphere, Fo is the extraterrestrial solar flux and µo is the
cosine of the solar zenith angle), and the surface bi-directional reflectance properties
ρ(θ,θο,φ):

ρ*(θ,θο,φ) = ρa(θ,θο,φ) + Fd(θο)T(θ)ρ(θ,θο,φ)/(1-sρ') (Eq. 8)
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where θ is the view direction, θο is the solar zenith angle and φ is the azimuth of the

scattered radiation from the solar beam. ρa(θ,θο,φ) is the path radiance, Fd(θο) is the
normalized downward total flux for zero surface reflectance, equivalent to the total
downward transmission. Its value is less than 1.0 due to aerosol and molecular
absorption and backscattering of sunlight to space. T(θ) is the upward total
transmission into the direction of the satellite field of view, s the atmospheric
backscattering ratio and ρ ' the surface reflectance averaged on the  view and
illumination angles.

In the single scattering approximation, the path radiance is proportional to the
aerosol optical thickness, τa, the aerosol scattering phase function, Pa(θ,θο,φ), and

single scattering albedo, ωo:

ρa(θ,θο,φ) = ρm(θ,θο,φ) + ωoτaPa(θ,θο,φ)/(4µµo) (Eq. 9)

where ρm(θ,θο,φ) is the path radiance due to molecular scattering, and µ and µo are
cosines of the view and illumination directions, respectively. The functions Fd, T, and
s in Eq. 8 are also dependent on ωo, τa, and Pa, though for small surface reflectance
they are less important. However, in order to derive the aerosol optical thickness from
the measured radiance, an aerosol model that provides values of ωo and Pa for specific
conditions is required.

The contribution of ρ∗  from the path radiance is larger for shorter wavelengths,
and for low values of the surface reflectance (e.g., ρ ≤ 0.06 - see Fig. 9). Therefore, the
errors in deriving the aerosol optical thickness are smaller for these conditions. The bi-
directional reflectance properties of ρ are approximated here by the direct value of the
reflectance for the illumination and viewing directions. The error from this
approximation is small for dark surfaces to derive the aerosol path radiance and
optical thickness (Lee and Kaufman, 1986).

Errors due to uncertainty in the aerosol absorption, given by the single
scattering albedo, ωo, are also smaller for low surface reflectance. Independent of the
value of the surface reflectance, the derivation of the optical thickness from the path
radiance is also affected by the uncertainty in the scattering phase function, which will
be discussed in detail later in sectin 4.2. Many land covers (such as vegetation and
some soils) are dark in the red (0.60-0.68 µm) and blue (0.4-0.48 µm) wavelengths.
Therefore, it is appropriate to use the darkest pixels in the image to estimate the
aerosol optical thickness (or loading) and its effect on remote sensing at these
wavelengths.  But in order to use Eq. 1 to estimate accurately the path radiance (ρa) and
the optical thickness, the surface reflectance of these dark pixels have to be estimated
within a small uncertainty of ∆ρ = ±0.005 to ±0.01.
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Figure.        9    . The radiance, L, at the top of the earth-atmosphere system (in reflectance
units) minus the surface reflectance, ρ, for nadir observation as a function of the surface
reflectance. The total aerosol optical thickness τa and the single scattering albedo ωo are
indicated for each line. The solar zenith angel is 40°, the wavelength is 0.61 µm. Power law size
distribution was used with ν=3. Note that the atmospheric effect is zero for an empty
atmosphere, (L - ρ = 0) and the aerosol effect is zero for the dotted line (pure molecular
scattering). For surface reflectance under a given critical value (ρc) the aerosol effect is positive
(ρc=0.25 for ωo=0.96)  and above this value the effect is negative. (after Fraser and Kaufman,
1985).

The strategy for remote sensing of aerosol over the land from EOS-MODIS is
based on the following physical principles:

• Except for dust, the aerosol effect on the radiance measured from space, decreases
with wavelength as λ-1 to λ-2 (Kaufman, 1993). Therefore the effect is much smaller
in the mid-IR than in the visible.

• The radiative effect of aerosol includes backscattering and absorption of the direct
sunlight and sunlight reflected from the surface. For dark surfaces, the scattering
effect dominates while for brighter surfaces the effect is mixed. Therefore, the
aerosol radiative effect is strongest for low surface reflectance. The remote sensing of
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aerosol using dark targets can be best done for surface reflectance ρ ≤ 0.06. In the
following, we will describe a method to find the surface cover that has this low
reflectance in selected wavelengths.   

• The surface reflectance across the solar spectrum is correlated to some extent. Soils
usually have an increasing reflectance as a function of the wavelength with
correlation between the reflectances slowly decreasing with an increase of the
wavelength span. Parallel processes affect the reflectance in the 0.47 and 0.66 µ m
channels and in the 2.1 and 3.8 µm channels. The presence of vegetation decreases
the reflectivity in the visible channels due to chlorophyll absorption and in the mid-
IR channels due to absorption by liquid water associated with the plant. Wet soil has
a lower reflectance in the visible channels due to light trapping, and in the 2.1 and
3.8 µm channels due to the liquid water absorption. Moreover, surface roughness,
shadows and inclinations decrease the reflectance across the whole solar spectrum
(Kaufman and Remer, 1994).

Based on these principles, the basic approach for an operational and unsupervised
aerosol remote sensing algorithm is described as follows:

• Determination of the presence of the dark pixels in the blue (0.47 µm) and red (0.66
µm) channels using their remotely sensed reflectance in the mid- IR channels (2.1
and 3.8 µm).

• Estimation of the surface reflectance of the dark pixels in the red and blue channels
using the measurements in the mid-IR.  

• Determination of the aerosol type using information on the global aerosol
distribution (Husar et al., 1996; d'Almeida et al., 1991) and the ratio between the
aerosol path radiance in the red and blue channels.

• Selection of the appropriate dynamical aerosol model (Remer et al., 1996a) that
describes the aerosol size distribution, refractive index, single scattering albedo and
effect of nonsphericity on the phase function. The models are derived from analysis
of ground based remote sensing of the ambient column aerosol size distribution,
and in situ measurements.

• Inversion of the measured radiance at satellite level into the aerosol optical
thickness, volume (or mass) concentration and spectral radiative forcing using
radiative transfer look-up tables computed for the dynamical aerosol models (e.g.,
Fraser et al., 1992).

In the following, we shall describe this approach, and its physical basis.

4.2 The Use of Dark Targets

First application of dark targets in an aerosol retrieval algorithm (Kaufman and
Sendra, 1988; hereinafter referred to as KS88) was based on the detection of green
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forests as dark pixels using the vegetation index (NDVI) and the near IR reflectance.
Dark vegetation was determined by high NDVI and low reflectance in the near IR. For
these pixels, the reflectance in the red channel is assumed as ρ=0.02±0.01 and used to
derive the aerosol optical thickness. Application of this technique to Landsat MSS data
over the mid-Atlantic region of the US showed a very good agreement against
sunphotometer measurements (KS88). In order to derive the optical thickness from
the path radiance, the aerosol size distribution, single scattering albedo and refractive
index have to be assumed. Spherical and homogeneous aerosol particles are also
assumed in order to use the Mie theory in the calculations, unless non-sphericity is
identified (Kahn et al., 1996) and modeled (Mishchenko and Travis, 1994; Nakajima et
al., 1989). Sensitivity studies showed that in a general case these assumptions can
generate substantial errors in the derived aerosol optical thickness (~30%). To reduce
the errors, a good model of the aerosol properties based on measurements is required.
In regions where the model is most applicable, we can expect the remote sensing
procedure to be more accurate. This was the case in the application of the method by
KS88 to the mid-Atlantic region where the aerosol model was better known. KS88
further applied the derived aerosol optical thickness for atmospheric corrections of
remote sensing of the surface reflectance. They noticed that since the same
assumptions are used in the derivation of the aerosol optical thickness from the path
radiance and in the process of atmospheric correction, a large part of the errors in the
aerosol model were canceled out. This reduction in errors may occur also in the
determination of the aerosol direct radiative forcing, which is closely linked to the
path radiance used to derive the optical thickness. These topics will be discussed later
in section 4.6.

The determination of dark pixels using the vegetation index is not well suited
for global applications, since the vegetation index itself is affected by the aerosol, a
feedback circle that causes the method to be applied only to images for which it is
known a priori  that dense vegetation pixels are present in the image. An alternative
technique is suggested to locate the dark pixels using longer wavelengths (2.1 or
3.8µm) that are less sensitive to aerosol scattering (since these wavelengths are much
longer than the size of most aerosol particles) but are still sensitive to surface
characteristics. Such wavelengths has been used to find dark pixels in the visible
channels (Holben et al, 1992).

Figure 10 demonstrates the spectral properties of vegetation and the effect of
smoke aerosol on the apparent reflectance. In this figure, spectral radiance from the
AVIRIS aircraft spectral imager over dry grassland in California are plotted. The solid
line is the spectrum of surface reflectance for a clean atmosphere. The dashed lines are
for observations of a nearby surface through thin smoke from a smoldering section of
a wild fire. The smoke has a large effect in the visible part of the spectrum, decreasing
in magnitude with wavelength from the blue to the red region. In the near IR, the
aerosol effect is smaller than the variations in the surface reflectance between the
smoke free area and the area affected by smoke. Therefore, the smoke effect is not
observable in the mid-IR (2.2 µm) due to the large ratio of wavelength to the size of
particles.
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Figure        10.    The spectral radiance measured from the AVIRIS aircraft spectral imager
over dry grassland in Stockton, northern California, acquired Aug. 20, 1992, and plotted in
reflectance units (Gao et al., 1993). The solid line is for the spectral surface reflectance in the
presence of a clean atmosphere while the dashed and dotted lines are for observations of a nearby
surface through thin smoke from a wildfire (more smoke for the dashed line spectrum). The smoke
has a large effect in the visible part of the spectrum, decreasing with wavelength from the blue
to the red region. The effect is smaller than variation in the surface high reflectance in the near
IR, and is small in the mid-IR (2.2 µm) due to the large ratio of the wavelength of radiation to
the size of particles.

Analysis of  AVHRR images over Eastern US and over Brazil shows that the
AVHRR 3.7 µm channel is not sensitive to the presence of pollution aerosol or smoke
(Kaufman et al., 1990b; Kaufman and Remer, 1994) but is very sensitive to the presence
of forest pixels and can be used for their determination. The apparent reflectance in the
3.7 µm AVHRR channel is well correlated with the reflectance at 0.64 µm (see Fig. 11),
though the ratio between the surface reflectance at 3.7 µm and 0.64 µm changes from
day to day. Note that to use the reflective part of the 3.7 µm channel it has to be
corrected for thermal emission and for absorption by water vapor (Roger and Vermote,
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1996). This prompted us to test if the MODIS nearby channel of 3.8 µm, located around
4.0 µm (not sensitive to water vapor absorption), is better for this application.

The MODIS 3.75 and 3.95 µm channels are expected to be shifted by 50 nm than
originally planned. The 4.0 µm channel is sensitive to N2 absorption, which is about as
strong as the water absorption at 3.8 µm in a standard atmospheric model (vertical
transmission of 90% due to H2O at 3.8 µm and 88% due to N2 at 4.0 µm). Although N2
absorption does not vary substantially and is well known, its emission also depends on
the temperature profile in the atmosphere. Sensitivity study shows that the
uncertainty in the retrieved surface reflectance at 4.0 µm due to the error of vertical
temperature profile is about 10%. Compared to 20% uncertainty obtained in the
retrieved surface reflectance at 3.8 µm from a 10% error in total precipitable water
vapor, the 4.0 µm channel is certainly better in this regrad. But the fraction of reflected
sunlight at the 4.0 µm channel is only 60% of that at 3.8 µm for the same surface
reflectance. Since the reflectance at 3.8 or 4.0 µm is computed after the correction for
emission by both atmosphere and surface using MODIS 11 µm channel, the lower
fraction of reflected light will enhance the errors in the application due to uncertainty
in the surface emissivity at 11 µm. Uncertainty in emissivity at 11 µm of ∆ε±0.02, as
found, corresponds to uncertainty in the surface reflectance of 25% at 3.8 µm (for
ρ3.8=0.025; Kaufman and Remer, 1994), and correspondingly 50% up to twice as large is
found at 4.0 µm due to the smaller fraction of the reflective part. This compensates
more than the error due to water vapor absorption at 3.8 µm as opposed to the vertical
temperature profile at 4.0 µm. Therefore, it can be concluded that the 3.8 µm channel
is better for this application.

As shown above, for surface reflectance of ρ3.8 = 0.025, correction for
attenuation by water vapor absorption result in an error of ∆ρ3.8 = 0.005 for an
uncertainty of 10% in total precipitable water vapor. The uncertainty of emissivity at
11 µm of ∆ε = ±0.02 also causes approximately 25% error in surface reflectance at 3.8 µ m
(Kaufman and Remer, 1994). Therefore, the variation in the relationships shown i n
Fig. 11 from day to day of AVHRR data may result from inaccuracy of the correction
for emission and water vapor absorption. Nevertheless, several successful applications
of this channel for remote sensing of smoke aerosol were reported (Holben et al., 1992;
Vermote et al., 1996). The application to MODIS should be significantly better due to
better instrument characterization and the availability of total precipitable water vapor
information.

Figure 12 shows examples of the relationships between the surface reflectance at
2.1 µm and that at 0.47 µm and 0.64 µm, derived from Landsat TM and AVIRIS images
over the mid-Atlantic US. Here, the reflectances were corrected for the atmospheric
effects based on ground based measurements of the aerosol optical thickness. The
images include forested area and crop land, as well as exposed soil, residential area and
water. The data averaged for the specific surface types are shown in Fig. 13. For dark
targets (reflectance at 2.1 µm <0.10), the uncertainties in the estimate of surface
reflectance in the visible channels from the 2.1 µm channel reflectance are ±0.005 to
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±0.01 for the red and blue channels respectively. This issue is currently under
intensive study to find how can it be applied globally and in which conditions does it
fail (e.g., snow or water).

4.3 Global Remote Sensing of Aerosol Over Land

The following procedures for global remote sensing of aerosol are emerging for
the multispectral EOS-MODIS radiometer. The MODIS spectral channels used in the
analysis of aerosol are the 250 m resolution 0.66 µm channel, the 500 m resolution 0.47
µm and 2.1 µm channels and the 1 km resolution 3.8 µm channels. The latter two
channels are used for the determination of surface reflectance. The 11 µm window
channel to correct for emission (for 3.8 µm channel) from the Earth surface is also
required. Other gaseous absorption channels, such as near IR (~1 µm) water vapor
channels for the correction of total precipitable water vapor and 9.6 µm channel for
total ozone correction, need also to be included. Since the correction for water vapor
and ozone absorption is straightforward, it therefore will not be addressed in this
ATBD. Cloud mask which is crucial in determining cloud-free pixels will be shown i n
detail in the ATBD for cloud mask. The automatic procedures to derive global
distribution of aerosol optical thickness, mass concentration and radiative forcing i n
cloud-free regions are shown as follows

Step 1. Selection of dark pixels and determination of their surface reflectance

The selection of the pixels in the MODIS image used to derive the aerosol
optical thickness is based upon our experience with the 3.8 µm and 2.1 µm reflectances
and their relationship to the reflectance in the visible channels. The technique
prioritizes the criteria in order to minimize the residual error in the predicted surface
reflectance, and consequently in the derived aerosol optical thickness. It may be biased
by the broader experience with application of the 3.8 µm channel rather than the 2.1
µm channel for predicting the surface reflectance in the red and blue channels and i n
consequence for the remote sensing of aerosol (Holben et al., 1992; Kaufman and
Remer, 1994; Vermote et al., 1996; Kaufman and Tanré, 1996; Kaufman et al., 1996;
Kaufman and Fraser, 1996). We found that the highest accuracy in predicting the
surface reflectance in the red and blue channels is for pixels that do not represent water
and have a very low reflectance at 2.1 µm.

Once the reflectance is larger than 0.05, the uncertainty in the relationship
between the reflectance at 2.1 and 0.66 or 0.47 µm makes the 3.8 µm channel more
attractive, despite the need to correct for surface emission. If the surface is not dark
enough in both 2.1 and 3.8 µm channels, the derivation of aerosol is still possible but
with lower expected accuracy due to the high surface reflectance estimated (Kaufman
et al., 1996).
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     Figure        11.    Scatter diagrams of the relationship between the apparent surface reflectance in the red
(0.64 µm) and the mid IR (3.7 µm) AVHRR channels. (after Kaufman and Remer, 1994)
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Figure        12.    Scatter diagrams between the surface reflectance at 0.49 µm (ρ0.49), 0.66 µm (ρ0.66) and

that at 2.2 µm (ρ2.2). A different symbol is used for each of the Landsat TM or AVIRIS images (see

notations in the bottom figure). The remotely sensed data were corrected for the atmospheric effect before
display. The average relationships ρ0.49/ρ2.2=0.25 and ρ0.66/ρ2.2=0.5 are also plotted (Kaufman et al . ,

in preparation).



MODIS ATBD:               Remote Sensing of Aerosol, Kaufman and Tanré        

- 36 -

0.00

0.05

0.10

0.15

0.20
S

U
R

FA
C

E
 R

E
FL

E
C

TA
N

C
E

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
SURFACE REFLECTANCE 2.2 µm

SAND

SOILS
VEGETATION

URBAN

FORESTS
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and ρ0.66/ρ2.2=0.5 are also plotted (solid lines).

For a grid box of 10 x 10 pixels of 1 km resolution at nadir, and correspondingly
higher number of 500 m and 250 m resolution pixels, the number of the dark pixels

Nλ i that have an apparent mid-IR reflectance ρ∗
λi less than a threshold (ρth

λi) is

determined based on the following priority of criteria (the surface reflectance ρs
λ is

indicated for each case):

first        priority    :   N2.1   for  0.01 ≤ ρ∗
2.1 ≤ 0.05      (ρs

0.47=ρ∗
2.1/4, ρs

0.66=ρ∗
2.1/2)

second        priority    :   N3.8   for  ρ∗
3.8 ≤ 0.025    (ρs

0.47=0.01, ρs
0.66=0.02)

third        priority    : N2.1   for  0.01 ≤ ρ∗
2.1 ≤ 0.10      (ρs

0.47=ρ∗
2.1/4, ρs

0.66=ρ∗
2.1/2)

fourth        priority    :  N2.1   for  0.01 ≤ ρ∗
2.1 ≤ 0.15    (ρs

0.47=ρ∗
2.1/4, ρs

0.66=ρ∗
2.1/2)

The criteria are used only over land surfaces excluding water, clouds, ice and
snow. The first criterion in this list that represents more than 5% of the pixels in the
grid box is chosen to derive the aerosol optical thickness, though the results of the
other criteria are also stored. The quality of the derivation is expected to decrease with
the priority rank. The thresholds and surface reflectance determination are based on
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Figs. 11-13. We do not use pixels with reflectance at 2.1 µm, ρ∗
2.1, larger than 0.15,

since the relationship between the reflectance in the  visible channels and the 2.1 µ m

channel is significantly more chaotic for ρ∗
2.1> 0.15 in some regions (Kaufman et al.,

1996). The division into three segments of ρ∗
2.1 is based on the assumption, which is

based on measurements of surface properties, that there is a higher probability of a
larger absolute error associated with larger surface reflectance. Still, it is not clear how
the 3.8 µm threshold relates to the 2.1 µm threshold. We do not have yet remote
sensing data to compare the two. We choose the 2.1 µm channel to be the first priority
simply because the 3.8 µm channel requires correction for surface emission and water
vapor absorption and the lowest threshold of 2.1 µm channel can be the more accurate
for the determination of surface reflectance .

Step        2.        Preliminary        derivation        of       the        optical       thickness

In the first stage, it is not clear which aerosol model should be used because of
different aerosol types possibly detected in the image. Therefore the aerosol optical
thickness is first derived in the red and blue channels from ρ*

λ i and ρs
λi using a

continental model (Lenoble and Brogniez, 1984). The parameters are given in Table 7.
Also tabulated in Table 7 are the parameters of industrial/urban and biomass burning
models (Remer et al., 1996a, 1996b) and dust model (Shettle, 1984). Due to possibly a
wrong choice of the scattering phase function and single scattering albedo, the derived
aerosol optical thickness is expected to be less accurate. Therefore, a correction is
performed, which will be discussed next in step 3. In the inversion process, the aerosol
optical thickness is derived using a look-up table (generated from continental aerosol
model) that relates a Lambertian surface reflectance to the measured radiance as a
function of the optical thickness and the viewing and illumination geometry (e.g.,
Fraser et al., 1984, 1992; Kaufman et al., 1990). The values of ρ*

λ i and ρs
λ i used in the

retrieval of aerosol optical thickness in the grid of 10x10 km box are the average of 10-
40 lowest percentile of the selected dark pixels, from which the standard deviation is
also calculated.

Step 3. Determination of the aerosol model

The aerosol model is determined using the optical thickness derived from step 2
and the ratio of the aerosol single scattering path radiance Lpλ, (Lpλ=τλPλωλ) in the red
and blue channels. Here, we use continental model to compute the single scattering
radiance, which is used later to determine the aerosol model. This apparently
contradicting application is based on the assumption that the aerosol model is only of
a secondary importance in determining multiple scattering, in which the details of
phase function are masked out. For small optical thicknesses τred<0.15, we do not
expect the measured spectral radiance to be sensitive enough to determine the aerosol
model:
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Therefore, if:  τred<0.15 then the continental model is used,
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    Table        7.    Summary of the aerosol dynamic models. The aerosol parameters of
continental model are from Lenoble and Brogniez (1984) and for dust model from
Shettle (1984). The Parameters of the aerosol models of industrial/urban and smoke
used in the remote sensing procedure are after Remer et al. (1996a&b), where the
parameters are for a combination of lognormal size distributions given by the number
distribution, or by the volume distribution:

dN
d ln r = No

σ 2π exp[−
ln(r rg )[ ]2

2σ 2 ] dV
d ln r = Vo exp[− ln(r rv )[ ]2

2σ 2 ]

where No is the number of particles per cross section of atmospheric column (cm-2), rg

the mean radius of the number distribution, σ the standard deviation of ln(r), and rv

the volume mean radius, rv =rg.exp[3σ2], Vo the column volume of the particles per
cross section of the column (cm3/cm2), which is given by

 Vo = 1
σ 2π

e
− 9

2
σ 2

No
4π
3





 rv

3

Note that "†" for biomass burning aerosol we use same real and imaginary part of
refractive index (i.e., 1.43-0.0035i) as for industrial aerosol but allow for external mixing
of graphitic carbon. This results in greater absorption and smaller ωo. For the dust
model, an aerosol of scale height of 2 km was assumed to match the unit of Vo. The
water soluble aerosol of continental model (*) is a wide mode encompassing both
nuclei and accumulation modes.
Continental rg(µm) rv(µm) σ Vo(106 cm3/cm2) ωo (670nm)
aerosol                                                                                                                                                                                                                                     
Water Soluble* 0.005 0.176 1.090 3.050 0.96
Dust Like 0.500 17.60 1.090 7.364 0.69
Soot                                                    0.0118                         0.050                        0.693                                 0.105                                                    0.16                                 
Biomass burning rg(µm) rv(µm)  σ Vo(106 cm3/cm2) ωo(670nm) †
                                                                                                                                                                                                                                                 

Accumulation 0.061 0.130 0.500  -2.4+45τ 0.90
Stratospheric 0.380 0.510 0.310  0.984 0.98

Coarse 1.0-1.3τ  6.0-11.3τ+61τ2  0.69+0.81τ 2.4-6.3τ+37τ2 0.84
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Industrial/urban rg(µm) rv(µm) σ Vo(106 cm3/cm2) ωo (670nm)
aerosol                                                                                                                                                                                                                                     

Accumulation 1 0.036 0.106 0.60 -2.0+70τ-196τ2+150τ3 0.96

Accumulation 2 0.114 0.210 0.45 0.34-7.6τ+80τ2-63τ3 0.97
Stratospheric 0.430 0.550 0.29 0.73 0.98

Sa l t 0.990 1.300 0.30 -0.16+4.12τ 0.92
Coarse                                               0.670                          9.500                         0.94                                   1.92                                                     0.88                                 
Dust aerosol rg(µm) rv(µm) σ Vo(106 cm3/cm2) ωo (670nm)
                                                                                                                                                                                                                                                 
Dust Background

1st mode 0.0010 0.0055 0.755 6.0x10-6 0.015
2nd mode 0.0218 1.230 1.160 1.0 0.95
3rd mode 6.2400 21.50 0.638 0.6 0.62
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Otherwise: If L p−red/Lp-blue> Th1(Θ) then the dust model should be 
used.

If L p−red/Lp-blue< Th2(Θ) then non-dust model (smoke or urban/ industrial
aerosol determined based on location and season described below). Between the two
thresholds Th1(Θ) and Th2(Θ), a linear interpolation of the models is used. Such
interpolation will produce a model that includes accumulation mode due to smoke or
industrial/urban pollution and a coarse mode from soil dust, which is in essence a
type of continental model. The values of the threshold as a function of the scattering
angle Θ are based on theoretical computations of the ratio between the two path
radiances (see Fig. 14) and are given by:

for   40°≤Θ≤150°    Th1(Θ)=0.90   and   Th2(Θ)=0.72;
for 150°≤Θ<168°    Th1(Θ)=0.9-0.01(Θ -150)  and   Th2(Θ)=0.72;
for Θ ≥ 168°,  it is not possible to distinguish between the aerosol types and the

phase function is not well predictable due to its strong dependence
on size and shape of the particles.

For non-dust, non-continental model cases, the separation between smoke
aerosol and industrial/urban aerosol are performed based on geographic locations
and seasons (see Fig. 15) (d'Almeida et al., 1991; Hao and Liu, 1994; Husar et al.,
1996), which can be categorized in latitude and longitude zones as follows:

Industrial/Urban        aerosol   
North America and Europe: (100W-50E; 30N-70N).
South East Asia: (105E-150E: 15N-45N).
Central America and Africa (May-November): (100W-50E; Equator-30N).
South America and Africa (December-April): (100W-50E; 65S-Equator).

Smoke    
Central America and Africa (December-April): (100W-50E; Equator-30N).
South America and Africa (May-November):  (100W-50E; 65S-Equator).
The rest of the world.

It should be noted that this definition of zones of industrial/urban aerosol
and smoke is experimental and preliminary. To be implemented into retrieval
scheme, the cut into square boxes of latitude and longitude is necessary. However it
may show some types of aerosols that do not exist locally; for example, the
dominant industrial/urban aerosol in Saudi Arabia and some east parts of Africa.
Because of the bright desert surface, our algorithm can't retrieve aerosol properties
over those regions anyway with the present automatic procedures. Antarctic
continent (> 65°S) and Arctic region (> 70°N) are considered to be free of aerosol
contamination. To be more confident of the regions for different types of aerosols, it
is currently being evaluated using the SCAR data base (see section 4.4) and any
related informations, and certainly will be revaluated globally after MODIS launch.
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Figure        14.    Ratio of the aerosol single scattering path radiance, Lp, in the red to the
blue channel as a function of the scattering angle. The ratio is plotted for the dust, smoke
and urban/industrial model for two aerosol optical thicknesses. For dust the background
aerosol model of Shettle (1984) was used and for smoke from biomass burning and the
urban/industrial aerosol the dynamic models (Remer et al., 1996a,b) were used. The
difference between the ratio for dust and non-dust aerosol is used to distinguish between
them. The gray zone is the separation zone between the dust and non-dust algorithms.

Figure         15.    Map of the global distribution of assumed regions of smoke and
urban/industrial aerosol based upon d'Almeida et al. (1991), Hao and Liu (1994) and
Husar et al. (1996). Note that in this figure, we do not attempt to separate dust from
smoke or industral/urban aerosol. Dust is distinguishable from smoke or industrial/urban
aerosol in the algorithm based upon the spectral dependence of the path radiance.
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Step        4.         Reconfiguration        of       the        optical       thickness

Once the aerosol model is determined, the optical thicknesses τred and τblue can
be corrected for the difference between the newly determined aerosol model and the
previously used continental model. The correction is based on the aerosol single
scattering radiance, Lpλ, derived from the MODIS measured radiances. This radiance
(see Eq. 8) was expressed by the aerosol parameters from the continental model:

Lpλ = τλ
cont.Pλ

cont.ωλ
cont. / (4µµo ) (Eq. 9)

The same single scattering path radiance can be now expressed by parameters
describing the new model:

Lpλ = τλ
new Pλ

newωλ
new / (4µµo ) (Eq. 10)

As a result we get the transformation for the optical thickness from the value derived

using the continental model, τλ
cont.

and the new value τλ
new

τλ
new = τλ

cont. Pλ
cont.ωλ

cont.

Pλ
newωλ

new
(Eq. 11)

As in step 3, the assumption behind this transformation is also that the
differences between the phase functions and single scattering albedos do not affect the
multiple scattering but they do affect the single scattering radiance. For high optical
thickness, where multiple scattering is more important, we may expect errors in the
single scattering albedo to be more significant. The values of Pnew and ωnew derived
from the dynamic models will be discussed in the next section. Alternative solution is
to generate LUT for each aerosol model (such as urban/industrial, biomass burning)
and retrieve optical thickness based upon the LUT.  

Step        5.        Subgrid       calculations

In some specific cases, e.g., close to the sources of smoke, the resolution of 10x10
km at nadir may be too crude to capture the strong spatial variability. If these sources
are located in a region with surface cover that is dark in the blue and red spectral
regions, then a finer resolution grid is justified and possible. In the previous steps, the
aerosol optical thickness, τ

λ
 and std, σ

λ
 were derived in the red and blue channels for

the nominal resolution of 10x10 km at nadir. If the ratio of σ
λ
/τ

λ
 >0.5 in both blue and

red channels, then the variability of the aerosol is considered to be significant. If the
number of dark targets, in the 500m resolution is >30, then the grid box is divided into
4 smaller boxes of 5x5 pixels and the analysis is redone but for the average of 10 to 60
percentile, instead of 10 to 40. The retrieved optical thicknesses in the two channels for
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each sub-box is also stored as an additional information in the data stream for the
10x10 km resolution grid.

4.4 The Aerosol models

At a global scale, aerosol climatology was summarized by d'Almeida et al. (1991)
as an expansion of the work of Shettle and Fenn (1979). They show a compilation of a
large amount of data and tabulate the dominant type of tropospheric aerosols as a
function of the latitude, longitude and the season. From the physical aerosol
properties of refractive index and size distributions, they compute the optical
properties at the same spatial and temporal scales for extinction coefficient, single
scattering albedo, asymmetry factor and phase function. Some studies were devoted to
specific aerosols types: desert aerosols (d'Almeida, 1987; Shettle, 1984), maritime
aerosols (Hoppel et al., 1990) or aerosols resulting from biomass burning in tropical
regions (Crutzen and Andreae, 1990, Kaufman et al., 1992). The climatology is based on
existing measurements, most of them taken at ground level. There is a danger that
these measurements do not represent the whole atmospheric column or the
properties of the ambient aerosol. Hegg et al. (1995) showed recently, using data
derived from the Sulfate Cloud And Radiation experiment - Atlantic (SCAR-A),  that
the aerosol size distribution varies with altitude in the North-East United States.
Optical measurements from ground based sun/sky radiometers (Kaufman et al., 1994;
Holben et al., 1996) are used to supplement the climatology with ambient aerosol
measurements integrated on the whole column (Kaufman and Holben, 1996; Remer et
al., 1996a). These measurements are compared with in situ measurements of the size
distribution and the aerosol chemistry measured from aircraft (Hegg et al., 1995; Hobbs
et al., 1996; Remer et al., 1996b).

Spectral aerosol optical thickness can be obtained from sunphotometer
measurements (Volz, 1954; Flowers et al., 1969; Peterson et al., 1981). Several local
sunphotometer networks were established to detect different types of aerosols. Flowers
et al. (1969) carried on a network over the United States from 1961 to 1966; d'Almeida
et al (1983) performed a similar experiment over North and West Africa from 1980 to
1982 with 11 instruments; Holben et al. (1991) conducted similar effort in the Sahel
from 1984 through 1986 using 15 monitoring stations. Extension of the measurements
to include the aerosol size distribution and scattering phase function was also
performed using inversion of solar almucantar measurements (Kaufman et al., 1994).
Single scattering albedo can be estimated from the collection of particles on filters,
preferably by aircraft sampling of the entire atmospheric boundary layer and
measurements of their absorption (Radke et al., 1991). Alternatively, it can be
determined from accurate measurements of the downward flux or radiance (King,
1979; Wang and Gordon, 1993).

A sunphotometer network, the Background Air Pollution Monitoring Network
(BAPMoN), has been operated at a global and daily scales. It is managed by the World
Meteorological Organization and could be used for correcting satellite images.
However, a recent report (Forgan et al., 1994) showed the shortcomings of the
BAPMoN measurements for poor calibration of the instruments and the lack of good
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monitoring of the data quality. Measurements with an improved AErosol RObot
NETwork (AERONET) of automatic sun/sky radiometers were conducted recently i n
the Amazon basin during intense biomass burning (Holben et al., 1996), in Africa
during dust events and in the Eastern US in the presence of industrial and urban
pollution (Kaufman and Holben, 1996). The instruments measure in addition to the
solar direct flux (e.g., sunphotometry) also the sky and aureole radiance distribution.
The retrieved aerosol properties are the optical thickness, the size distribution from
0.05 µm to 10 µm, the aerosol total loading and the scattering phase function (King et
al., 1978; Nakajima et al., 1986; Kaufman et al., 1994; Holben et al., 1996). In order to
maintain high data quality, the instruments transmit the data through satellite
communication networks (GOES and METEOSAT) in real time to a center where the
data are analyzed. There are plans to expand aerosol measurements using such
networks, as part of the international research and monitoring activities and as part of
the support and validation of analysis of remote sensing from future satellite systems
(The Earth Observing System, EOS of NASA and POLDER/ADEOS mission of
CNES/NASDA).

The aerosol models that result from the two analyzed AERONET deployments
are shown in Fig. 16 for the smoke aerosol (top panel) and for aerosol resultant from
industrial/ urban pollution (bottom panel). For the industrial/urban aerosol, the
model is based on 160 sky measurements collected during the SCAR-A experiment,
inverted into the aerosol volume size distribution, corrected for inversion problems
(Remer et al., 1996b) and analyzed as a function of the optical thickness (Kaufman et
al., 1996; Remer et al., 1996a). For the smoke aerosol, similar analysis is performed for
smoke from Cerrado region in Brazil in 1993. In general, 4 main modes of aerosol can
be distinguished in this data set:

• For particle radius r<0.3 µm - the aerosol accumulation mode, composed of
particles formed from condensation of hot organic gases generated from fire or
from oxidation of trace gases (e.g., sulfates, organic particles, nitrates) for the
urban/industrial aerosol. The volume of this mode increases with the optical
thickness. The average size of the particles is fixed for the biomass burning aerosol
but increase with optical thickness for the urban/industrial aerosol. In this case, the
increase in optical thickness is associated with more stagnant conditions with older
(bigger particles) and higher humidity (more liquid water in the particle). The
stagnant conditions also allow more time for cloud interactions that increase the
particle size (Hoppel et al., 1990; Kaufman and Tanré, 1994).

• For particle radius 0.3 µm<r<0.8 µm, the troposphere has few particles and for the
lower range of optical thickness the stratospheric aerosol volume distribution is
seen (see also Kaufman et al., 1994; Shiobara et al., 1991).

• For particle radius 0.8 µm<r<2.5 µm, the maritime salt particle mode which is for
the mid-Atlantic region only, with volume that also increases with the total
aerosol optical thickness. No salt particles are observed in the middle of South
America for the smoke aerosol.

• For particle radius r>2.5 µm, the coarse particle mode. For smoke aerosol these
particles are generated in the fire as ash or soil particles suspended in the air by the
strong convection. Thus, for smoke, the coarse mode is correlated with the
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accumulation mode and the optical thickness. For the industrial/urban aerosol, the
coarse mode has independent source with a short lifetime, and is not correlated
with the other  particle modes.
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Figure        16.    Aerosol models derived from AERONET two deployments, in the
Amazon for the smoke aerosol (top panel) and in the Mid Atlantic region of the US,
for an industrial/urban aerosol (bottom panel) in 1993. After Remer et al. (1996a). 4
main modes of aerosol can be distinguished: for particle radius r<0.3 µm -
accumulation mode of mostly organic smoke particles or sulfates in the
urban/industrial aerosol. For 0.3 µm<r<0.8 µm the troposphere has few particles
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and the stratospheric aerosol is observed. For 0.8 µm<r<2.5 µm the maritime salt
particle mode for the mid-Atlantic region. For 2.5 µm<r the coarse particle mode.

The single scattering phase functions of continental, desert dust, smoke and
industrial/urban aerosol models are shown in Fig. 17. Note that the phase functions of
industrial/urban and smoke models are strongly a function of optical thickness
(Remer et al., 1996a,b). The continental model has phase function values which are
intermediate between different aerosol models. The smaller smoke particles result i n
phase function values which are a factor of 2 larger than those of the industrial/urban
aerosol in the backscattering angles. The dust phase function values are significantly
larger than both smoke and sulfate aerosol models when scattering angles are >160°
and are similar to sulfate model (τ=0.4) for scattering angles between 100° and 130°
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Figure         17.    The scattering phase function for 3 aerosol models, continental (Lenoble and
Brogniez, 1984), smoke aerosol from biomass burning (Kaufman and Holben. 1996; Remer et al . ,
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1996), and urban/industrial aerosol measured in the SCAR-A experiment (Remer et al., 1996). The
latest two models are given for 2 aerosol optical thickness, excluding the effects of stratospheric
aerosol.

4.5 Uncertainty

The main source of errors in the derived aerosol optical thickness are
uncertainties in the surface reflectance and in the aerosol model (particle size,
refractive index, single scattering albedo and sphericity). From theoretical
considerations (Kaufman and Sendra, 1988) and empirical verifications (Fraser et al.,
1984; King et al., 1992; Soufflet et al., 1996), the error is expected to be ∆τ=±0.05 to ±0.1
for small optical thicknesses and increase to 20-30% for high optical thicknesses. In
some regions, the error may be larger due to unexpected surface properties,
contamination by snow, ice or water, low single scattering albedo and large non-
sphericity. These errors are based on control of the surface reflectance within
∆ρ=±0.005 for the first two priorities in selecting dark targets, to ±0.01 for the following
two, and on a choice of the right aerosol model that describes the range of the aerosol
effective radius and single scattering albedo.

4.6 Columnar Aerosol mass, aerosol surface area and radiative forcing

The aerosol optical thickness describes the aerosol optical opacity for direct
penetration of solar radiation. It is useful in radiative transfer models to calculate the
aerosol direct radiative forcing, and for atmospheric corrections. It can also be inverted
to the aerosol mass. The inversion of the measured radiance (or path radiance, after
exclusion of surface contribution) to the aerosol optical thickness, the columnar
aerosol mass concentration (we refer here to mass for a unit specific weight of the
aerosol), particle surface area (important for chemical processes) and the radiative
forcing, requires assumptions on the aerosol models and in particular the aerosol size
distribution and refractive index. For large particles, it is also influenced by the particle
non-sphericity. However, the errors associated with the derivations of the optical
thickness from the detected radiance, and the derivation of the aerosol mass and
radiative forcing from the optical thickness, are negatively correlated. Therefore the
total error in the final product (e.g., radiative forcing) should be smaller than expected
from the sum of the errors in each individual steps. Boucher and Anderson (1995)
developed this approach in the evaluation of the aerosol radiative forcing of climate.
Similar approach is being developed for remote sensing of aerosol and their forcing.
The effect of the uncertainty in particle size on remote sensing may also depend on the
scattering angle between the solar rays and the satellite observation (Koepke and
Quenzel, 1979; Husar, private communication, 1996). Therefore, some scattering angles
may be preferential for some applications. Figures 18-20 are used to explore these ideas.
In these figures, the ratio of the aerosol single scattering path radiance to the aerosol
optical thickness (Fig. 18), to the aerosol mass concentration and particle surface area
(Fig. 19) and to the radiative forcing (Fig. 20) are plotted as a function of the aerosol
effective radius for a log-normal distribution with a standard deviation (of the natural
logarithm of the particle size) σ=0.6. The calculations are for 3 refractive indices (1.40,
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1.45 and 1.50 with imaginary part of 0.0035) and selected scattering angles, that
represent the optimum choice of the scattering angle.

For remote sensing of the accumulation mode aerosol (effective radius between
0.1 and 0.5), the optimum derivation of optical thickness is for scattering angles of 140°
to 160° (depending on the possible range of the particle size), with an anticipated error
due to uncertainties in the particle size and refractive index of ±20% to ±40% (Fig. 18).
The remote sensing of the columnar mass concentration is expected to be more
accurate for the accumulation mode (R<0.5 µm), and it is also best for scattering angles
of 120° to 150° with uncertainties from particle size of ±10% to ±30%, and ±30% of the
refractive index. (Fig. 19 shows the results for scattering angle of 150° as an example).
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Figure        18.    The effect of particle size on remote sensing of optical thickness. The ratio of
the path radiance (ωPτ) to the optical thickness (τ) plotted as a function of the effective
radius, for 3 scattering angles (indicated on the right side of the figure) and 3 refractive indices
(1.40, 1.45 and 1.50, indicated for most of the graphs). For scattering angle of 150° the variation
with Reff is minimal between 0.1 and 1.5 µm (value 0.13-0.24), though for 140° it is more linear
in a narrower radius range: 0.15-0.7 µm (value 0.11-0.16).

The particle surface area can be sensed for the coarse mode with an error of 30-
50% depending on the refractive index, which is about equal to the error in the optical
thickness. For scattering angle of 140° and for particle sizes between 0.1 and 1.0 µ m
radius, the error introduced in remote sensing of the radiative forcing is only ±20%
(Fig. 20). This higher accuracy of the derived aerosol direct forcing from MODIS, than
the optical thickness, is an important finding. It is a result of the similar physics in the
radiance measured from space above dark surfaces and the reflection by aerosol of the
solar irradiances. The derivation of the aerosol properties for a specific scattering angle
will also result in a better precision, due to elimination of part of the variability in the
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uncertainty of scattering phase function. The use of dynamic aerosol models (described
earlier) is expected to reduce these errors furthermore, by limiting the effect of the
uncertainty in the particle size.
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Figure         19.    The effect of particle size on remote sensing of the aerosol mass.
Aerosol mass sensitivity is given by: Lpath/M = Pωoτ/M. Results are shown for
scattering angle of 150°, which was found to be optimum. Here this function as well as
Pωo and τ/M separately are plotted as a function of Reff. The refractive index is given
for most graphs. For refractive index of 1.40 the dependence on Reff is small between
Reff=0.1 and 0.5 µm. For larger refractive index the dependence is significantly larger.
And the ratio Lpath/M depends strongly on the refractive index. Therefore conversion
of MODIS τ to mass will depend on reasonable knowledge of the refractive index.
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Figure        20.    The effect of particle  size on remote sensing of radiative forcing,
given by the ratio of the path radiance to the average radiative flux. For scattering
angle of 140° (dashed lines) the dependence on the particle size is smaller than for
150° (solid lines). For particle size between 0.1 and 1 µm the ratio between the
aerosol path radiance and the radiative flux vary around 0.7±0.15 for scattering
angle of 140°. Refractive index is shown for most graphs.

In order to use this error reduction associated with selecting specific viewing
directions, we anticipate to group the aerosol products for a resolution of 0.5° (in equal
angle and area) for periods of time of 8 days and a month, which is defined as level 3
products. Both arithmetic averages and scattering angle weighted averages are
planned. This is in addition to a level 2 10x10 km resolution (at nadir) daily aerosol
product. The details of the level 2 and level 3 products will be shown in section 7.
Information on winds generated by the global circulation models, that are based on
radiosonde measurements will be also stored and averaged, weighting by the aerosol
concentration, in order to derive the aerosol fluxes (e.g., Fraser et al., 1984). Figure 21
shows the latitude coverage for which scattering angles of 150° can be derived, as a
function of calendar month.
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Figure        21.    The range of latitude bands for which the scattering angle range reaches 150°, as
a function of the month.

5. APPLICATION, VALIDATION AND  QUALITY ASSURANCE

5.1 Ocean

The algorithm has been applied to Thematic Mapper (TM) data from Landsat 5
which has similar VIS, NIR and SWIR spectral bands to MODIS (except band at 1.24
µm). It is also applied to the MODIS Airborne Simulator (MAS) data for the best test of
the algorithm. Three types of aerosols have been considered: (1) mineral dust coming
from Africa, (2) industrial/urban aerosol plumes and (3) smoke plumes resulting from
logging waste fires.

Dust        over       the        Tropical         Atlantic         Ocean        near       the        Senegal       coast.   

Two field campaigns have been conducted in M'Bour, 80 km south of Dakar,
Sénégal in 1986 and 1987. Ground-based measurements, including spectral optical
thickness, aureole and downward sky radiances, have been performed (Tanré et al.,
1988b). Four TM image data that correspond to the time of the ground based
measurements were acquired (Tanré et al., 1988a), one in 1986 on April 30th and three
in 1987, on April 1st, 17th and May 3rd. Different dust loading conditions were
observed with aerosol optical thickness at 550 nm varying between 0.55 and 2.40 (see
Table 8-a). The larger values of the optical thickness were due to higher concentration
of large dust particles (Tanré et al., 1988b; d'Almeida, 1987). The TM reflectances
computed for 10 different locations, with a box size of 10x10 pixels of 1 km resolution,
are reported in Table 8-b. The location were chosen several kilometers away from the
coast to avoid adjacency effects as well as oceanic turbidity (see Fig. 22). The uniformity
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of the aerosol layer on 04/30/86 is confirmed by the small standard deviation.
Although the variability is larger for the other days but it still remains in an acceptable
range. The values at 470 nm are also provided though they are not used in the
inversion. As expected, the reflectances are increasing as a function of the optical
thickness. Note the flatter spectral dependence observed on 04/17/87 is due to the
presence of dust plume with the largest particles.

Table        8-a.    Aerosol optical thickness measured at 550 nm in M'Bour during the field experiments in
1986 and 1987.

Days Ground-based
optical thickness

(550 nm).
04/30/86 0.55
04/01/87 1.47
04/17/87 2.40
05/03/87 0.84

Table        8-b.    Mean reflectances expressed in % and standard deviations in the thematic Mapper solar
spectral bands over the Tropical Atlantic Ocean close to the Sénégal sea-shore; the average is
performed over 10 oceanic targets whose the size is 10x10 pixels (300 m x 300 m).

TM Band Mean Refl. and
stand. dev.
(04/30/86)

Mean Refl. and
stand. dev.
(04/01/87)

Mean Refl. and
stand. dev.
(04/17/87)

Mean Refl. and
stand. dev.
(05/03/87)

470nm 11.78±0.11 16.26±0.49 18.96±0.08 13.84±0.10
550nm 8.35±0.16 13.52±0.58 19.55±0.22 10.34±0.21
650nm 6.54±0.10 12.48±0.51 20.84±0.24 8.87±0.17
865nm 5.21±0.09 11.24±0.51 21.61±0.32 8.03±0.29
1600nm 2.69±0.07 6.86±0.32 16.67±0.32 4.10±0.14
2200nm 1.95±0.04 5.54±0.28 15.18±0.30 3.20±0.09

Results of the inversion are reported in Table 9-a for the 'best' model and i n
Table 9-b for the 'average' model. The 'average' values have been computed according
to the method discussed earlier. In cases for which the εmin value for the 'best' model
is larger than 3%, the average is computed over the 5 best solutions with εmax kept
smaller than 10%. The optical thickness values retrieved from the 'best' model (Table
9-a) are in a remarkably good agreement with the ground-based measurements when
values of εmin are small (e.g., on 04/01/87). For the cases of 04/30/86 and 03/05/87, the
results are also close to the ground measurements
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Figure        22.    TM image on day 04/30/86 in Band 4 (865 nm) over the Tropical Atlantic Ocean,
near the Sénégal coast, showing the locations of the 10 targets.

     Table         9-a.    Aerosols parameters retrieved from the 'best' aerosol model for the four TM images
acquired over the Tropical Atlantic Ocean.

Days τm(550nm) τr(550nm) reff g η ε min (%)
04/30/86 0.55 0.66 0.29 0.73 0.62 6.1
05/03/87 0.84 1.08 0.39 0.73 0.42 7.3
04/01/87 1.47 1.51 0.51 0.74 0.25 1.3
04/17/87 2.40 3.36 0.98 0.76 0.00 4.2

     Table        9-b.    Aerosols parameters retrieved from the 'average' aerosol model for the four TM images
acquired over the Tropical Atlantic Ocean.

Days τm(550nm) τr(550nm) reff g η ε max (%)
04/30/86 0.55 0.61±0.08 0.26±0.04 0.69±0.04 0.61±0.08 8.8
05/03/87 0.84 1.02±0.13 0.31±0.10 0.70±0.03 0.32±0.15 9.9
04/01/87 1.47 1.43±0.06 0.35±0.15 0.71±0.02 0.15±0.06 3.0
04/17/87 2.40 3.36±0.00 0.98±0.00 0.76±0.00 0.00±0.00 4.2
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However, it is clear that since the LUT doesn't include the most suitable aerosol
models for these days, fairly large values of εmin are obtained The results for 04/17/87
show the largest discrepancy compared to the other days. That's because the present
LUT doesn't include optical thickness greater than 2.0 and extrapolation of the optical
thickness is performed. For other aerosol parameters, we don't have ground based
measurements for validating the results but in general the behavior is as what is
expected, i.e., particles are bigger for larger optical thickness and the largest for 4/17/87
with the dust plumes. The ratio between small and large modes and the asymmetry
factor have the right tendency in terms of the optical thickness. Shettle (1984), for
instance, suggested the values of 0.70 and 0.87 for asymmetry parameter for
Background Desert and Desert Dust Storm models. These values are well compared
with 0.69 and 0.76 retrieved for the clearest and haziest days from our retrievals. Note
that the temporal evolution of the aerosols sizes retrieved from the TM images was
confirmed by the aureole measurements performed during the same time. The results
of the 'average' solution (see Table 9-b) confirm the results from the sensitivity study
that when the aerosol optical thickness and asymmetry parameter display small
standard deviation and at the same time the values of reff and η are more variable,
they are less reliable. Again, optical thicknesses retrieved on 04/17/87 are not
significant since the retrieved values are over the limits of the present LUT.

Sulfate        aerosols        over       the         Atlantic         Ocean        near       the         U.        S.        East       coast.

The Sulfate Cloud and Radiation experiment - Atlantic (SCAR-A) was
conducted in July 1993 in the Eastern United States Atlantic region. It was designed to
measure the properties of urban and industrial pollution dominated by sulfate
particles (Remer et al., 1996). The SCAR-A experiment involved a full integration of
the operations of the AErosol RObotic NETwork (AERONET), a field network of sun-
sky radiometers (Holben et al., 1996), an instrumental C-131A aircraft with in situ and
radiometric measurements (Hegg et al., 1995) and the NASA ER-2 aircraft onboard the
MODIS Airborne Simulator (MAS) and the Airborne Visible Infrared Imaging
Spectrometer (AVIRIS). The measurements were conducted in both clear and hazy
conditions, and in the presence and absence of clouds. During the period,
measurements from AVHRR and TM instruments were also acquired.

The AERONET sunphotometers were set up along the Atlantic coast, with one
at Wallops (N37°56', W75°28') and one at Hog Island (N37°25',W75°42'). Figure 23
shows the locations of the sunphotometers and the locations of seven oceanic zones
selected for analysis. The TM data used has been adjusted according to the MODIS
resolutions within a box size of 10 km x 10 km. Zones 1, 6, 3 and 7 are on a line parallel
to the sea shore, 50 km off the coast. Zones 2 and 4 are also on a line parallel to the
coast but a little closer, around 15-20 km from the coast. Zone 5 is within the
Chesapeake Bay. The mean TM reflectances and standard deviations computed over
the 7 zones are reported in Table 10-a for 07/12/93 and in Table 10-b for 07/28/93.
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Figure        23.    TM image on 07/28/93 in Band 4 (865 nm) over the Atlantic Ocean, near the
United States Eastern seaboard, showing the locations of the sunphotometers and the locations of
the seven selected zones.

The spectral reflectances for zones 2, 4 and 5 clearly show a rather strange
behavior on both days. After subtracting the molecular components in each band, we
plotted the reflectances, normalized at 865 nm, as a function of the wavelength in Fig.
24-a for 07/12/93 and in Fig. 24-b for 07/28/93.If the large values of the normalized
reflectance obtained at 0.55 and 0.67 µm can be explained by a larger water turbidity
expected near the coast, we have no explanation for the small values observed at 1.64
and 2.13 µm over these 3 zones for both days. It could be also due to instrumental
problems, because of adjacent bright coast that the instrument may have difficulty
recovering from the large values over the land and therefore resulting in an
undershoot. Calibration is definitively an issue due to the slightly negative values
derived (e.g., on 07/28/93), but it cannot be the only explanation. Good spatial
uniformity of the aerosol layer on 07/12/93 should result in reflectances over zones 2
and 4 to be comparable to the reflectances over zones 1, 6, 3 and 7 at 1.64 and 2.13 µm.

     Table        10-a.    Mean reflectances expressed in % and standard deviations in the thematic Mapper solar
spectral bands during the SCAR-A experiment on 07/12/93; the average is performed over boxes
whose the size is 10 km x 10 km.

Bands  Zone1  Zone2  Zone3  Zone4  Zone5  Zone6  Zone7
550nm 7.87±0.13 7.16±0.13 6.99±0.13 7.01±0.16 7.74±0.17 7.43±0.14 6.64±0.14
650nm 6.29±0.12 5. 43±0.12 5.50±0.07 5.10±0.13 5.51±0.08 5.91±0.13 5.13±0.14
865nm 5.31±0.19 4.01±0.19 4.47±0.10 3.55±0.19 3.39±0.11 4.96±0.17 4.14±0.13
1600nm 3.01±0.11 1.52±0.13 2.33±0.08 1.21±0.18 0.91±0.08 2.76±0.07 2.16±0.07
2200nm 1.97±0.11 0.68±0.15 1.41±0.15 0.37±0.19 0.06±0.06 1.78±0.16 1.32±0.07
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     Table        10-b.    Mean reflectances expressed in % and standard deviations in the thematic Mapper solar
spectral bands during the SCAR-A experiment on 07/28/93; the average is performed over boxes
whose the size is 10 km x 10 km. (1)  Because of calibration, the reflectances over these targets were
slightly negative and were put equal to 0.001

Bands  Zone1  Zone2  Zone3  Zone4  Zone5  Zone6  Zone7
550nm 5.66±0.06 4.76±0.11 5.62±0.17 4.80±0.05 5.45±0.13 5.63±0.11 5.72±0.18
650nm 4.26±0.10 2.94±0.22 4.02±0.14 2.88±0.14 3.45±0.05 4.16±0.12 4.01±0.16
865nm 3.31±0.16 1.64±0.26 2.94±0.18 1.59±0.19 1.59±0.09 3.14±0.17 2.80±0.20
1600nm 1.89±0.11 0.20±0.22 1.34±0.13 0.08±0.12 0.12±0.10 1.66±0.11 1.06±0.11
2200nm 1.25±0.13 0.001(1) 0.71±0.13 0.001(1) 0.001(1) 1.00±0.10 0.39±0.12
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Figure        24-a         and        b.    TM reflectances, normalized at 865nm, as a function of the wavelength for the 7 zones
on  07/12/93 (a; left panel) and for 7/28/93 (b; right panel).

The retrieved aerosol parameters are reported in Table 11-a for the 'best'
solution and in Table 11-b for the average over the 5 best solutions. Table 11-a reflects
also the same problem regarding for zones 2, 4 and 5. On 07/28/93 for these zones we
even cannot invert data, and on 07/12/93, very large values of εmin proves that the
results are not significant. Nevertheless, if we limit our analysis to zones 1, 6, 3 and 7,
the ground-based measured and the algorithm retrieved optical thicknesses show a
good comparison. It is even better for the 'average' solutions. Again, εmin value is a
good indicator of the quality of the inversion. The effective radiuses retrieved for both
modes are quite stable for the 4 zones, ranging 0.11-0.18 for the small modes and 0.90-
2.00 for the large modes (Table 11-b). In comparison, the measurements of AERONET
instrumentation showed effective radius of the accumulation mode in the range 0.16-
0.18 (or 0.11-0.16 in the present analysis) on July 12, and 0.12-0.13 (or 0.11-0.18 in the
present analysis) on July 28, 1993. The urban/industrial aerosol dynamic model
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(Remer et al., 1996a, 1996b) identifies accumulation mode particle sizes between 0.09
for very clear conditions to 0.19 µm in hazy conditions, as well as a maritime coarse
mode particle at 1.2 µm.

On 07/12/93, in particular, the latitudinal gradient of η between the southern
and northern zones is anti-correlated with the optical thickness for both the 'best' and
the 'average' solutions, i.e., η=0.73 and τ=0.48 relative to η=0.47 and τ=0.62 (the 'best'
solution); η=0.67 and τ=0.46 to η=0.29 to τ=0.53 (the 'average' solution). Although these
results are in agreement with Remer et al. (1996a), the present accuracy of our retrieval
is not sufficient for making a definitive statement.

The algorithm was further validated for this type of aerosol in this geographical
region using similar data from the TARFOX experiment in 1996.  Results are presented
in Tanré et al. (1999).

Table        11-a.    Aerosols parameters retrieved from the 'best' aerosol model for the two TM images
acquired during the SCAR-A experiment.

Days τm(550nm)(
Wallops)

τm(550nm)
(Hog Island)

τr(550nm) reff g η ε min
(%)

07/12/93 0.60±0.04 0.57±0.04
0.62 (Zone 1)
0.57 (Zone 6)
0.55 (Zone 3)
0.48 (Zone 7)

0.36
0.34
0.26
0.26

0.73
0.73
0.73
0.72

0.47
0.50
0.71
0.73

8.9
10.0
12.8
12.9

0.42 (Zone 2)
0.33 (Zone 4)
0.27 (Zone 5)

0.12
0.12
0.06

0.57
0.57
0.27

1.00
1.00
1.00

22.0
31.6
51.9

07/28/93 0.20±0.02 0.21±0.01
0.26 (Zone 1)
0.30 (Zone 6)
0.21 (Zone 3)
0.18 (Zone 7)

0.35
0.21
0.12
0.12

0.73
0.72
0.57
0.57

0.28
0.89
1.00
1.00

10.5
13.8
18.3
29.0

N/A (Zone 2)
N/A (Zone 4)
N/A (Zone  5)

/
/
/

/
/
/

/
/
/

/
/
/

     Table        11-b.    Aerosols parameters retrieved from 'average' solution (average of top 5 'best'
aerosol model) for the two TM images acquired during the SCAR-A experiment.

τr(550nm) rseff rleff reff η ε min

07/12/93
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 Zone 1
Zone 6
Zone 3
Zone 7

0.53±0.05
0.52±0.08
0.52±0.10
0.46±0.09

0.11±0.06
0.13±0.05
0.16±0.05
0.16±0.05

0.90±0.00
0.92±0.05
1.04±0.26
1.04±0.26

0.26±0.08
0.28±0.08
0.23±0.03
0.23±0.03

0.24±0.15
0.36±0.19
0.66±0.21
0.67±0.22

10.0
12.0
15.0
15.0

07/28/93
Zone 1
Zone 6
Zone 3
Zone 7

0.22±0.02
0.30±0.05
0.21±0.00
0.18±0.00

0.11±0.06
0.18±0.04
0.12±0.06
0.12±0.00

0.90±0.00
1.46±0.09
2.28±1.74
2.28±1.74

0.32±0.05
0.20±0.01
0.12±0.00
0.12±0.00

0.21±0.18
0.89±0.17
1.00±0.00
1.00±0.00

11.0
14.0
18.0
29.0

Smoke        over        Pacific         Ocean        near       the         U.        S.          West       coast.

The Smoke Cloud and Radiation experiment - California (SCAR-C) was
conducted in September, 1994 in the Pacific Northwest. It was designed to measure the
entire process of biomass burning, including ground-based estimates of fuel
consumption, airborne sampling of the smoke aerosol and trace gases, and airborne
and spaceborne remote sensing of fires and smoke (Kaufman et al., 1996). Remote
sensing images of fires and smoke were taken by MAS and AVIRIS flown on ER-2
aircraft. We analyze the MAS data for the Quinault prescribed fire in Washington state
using the observations performed from the ER-2 at 20:30:54 GMT. The fire was lit very
close to the sea shore, with wind transporting the smoke over the ocean. The fuel of
this prescribed fire consisted of old-growth large western red cedar debris left over
logging (Hobbs et al., 1996).

Results are reported in Table 12 as a function of the distance from the fire. Note
that for the prevailing wind of 7 m/s, smoke measured 25 km off shore represent
smoke that is one hour old, emitted from the fire one hour earlier than the smoke
observed close to the fire. The smoke plume shown in Fig. 25 is narrow and non-
homogeneous. Therefore application of the present algorithm may be limited by the
assumption of a plane parallel atmosphere used in the generation of the look-up
tables. Limitations in the calibration accuracy prohibited us to use the 1.64 and 2.13 µ m
channels. In these channels, the smoke is very transparent with a very weak
backscattered signal. Therefore, small calibration errors could induce even negative
values of the upward radiance in these channels.

     Table        12.    Aerosols parameters retrieved from the 5 'best' aerosol model for the MAS data acquired
during the SCAR-C experiment.

Dist. (km rseff rleff reff g τ η ε (%)



MODIS ATBD:               Remote Sensing of Aerosol, Kaufman and Tanré        

- 59 -

5
8
16
20
28
36
44

0.06±0.00
0.06±0.00
0.06±0.00
0.06±0.00
0.06±0.00
0.06±0.00
0.06±0.00

2.48±1.68
2.48±1.68
2.48±1.68
2.48±1.68
2.48±1.68
2.48±1.68
2.48±1.68

0.082±0.028
0.067±0.011
0.060±0.000
0.060±0.000
0.060±0.000
0.060±0.000
0.060±0.000

0.34
0.30
0.27
0.27
0.27
0.27
0.27

2.59±0.14
2.12±0.04
1.55±0.00
1.07±0.00
1.10±0.00
1.05±0.00
1.34±0.00

0.86±0.02
0.95±0.01
1.00±0.00
1.00±0.00
1.00±0.00
1.00±0.00
1.00±0.00

1.0
1.2
3.2
5.4
7.0
9.8
3.5

Figure        25    . MAS image on 09/21/94 at 550 nm over the Pacific Ocean near the
United States western seaboard showing the locations of the seven zones within the
smoke plume.

The results show a very stable small particle mode with reff=0.06 µm, and a
coarse particle mode with reff=2.5 µm, that disappeared 16 km (or 40 minutes) from
the shore. Measurements of the particle size distributions from collections on
nucleopore filters show that the accumulation mode particle size distribution vary
from 0.06 µm in radius for flaming conditions close to the fire to 0.14 µm for a mixed 2
hours old smoke (Martins et al., 1996). Large coarse particles were also observed i n
flaming conditions close to the fire. Hobbs et al (1996) analyzed the in situ
measurements of the size distribution of aerosol particles in these prescribed fires.
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From his measurements we can deduce that the particle size decreased from reff=0.12
µm in the flaming stage to 0.10 µm in the smoldering stage. He also found the particle
size to increase from reff=0.11 µm for fresh flaming aerosol to 0.17 for two hours later.
These particle sizes are somewhat larger than the size derived from the remote
sensing data, but direct validation of the particle size in the whole vertical column is
not available. The finite horizontal dimensions of the smoke plume are expected to
affect the longer wavelengths more than the shorter wavelengths due to the spectral
variability of the smoke opacity. This may result in artificially smaller particles. In
summary, the remote sensing data depicted correctly the reduction in the particle size
from the urban/industrial haze aerosol to the smoke aerosol. This reduction is
consistent with the dynamic aerosol models for both conditions with reff=0.19 µm for
the urban/industrial haze aerosol in the mid-Atlantic region of the US and 0.11 µ m
for mixed smoke aerosol in South America (Remer et al., 1996b).

Figure 26 summaries the comparisons of the optical thicknesses derived from
TM data and the sumphotometer measurements for west African coast and for US
eastern seaboard. For both dust and sulfate aerosols, the results show very good
agreement with ground-based sunphotometer observations of the optical thickness
ranging from 0.2 to 1.5.
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Figure        26.    Comparison between the aerosol optical thickness measured at the ground level
and the aerosol optical thickness retrieved from TM data for the African and SCAR-A
experiments.

5.2 Land

After the launch of MODIS on EOS AM-1 satellite, a continued validation and
modification of the algorithms is planned using continuous measurements from the
AERONET ground network of sunphotometers/sky radiometers, and in situ
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measurements. We expect to have more than 50 instruments operational world wide.
They will be located in regions with key aerosol types, or in regions where the aerosol
type is expected to vary. This includes islands where ground based in situ aerosol
chemical, physical and optical properties are measured (e.g., Prospero and Nees, 1986).
The MODIS derived aerosol optical thickness and type will be compared with those
measured in these stations. Consistency checks will be performed observing the
possible dependence of the optical thickness on the view direction. In addition, the
results will be compared with optical thickness generated by other instruments, such
as MISR multi-angle instrument also on EOS AM-1 platform and POLDER on ADEOS
scheduled to launch in August of 1996. Both POLDER, flown before MODIS, and MISR,
flown simultaneously with MODIS, will be differently sensitive to aerosol. POLDER
will be sensitive to aerosol polarization, and both sensors will be sensitive to the
aerosol angular optical properties. In particular, the MISR multi-angle radiance
measurements are planned to be used to estimate the aerosol nonsphericity (Kahn et
al., 1996). This information can be used to update the dust aerosol scattering phase
function applied to specific geographic locations (e.g., Saharan dust, Gobi desert dust),
and used during the time for which the MODIS data are analyzed.

In the last 3 years, an extensive data set was collected during and around the
SCAR field experiments. In addition to the SCAR-A experiment that was conducted i n
the mid-Atlantic region of the United States in 1993 for measuring aerosols dominated
by industrial/urban pollution, two additional SCAR experiments were conducted to
measure smoke aerosol. The SCAR-C in 1994 in the northwest US for prescribed and
wild fires in mid-latitudes and the SCAR-B experiment in Brazil for deforestation and
Cerrado fires in the tropics in 1995. The SCAR-B data includes remote sensing
measurements from the MODIS airborne simulator (MAS) and AVIRIS spectral
imager operated onboard ER-2 aircraft flying at 20 km altitude. In situ aerosol
measurements were taken by the instrumented C-131A aircraft of the University of
Washington (e.g. Hobbs et al., 1996; Martins, et al., 1996). These data sets and the
AERONET measurements are presently being used for extensive validation of the
approach.

Application of the remote sensing approach using the MODIS 2.1 µm channel to
detect the dark pixels and determine their reflectance is shown in Figs. 27 and 28. In
Fig. 27 the aerosol optical thickness is derived from 6 Landsat TM and AVIRIS
airborne images collected during the SCAR-A experiment and compared to aerosol
optical thickness measured from the ground by the sunphotometer AERONET
network. An example of a Landsat image and its analysis is shown in false color,
representing the apparent reflectance of the earth-atmosphere system (top panels) and
the derived optical thicknesses in the red and blue channels (lower panels) in Fig. 27. It
shows an elevated aerosol level, accompanied by moisture and clouds in the upper
right and lower part of the image. Higher apparent reflectance and corresponding
higher optical thickness are derived. The images were averaged before analysis of the
optical thickness to the MODIS resolution. Both the aerosol results initially analyzed
using continental model and in the final analysis using appropriate dynamical model
are shown in Fig. 27.
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Figure        27.    Comparison between aerosol optical thickness derived from Landsat TM and
AVIRIS data collected during the SCAR-A experiment and aerosol optical thickness measured
from the ground by the sunphotometer AERONET network. The Landsat and AVIRIS data were
averaged before analysis to the MODIS resolution. Analysis using a continental model and in
the final analysis using the appropriate dynamical model are shown. Note that the standard
deviations depicted are the temporal variability of the sunphotometer data around the
Landsat or ER-2 overpasses (abscissa) and the spatial variability of the optical thickness
derived from the TM or AVIRIS data around the sites of sunphotometer (ordinate). The red and
blue symbols represent red and blue channels used to retrieve aerosol optical thickness. Different
symbols represent different measurements or locations; for example, trangle: TM New Jersey
(July 12, 1993); square: TM Hog Island, Virginia (July 28, 1993); left triangle: AVIRIS Hampton
Roads, Virginia (July 14, 1993). The solid red and blue lines are the least-squares fit to the data
at red and blue wavelength respectively. The dashed lines are the range of the expected
accuracy (bias of ±0.05 and an uncertainty in the slope of ±0.2).
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Figure 28. False color Landsat TM image over the North Carolina - Virginia region (July 12, 1993).
The apparent reflectance of TM 0.47 µm channel (left) and the 0.66 µm channel (right) are shown in upper
panels. The lower panels are the corresponding aerosol optical thickness in the blue and red channels,
derived by the MODIS algorithm for the reduced resolution of Landsat image.
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In Figure 28, only the final corrected optical thicknesses are shown. The
resolution of the optical thickness is a 10x10 km grid box produced by the MODIS
aerosol algorithm. Figure 27 shows clearly that the correction of the  model is a
significant improvement to the optical thickness, especially for high optical thickness.
Note that the standard deviations depicted in Fig. 27 are the temporal variability of the
sunphotometer data around the Landsat or ER-2 overpasses (abscissa) and the spatial
variability of the optical thickness derived from the TM or AVIRIS data around the
sites of sunphotometer (ordinate). It includeds results only from criteria 1 and 3 i n
selecting the dark pixels (3.8 µm channel is not available from TM data). The derived
optical thickness using the dynamic aerosol models is within the expected range of
uncertainties (∆τa=±0.05±0.2τa). An example of the aerosol optical thickness retrieved
in the red versus that in the blue channel (after correction) illustrates a good
agreement of spatial variation of the results within TM image and temporal variation
of sunphotometer observations in New Jersey (see Fig. 29). Lower priority (i.e., wider
range of the surface reflectance >0.1) results in much scattered and larger variation.
Similar features were also found in the TM images of North Carolina - Virginia
regions, indicating small sulfate aerosols with strong spectral dependence (optical
thickness ratio of red versus blue=1:2). Between the temporal variation
(sunphotometer observations) and spatial variation (TM images), the ratios are closely
correlated, leading to a stable aerosol source and a persistent transport mechanism
during the summer time of stagnant and humid conditions. However, the ratios used
in determining the surface reflectance in the red and blue channels from mid-IR
channel was derived mainly using data from SCAR-A experiment. Also, the
dynamical aerosol model for industrial/urban aerosol was derived from the SCAR-A
measurements. Therefore, the validation of the results (shown in Figs. 27 and 29) was
derived in the most favorable conditions

Two independent cases are studied using the same algorithm as used in the
most favorable conditions discussed above. The two cases are Landsat TM images near
Madison, Wisconsin of June 6, 1995 and Sevilleta, New Mexico of March 17, 1995, one
for the urban/industrial aerosol and one for the dust. The results shown in Fig. 30
displays the ratio of mean (including standard deviation) of aerosol optical thickness
between the red and the blue channels derived from TM images, and those from the
sunphotometer measurements. The mean and standard deviation of TM data are
calculated around the sunphotometer sites. The mean and standard deviation of
sunphotometer optical thickness are calculated within ±30 minutes from the satellite
overpass time. The correction based upon the single scattering approximation and the
aerosol type differential criterion are found to be valid for the independent conditions
as well. The ratio of optical thickness between red and blue channels of these two cases
shows clearly the differences between sulfate and dust, which can be used to
distinguish between them.

An application of the MODIS remote sensing technique to South Atlantic region
in Brazil and its validation is shown by Vermote et al. (1996). They derived the aerosol
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Figure        29    . Ratio of aerosol optical thickness retrieved in red versus those
retrieved in the blue channels of TM image in New Jersey area (July 12, 1993) and
those from sunphotometer observations.
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Figure         30    . Comparison of mean and standard deviation of aerosol optical
thickness retrieved from TM images of Madison Wisconsin (June 6, 1995) and
Sevilleta, New Mexico (March 17, 1995) and those obtained from sunphotometer
observations.
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optical thickness from the AVHRR data using dark targets identified by 3.7 µ m
channel, and a smoke aerosol model. These results compared against the AERONET
measurements of the optical thickness are shown in Fig. 31. One can see that high
correlation (correlation coefficient r = 0.933) between the remotely sensed aerosol
optical thickness and the ground based measurements is achieved with most values
within the expected accuracy (i.e., ±0.05±0.2τ).
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Figure        31.    Comparison of retrieved optical depth using AVHRR data and the dark target
approach and measured optical depth from the AERONET sun photometer network over Brazil in
1993 (Vermote et al., 1996). The dashed line is the least square fit to the scatter diagram. The
solid lines show the range of the expected accuracy of the algorithm. Most points are within the
range of expected accuracy. Smoke aerosol model was used in the remote sensing procedure.

5.3  Ocean and Land

Shown in Fig. 32 is an example of combined results of aerosol optical thickness
of ocean and land for North Carolina - Virginia case at 0.55 µm. For land, aerosol
optical thickness at 0.55 µm is interpolated (in logarithm scale) between 0.47 and 0.66
µm, and for ocean the optical thickness is derived from the aerosol ocean algorithm.
The apparent reflectance (upper panel) is shown only for reference over land. Aerosol
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optical thickness at 0.55 µm is one of the common products of both ocean and land (
see Table 13 for a complete list of level 2 products).

     Figure         32.     False color Landsat TM image over the North Carolina - Virginia
region (July 12, 1993). The apparent reflectance of TM 0.55 µm channel is shown in upper
panel. The corresponding aerosol optical thickness derived over both ocean and land is
shown in lower panel.

5.4  Future Plans for Validation

Before the launch of MODIS on EOS AM-1 platform, we plan to continue and
validate the remote sensing of aerosol over the land and ocean using simulated
MODIS data from MAS and other airborne instruments (such as AVIRIS), and the
simultaneous measurements of the spectral optical thickness from the AERONET
sunphotometry, and in situ measurements of the aerosol size distribution from the C-
131A aircraft. Such data over the Amazon basin was acquired in the SCAR-B
experiment (1995) and was not analyzed yet. Data are also being acquired over the
Atlantic ocean and land in the Tropospheric Aerosol Radiative Forcing Observational
Experiment (TARFOX) in July, 1996. It includes ground-based sunphotometer
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measurements, shadow-band radiometer measurements and aircraft remote-sensing
and in situ measurements involving ER-2 (NASA), C-130 (UK), C-131A (University of
Washington) and CIRPAS Pelican (Naval Postgraduate School). Over the ocean, the
sunphotometer measurements were also taken on the cruise ship. The primary
purpose of TARFOX is to measure aerosol over the ocean, in addition to the SCAR
measurements mainly focused on the land.

After the launch of MODIS, we plan to have a continuous monitoring of the
aerosol products from MODIS over the AERONET global network (and a similar
network planed by T. Nakajima), and through the intercomparisons with other
instrument also aboard EOS AM-1, such as MISR, and POLDER on ADEOS satellite.
We also plan to monitor the consistency between the land and ocean aerosol products
especially in the coastal regions. Two new field programs specific for MODIS
validation campaign are planned in August 1999 and in September 2000 for US east
coast Mid-Atlantic sulfate aerosol and smoke and fire in US northwest region,
respectively. Details can be found in the MODIS science data validation plan for
atmosphere in WWW (http://spso.gsfc.nasa.gov/spso_homepage.html).

5.5. Quality Assurance

The aerosol products over the land and ocean will be accompanied with a
quality control parameter that will monitor the inversion process. The quality
assurance (QA) flag of MODIS aerosol products over land and ocean directly reflects, i n
a scientific sense, the quality of aerosol parameters retrieved by the algorithms. For
aerosol over the land, due to dark target approach, the surface reflectance at 2.1 µm less
than 0.05 is considered to be the best for the retrieved aerosol optical thickness since
the uncertainty of surface reflectance is the smallest. The quality then decreases for an
increase of the surface reflectance. Other elements such as the number of cloud-free
pixels in the grid of 10x10 km box and standard deviation calculated using the
percentiles are also considered to be part of the quality assurance. The QA flag will be
stored on the base of 10x10 km grid which is the resolution of the aerosol optical
thickness retrieved in level 2.

Over the ocean, the aerosol parameters derived are grouped in an order of the
(least-squares) errors of the radiance (calculated versus measured) in six spectral bands
used for all combinations of small and large aerosol modes. Smaller error means better
results. The "best" solution corresponds to the smallest error and the "average"
solution is the average of the retrieved results with errors less than 3%. Glint
contaminated pixels will also affect the quality of the results. Therefore, we shall
include the assessment of possible glint contamination in the quality assurance flag for
the remote sensing of aerosol over the ocean. In the aerosol ocean algorithm, we also
plan to perform the rejection of 25-33%of the brightest and darkest pixels at 865 n m
within the 10x10 km box for cloud screening and the exclusion of low reflectance pixels
of small signal to noise ratio to maintain the quality of the results.
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The equation depicted below shows as an example conceptually how the quality
assurance flag is going to be calculated for aerosol product over the land. The quality
flag is designed to be a function which is proportional to the number of cloud-free
pixels detected, inversely proportional to the rank of the criterion of finding the dark
pixels and inversely proportional to the standard deviation versus the mean of aerosol
optical thickness calculated. The larger the number the better the quality. The value of
QA flag is designed to vary in the range of 0 and 1. The details such as the exponents of
α and β are yet not determined.

QA = N

No







α
1
P







0.5

1− ρsd

n ρmean







β

where N is the number of cloud and water free pixels, No the maximum number of
pixels in 10x10 km (or 5x5 km) grid box, P the priority used in finding dark pixels i n
mid-IR channels, ρsd the standard deviation and ρmean the mean of apparent
reflectance between the designed percentile (i.e., 10 to 40 for normal grid of 10x10 k m
and 10 to 60 for sub-grid of 5x5 km cases) with n number of points. We anticipate to do
similarly for the ocean aerosol products.

6. PROGRAMING CONSIDERATION, INPUT DATA, AND OUTPUT
PRODUCTS

6.1 Programming Consideration

The algorithms of aerosol over land and ocean are both using the look-up tables
for the retrieval of the aerosol parameters. It is a straightforward approach, therefore
the numerical instability is not expected to occur. Also, single precision arrays are
sufficiently accurate in the process of input and output, as well as in the numerical
operations. In the derivation of aerosol parameters from the look-up tables, no
extrapolation is permitted to ensure reasonable physical meaning. The linear
interpolation on the look-up table tabulated values shows only 2-3% errors, which is
smaller than other uncertainties such as the uncertainty in the surface reflectance (5-
20%), the uncertainty in the aerosol model (10-20%) (for aerosol over the land), and
the errors due to the glint, the wind speed and the water leaving radiance estimation
(for aerosol over the ocean). When no aerosol is retrieved, fill data is written instead
to the output. The algorithms are also capable to handle the missing data as well as the
bad detectors from level 1B data.

6.2 Input Data

In addition to the MODIS spectral reflectance measurements described for use i n
retrieving aerosol parameters, other information such as cloud mask, cirrus cloud
index, and total water vapor content are also needed in the aerosol retrieval. Although
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all MODIS spectral channels used in retrieving aerosol are in atmospheric windows,
small absorption due to atmospheric gases still exists and affects the retrieved aerosol
parameters. An example is the water vapor absorption at 2.1 µm which determines the
surface reflectance for the red and blue channels. Without the correction of water
vapor absorption, the surface reflectance at 2.1 µm will be underestimated, and
consequently the aerosol optical thickness will be overestimated. The water vapor
content obtained from two MODIS channels, one at solar and one at infrared spectral
region, should be sufficient to provide the needed information. Cloud mask
determination combines both MODIS shortwave and longwave channels of total of 13
channels. The process is quite complicated. One difficulty is to identify the clouds at
various altitudes and the association with cloud thickness which can be semi-
transparent or completely dark. If the cloud mask data is inefficient, the retrieval of
aerosol optical parameters will be affected significantly. Additional cloud screening i n
regard to the neighboring pixels is also planned to include in the algorithm (see
Appendix 2). This will be done after the cloud mask being applied. Because high cirrus
cloud can be highly transparent, its contamination also affects the retrieval of aerosol.
We plan to subtract the cirrus effect based upon its signature at 1.37 µm.

There is also a feedback circle between aerosol and water vapor. To determine
the water vapor content, a certain aerosol optical thickness needs to be assumed.
However, the water vapor content is also needed in the aerosol retrieval. One simple
way of solving this is to iterate based upon the relationship between water vapor and
aerosol estimated by the model until the convergence is reached. The final solution of
aerosol amounts will be used to retrieve the water vapor content. Stratospheric aerosol
effect will also be assessed for the occurrence of any major volcanic eruption. One
example of stratospheric aerosol mode has already been shown in biomass burning
measured in Amazon region in 1993  (Fig. 16) after the Mt. Pinatubo eruption.

Especially for aerosol over the ocean, wind speeds and chlorophyll contents are
important to determine the reflectance over the ocean. The wind speed is closely
correlated with the foam formation and its coverage over the ocean, and the
chlorophyll contents will change the ocean reflectance through the water leaving
radiance. As described before, the wind speed input to the algorithm will be obtained
from assimilated data from DAO (Data Assimilated Office in NASA Goddard Space
Flight Center) and the chlorophyll content will be from other MODIS channels that are
used to derive this information.

6.3 Level 2 and 3 Products

There will be one single HDF file for Land and Ocean L2 product output file.
First 9 parameters are common to both Land and Ocean, next 15 are for Land and 30
for Ocean only. In all there are 54 variables

Land        and         Ocean:(9)
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1. Longitude
2. Latitude
3. Scan-start-time
4. Solar zenith
5. Solar-Azimuth
6. Sensor zenith
7. Sensor Azimuth
8. Cloud mask-QAcarried tram Mod35.Quality Assurance flags
9. Optical thickness of land and ocean at 0.55um

Land(15)
1. Aerosol-Type:
2. Scattering Angle:
3. Optical thickness for continental model at wavelengths of .470 um and .659 um:
4. Optical thickness for  desired/corrected model at wavelengths of 0.470, 0.550 and
0.659 um.:
5. Estimated uncertainty of optical thickness at 0.47 and 0.66 micro:
6. Mass concentration:
7. Angstrom exponent for 0.47 and 0.67 um:
8. Normalized at 0.47 and 0.66 um:
9. Normalized transmitted flux at 0.47 and 0.66 um:
10. Cloud fraction in percentage:
11. Dust aerosol weighting factor:
12. Number of pixels with desired percentile:
13. Mean reflectance at five bands of 0.47, 0.659, 0.865, 2.130 and 3.75 um:
14, Standard deviation of reflectance at five bands of 0.47, 0.659, 0.865, 2.130 and 3.75
um:
15. Quality Assurance run time QA flags:.

Ocean(30)
1. Solution number small indicating index of small particles used in Solution from
LUT:
2. Solution number large indicating index of large particles used in solution from
LUT:
3. Scattering angle
4. Aerosol optical thickness: best solution (defined in documentation) for 7
wavelengths 0.47, 0.659, 0.865,,1.64 and 2.13 um with mixed modes:
5. Aerosol optical depth:     average     solution for 7 bands with mixed modes:
6. Aerosol optical depth:     best    solution for 7 bands with small particles:
7. Aerosol optical depth:     average     solution for 7 bands with small particles:
8. Aerosol optical depth:     best    solution for 7 bands with large particles
9. Aerosol optical depth:     average     solution for 7 bands with large particles:
10. Mass concentration:
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11. Effective radius at  0.55 um of both best and average solution:
12. CCN, column number of CCN at 0.55um at both best and average solutions:
13. Asymmetry factor for 7 bands for best solution:
14. Asymmetry factor for 7 bands for average solution:
15. Back scattering ratio at 7 bands for best solution:
16. Back scattering ratio at 7 bands for average solution:
17. Angstrom exponent for 0.55 and 0.865 um:
18. Angstrom exponent for 0.865 and 2.13 um:
19. Normalized reflected flux at 7 bands for best solution:
20. Normalized reflected flux at 7 bands for average solution:
21. Normalized Transmitted flux at 7 bands for best solution:
22. Normalized Transmitted flux at 7 bands for average solution:
23. Least square error, smallest residual error between two modes:
24. Small mode weighting factor derived between small and large mode
combination:
25. Ratio:
26. Cloud fraction in percentage:
27. Number of total pixels used for 0.55um for retrieval:
28. Mean reflectance at 7 bands:
29. Standard deviation of reflectance's at 7 bands:
30. Quality flag: run time QA flags:

The level 3 products will be gridded into daily, 8-day and monthly averaged data
based upon the level 2 data. Shown below are the level 3 products for aerosols,
including a single aerosol product of POLDER 18 km gridded daily data, and 0.5° equal
area gridded daily data and 0.5° equal angle and area gridded 8 days and monthly data
compiled with water vapor and cloud products.

-  POLDER 18 km grid daily data
-  0.5° equal area daily gridded data
-  0.5° equal area 8 days gridded data
-  0.5° equal area monthly gridded data
-  0.5° equal angle 8 days gridded data
-  0.5° equal angle monthly gridded data

Note that the 0.5° equal area gridded daily product is for use in 3-dimensional climate
and chemistry modeling, and the POLDER 18 km gridded daily data is mainly used for
atmospheric correction, which is more appropriate to be included as a product of
MODIS land.

7. DISCUSSION AND CONCLUSIONS

7.1 Ocean



MODIS ATBD:               Remote Sensing of Aerosol, Kaufman and Tanré        

- 73 -

The present comparison of the field experiment data with the retrieved aerosol
parameters is very encouraging. Testing the algorithm with actual data has left us with
one problem in the present scheme.  The uniformity of the aerosols layer within the
box, aerosol content or aerosol type, can be a problem, even at the scale of 10x10 km.
The testing procedure has also shown us that the choice of the width of the size
distribution σ is not crucial as long as the right values of the effective radius are
included.

Additional issues, although not discussed here, have also to be addressed in the
future. When volcanic eruptions occur, like the most recent Pinatubo eruption i n
June 1991, they inject a large amount of aerosols within the stratosphere. Already a few
weeks after an eruption, the stratospheric component can be larger than the
tropospheric signal that we are analyzing and a correction has to be made. It could be
done using external data like the data provided by SAGE sensor series or the 1.37 µm
channel on MODIS for cirrus and stratospheric aerosols detection (Gao and Kaufman,
1995). The number of cloud-free pixels within the box is also an important question,
what is the maximum percentage of cloud-cover we accept for making the inversion?
A compromise has to be found for still performing good retrieval and for not applying
too restrictive conditions.

The present study has confirmed the potential of MODIS for retrieving the
aerosols parameters like the optical thickness and the asymmetry parameter, the
domination of the accumulation or coarse mode, and to a lesser extend the exact ratio
between the modes, and the size of the main mode. When the spectral measurements
are very well fitted, i.e. when the right model is included in the LUT, then the optical
thickness is very well retrieved. In this regard, εmin values are a good indicator of the
quality of the retrieval. The size of particles is also fairly well monitored as shown by
the results obtained for the different aerosols types.

The quality of the inversion strongly depends on the quality of inputs used to
build the LUT. Surface contribution is a major issue, the spectral reflectance of the
foam has to be accurately determined, wind speed estimated from General Circulation
Model, and water-leaving radiance should be preferably estimated from MODIS itself
or at least from standard ocean color maps. Glint mask has to be efficient since glint
uncertainty will results in very large errors. The AERONET sunphotometers network
has to be maintained and extended for a better characterization of the aerosol particles.

The philosophy we adopted to build our algorithm has been shown quite
adequate. After its validation, the aerosol information which will be derived from
MODIS are very well adapted for studying the aerosol climatology, i.e. to monitor the
sources, the transport and the sinks of specific aerosol types, the interaction of aerosol
with water vapor and clouds (both monitored by MODIS) and finally their radiative
forcing.

7.2 Land
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After the launch of the MODIS sensors on the EOS system, daily or twice daily
aerosol optical thicknesses will be operationally derived over the land (as well as over
the ocean) and used to derive the aerosol columnar volume distribution and radiative
forcing. Despite the difficulties to derive aerosol over the land, it is expected that using
dark targets, identified by their reflectance in the mid-IR, the aerosol optical thickness,
τa, can be sensed with an error estimated to be ∆τa=0.05±0.2τa over the moist parts of
the continents, regions where a large part of the human activity takes place. Radiative
forcing by aerosol is also stronger for low surface albedo (e.g. water and vegetation).
Therefore we expect the algorithm to report aerosol loading and forcing in continental
regions close to the main anthropogenic sources.

For efficient remote sensing of aerosol optical thickness over the land and for
estimation of the volume concentration and radiative forcing several new remote
sensing elements were developed and implemented: the use of mid-IR (2.1 µm and 3.7
µm) to identify surface pixels that are dark in the red and blue channels and to
estimate their reflectance; the use of dynamic aerosol models to describe the aerosol
size distribution and scattering phase function, (in these models the aerosol
parameters depend on the optical thickness); and the use of weighted averages (rather
than arithmetic averages) of aerosol climatology in order to derive the aerosol
parameters for specific fixed scattering angles in order to minimize errors from
uncertainty in the aerosol scattering phase function. The derivation of the optical
thickness over the land will use a continuous validation procedure, updating
periodically the algorithm by using aerosol properties derived from the AERONET
global measurements. Substantial experience and validation was gained with the
AVHRR 3.7 µm channel for identification of dense dark vegetation as the dark targets.
Comprehensive evaluation of the 2.1 µm technique is still in progress.

 The daily or twice a day (after the launch of the second EOS system in 2000)
aerosol information over land and oceans combined with continuous detailed aerosol
remote sensing of aerosol from the ground by AERONET and in situ measurements,
will be used to study aerosol climatology, to monitor the sources and sinks of specific
aerosol types, to study the interaction of aerosol with water vapor and clouds (both
monitored by MODIS) and their radiative forcing of climate. It will also be used for
atmospheric corrections of remotely sensed surface reflectance over the land (Tanré et
al., 1992, Running et al., 1994). We found that for scattering angles around 150° the
errors in the derived parameters are smaller. The error in the derived volume of the
accumulation mode is smaller than that of the optical thickness of that mode.
Radiative forcing can be derived with errors of ±20% even with a large uncertainty i n
the particles size (0.1-3 µm). Detailed validation of the algorithm both before and after
the EOS launch are planned to quantify the errors in different parts of the world and i n
order to continue and improve the algorithm.
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Appendix 1

Optical        properties   

• (i) the asymmetry factor is defined  by
gλ  = ∫µ Pλ(µ) dµ (Eq. A-1)

where Pλ(µ) is the aerosol phase function. The asymmetry factor of the total size
distribution is obtained from

gλ  = (Eq. A-2)
where gsλ and glλ are the asymmetry factors of each mode, ωs0λ and ωl0λ the single
scattering albedo's and τsλ and τlλ the optical thicknesses.

• (ii) The backscattering ratio βλ is defined  by
βλ  = ∫µ-1 Pλ(µ) dµ (Eq. A-3)

The backscattering ratio of the total size distribution is then obtained from
βλ  = (Eq. A-4)

where βsλ and βlλ are the backscattering ratio of each mode

Physical        properties   

• (i) the moments Mk of order k are defined by

Mk  =  ∫rk n(r) dr (Eq. A-5)
which, for a log-normal distribution, gives

Mk  = =  rk  exp{ k2ln2(σ) } (Eq. A-6)
It allows us to compute the effective radius reff and the effective variance of the size
distribution which are respectively given by,

reff  = (Eq. A-7-a)

σeff  = (Eq. A-7-b)
• (ii) the number of particles per cm3 of each mode, Ns and Nl, are given by the

ratio between the optical thickness and the extinction coefficient computed for 1part.
cm-3.  

• (iii) the number of Cloud Condensation Nuclei of the small mode, NCCN,  is

defined by,  NCCN =  Ns ∫ns(r) dr = Ns 0.5 (1-erf(A)) (Eq. A-8)

where r0 = 0.03µm and A=
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Appendix 2

Cloud-free pixel selection in regard to neighboring pixels

The purpose is to select pixels that have at least X cloud-free neighboring pixels
(X: the number of cloud-free neighboring pixels), and also to reject pixels on the edges
of the scan except for X=0 (see below). In other words, cloud-free pixels are chosen based
upon the surrounding pixels that are cloudy or not. For the central pixel (pixel 5 as
shown below), for example, whether or not it is selected depends upon the given
criterion of the pixels 1-9 within 500 m range, or the surrounding 24 pixels within 1.0
km range, or the surrounding 80 pixels within 2.0 km range. For some channels with
finer resolution, more pixels will be used. Missing data, dead detectors, and reflectance
value less than or equal to zero will be treated as cloudy pixels. As a result, larger
number of cloud-free surrounding pixels reflect better quality of the aerosol parameters
retrived.

 

1 2 3

4 5 6

7 8 9

• X=0; all pixels are considered whether the neighboring pixels are cloudy or not.
• X=4; neighboring pixels 2, 4, 6, 8 are cloud free.
• X=8; neighboring pixels 1 - 9 are cloud free (i.e., within 500 km range).
• X=24; neighboring pixels are cloud free within 1.0 km range.
• X=80; neighboring pixels are cloud free within 2.0 km range.
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