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Effects of Neglecting Polarization on the MODIS
Aerosol Retrieval Over Land

Robert C. Levy, Lorraine A. Remer, and Yoram J. Kaufman

Abstract—Reflectance measurements in the visible and infrared
wavelengths, from the Moderate Resolution Imaging Spectrora-
diometer (MODIS), are used to derive aerosol optical thicknesses
(AOTs) and aerosol properties over ocean and land surfaces,
separately. Both algorithms employ radiative transfer (RT) code
to create lookup tables, simulating the top-of-atmosphere (TOA)
reflectance measured by the satellite. Whereas the algorithm over
ocean uses a vector RT code that includes the effects of atmospheric
polarization, the algorithm over land assumes scalar RT, thus
neglecting polarization effects. In the red (0.66 m) and infrared
(2.12 m) MODIS channels, scattering by molecules (Rayleigh
scattering) is minimal. In these bands, the use of a scalar RT code
is of sufficient accuracy to model TOA reflectance. However, in the
blue (0.47 m), the presence of larger Rayleigh scattering (optical
thickness approaching 0.2) results in nonnegligible polarization.
The absolute difference between vector- and scalar-calculated
TOA reflectance, even in the presence of depolarizing aerosols,
is large enough to lead to substantial errors in retrieved AOT.
Using RT code that allows for both vector and scalar calculations,
we examine the reflectance differences at the TOA, assuming
discrete loadings of continental-type aerosol. We find that the
differences in blue channel TOA reflectance (vector–scalar) may
be greater than 0.01 such that errors in derived AOT may be
greater than 0.1. Errors may be positive or negative, depending
on the specific geometry, and tend to cancel out when averages
over a large enough sample of satellite geometry. Thus, the neglect
of polarization introduces little error into global and long-term
averages, yet can produce very large errors on smaller scales and
individual retrievals. As a result of this study, a future version of
aerosol retrieval from MODIS over land will include polarization
within the atmosphere.

Index Terms—Aerosol, land, Moderate Imaging Spectrora-
diometer (MODIS), polarization, radiative transfer.

I. INTRODUCTION

ATMOSPHERIC aerosols are intimately linked to earth’s
climate system [1], hydrological cycle [2], and to the well

being of earth’s inhabitants [3]. However, aerosols are difficult
to study on a global scale because they are inhomogeneous on all
temporal, horizontal, and vertical scales. Satellite measurements
are increasingly important to the study of aerosols in earth’s
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system [4], [5], because they can view large parts of the globe
within a short time span. Passive sensors, such as the Moderate
Imaging Spectroradiometer (MODIS) [6], flying aboard Terra
[7] and Aqua [8], measure reflected radiation at the top of the
atmosphere (TOA) and do not disturb the ambient aerosol com-
position. As compared to previous satellite sensors used for (but
not designed for) aerosol retrieval (such as the Advanced Very
High Resolution Radiometer (AVHRR; e.g., [9]), MODIS has a
much wider spectral range (0.412–15 m), finer spatial resolu-
tion (250–1000 m), and is calibrated to a much higher accuracy
[10]. Thus, MODIS is a premier instrument for estimating the
spectral aerosol optical thickness (AOT), leading to estimates of
aerosol size parameters.

MODIS retrieves clear sky (noncloudy) aerosol optical thick-
ness (AOT) over ocean and land, using two separate algorithms
[11]–[14]. The ocean algorithm retrieves AOT in seven wave-
length bands, centered near 0.47, 0.55, 0.66, 0.87, 1.24, 1.64,
and 2.12 m, by inverting reflectance in six of the seven bands
(0.47 m is contaminated by variable ocean surface reflectance
and is not used in the retrieval). The land algorithm derives
AOT in two bands (0.47 and 0.66 m), by using reflectance
in three bands (0.47, 0.66, and 2.12 m), and then interpo-
lates to find AOT at 0.55 m. Therefore, both algorithms re-
port the AOT at 0.55 m and an estimate of the spectral depen-
dence of the AOT. Both algorithms make use of lookup tables
(LUTs), wherein TOA spectral reflectance (in percent) is sim-
ulated by radiative transfer (RT) calculations. Included within
the RT are assumptions about the surface reflectance, molec-
ular scattering, and aerosol scattering/absorption (functions of
assumed aerosol chemical and size parameters). For each cloud-
screened MODIS pixel of suitable quality [14], the retrieval
algorithm attempts to mimic the observed spectral reflectance
with values from the LUT. Minimum total differences between
the two spectral quantities lead to solutions of spectral AOT.
Over ocean, the minimization is applied to the six wavelengths
simultaneously, whereas over land, the minimization is applied
to the 0.47- and 0.66- m channels independently,

Ocean and land AOTs each have theoretical expected error
bars [11], [12], which have been subsequently “validated”
[14]–[17] by comparing to ground based sunphotometers, such
as those of the AERosol Robotic NETwork (AERONET) [18].
Over nondusty ocean sites, global MODIS/AERONET AOT
regression lines have slopes near one, offsets near zero, and
correlation coefficients of 0.9 and above. Over land sites, the
global MODIS/AERONET regression has an offset about 0.1,
slope about 0.8, and correlation coefficients of about 0.6.

Why is the MODIS/AERONET comparison so much poorer
over land surfaces? The fundamental strategy for each algorithm
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is different. The ocean is nearly black at red and longer wave-
lengths, so that the atmosphere can be assumed to dominate the
TOA signal. The use of MODIS observations at multiple wave-
lengths allows the algorithm to match the spectral signatures of
a particular aerosol size distribution [12]. Over the land, how-
ever, the surface is variable in space and time and can dominate
the total signal. Not only must the surface properties be con-
strained, the retrieval is regulated to only the wavelengths where
the surface appears dark. Thus, there are fewer available chan-
nels and greater uncertainty in estimating surface reflectance,
meaning that the overland retrieval has insufficient information
to match the spectral signature of a unique aerosol size distri-
bution. Therefore, the aerosol model, as well as the surface re-
flectance properties, must be constrained when simulating the
MODIS observation. Errors in the aerosol retrieval result from
insufficient knowledge about the surface optical properties [19]
and/or expected aerosol properties (i.e., single-scattering albedo
[20]). These two sources of error are examined in [21] and will
be studied further in future studies.

Another difference between the two algorithms is in their
treatment of radiative transfer (RT) within the atmosphere.
The overocean algorithm employs a vector radiative transfer
code that includes polarization within the atmosphere, whereas
the overland algorithm assumes that scalar RT is sufficient
for simulating the MODIS observations. Under conditions of
moderate Rayleigh (molecular) optical thickness (ROT) greater
than 0.1, however, polarization within the atmosphere will
modify the TOA radiance by 2% or more [22]. The MODIS
aerosol algorithms use observations in the blue MODIS band
(0.47 m) where the sea-level ROT is nearly 0.2, e.g., [22],
introducing errors of up to 4% [21]. In addition to the Rayleigh
optical thickness, aerosol optical thicknesses of 0.2 or more are
not uncommon. Aerosols tend to depolarize radiation; however,
scalar/vector reflectance differences may still be important,
inducing errors in aerosol retrieval.

In this paper, we address possible errors in TOA reflectance
introduced by simulating MODIS overland observations by RT
that neglects polarization in the atmosphere. Polarization of the
land surface bidirectional reflectance function (BRDF) is be-
yond the scope of this paper. We introduce polarization in Sec-
tion II and discuss how polarization is used and neglected within
the MODIS aerosol retrieval in Section III. Section IV describes
the RT modeling performed here, results of which are discussed
as well. Implications to MODIS aerosol retrieval on both global
and local scales are given in the conclusion section (Section V).

II. POLARIZATION IN THE ATMOSPHERE

To fully describe electromagnetic radiation at the TOA, one
must use the Stokes vector composed of four Stokes parame-
ters

where the scalar represents the intensity (radiance) or re-
flectance (normalized radiance), and , , and describe
the polarization state of the radiation. Incoming sunlight at the
TOA is unpolarized, such that . However, due
to interaction with the surface and the atmosphere, reflected

light at the TOA generally becomes polarized ( , , and/or
are nonzero). The degree of polarization is defined as

This means that radiation with polarization can be decom-
posed into unpolarized and polarized components such that, for
example, [23], [24]

and that intensity itself is

If is assumed equal to zero, this is known as the scalar approx-
imation of RT transfer and results in estimating by . In
many applications of remote sensing, the scalar approximation
is considered to be sufficient.

If is large, however, substantial errors will be introduced
by equating with . It was first shown in [25] that radi-
ance errors introduced by the scalar approximation can exceed
10% for Rayleigh scattering. Mishchenko et al. [22] provided
expanded discussion and formal analysis of Rayleigh scattering
errors in a plane-parallel atmosphere above a Lambertian sur-
face. This study showed that the relative error of the TOA inten-
sity decreased with increasing depolarization (arising from mul-
tiple scattering for example) and/or increasing surface albedo.
For Rayleigh single-scattering albedo near unity (conservative
scattering), maximum relative errors were observed at optical
thickness near 1 and at scattering angles near 0 and 90 . These
findings were attributed to the unique qualities of Rayleigh scat-
tering.

The above studies quantified the relative errors when ne-
glecting polarization when calculating TOA intensity in a pure
Rayleigh atmosphere. However, they did not include the effect
of aerosols, ubiquitous in the atmosphere. Additionally, they
did not address how errors of the estimated intensity would
lead to errors in remote sensing applications, such as retrieval
of AOT.

III. MODIS ALGORITHM AND ITS NEGLECT OF POLARIZATION

If an instrument is sensitive to polarization, the measured in-
tensity is not necessarily equal to . In the case of MODIS,
it was determined prelaunch that sensitivity to polarization in
the aerosol retrieval bands is small, resulting in differences be-
tween and less than 1%. Therefore, no correction should
be needed to compare RT simulations with observations. How-
ever, scalar RT calculations may introduce artificial differences
between and simulated that would introduce errors into re-
trieved aerosol properties.

The current LUT tables, derived for aerosol retrieval over
land, were calculated using a scalar RT code, specifically the
scalar version of the RT code formulated by Dave [26]. The use
of the Dave code has long been a standard in the remote sensing
community, desirable because it was well understood. It was
also easily updated for use in creating the MODIS lookup tables.
Polarization was not considered to be a major issue, because
previous aerosol missions focused in the red and near-infrared
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(NIR) wavelengths (e.g., 0.64 and 0.84 m for AVHRR). In
these wavelengths, where the Rayleigh optical thickness (ROT)
is small (about 0.05 and 0.01, respectively), the inclusion of po-
larization would have made little difference to the simulated
TOA reflectance (intensity). Indeed, differences in reflectance
between Dave’s vector and scalar codes [26] are less than 3%
for wavelengths m [27].

In addition to the red and NIR wavelengths, however, MODIS
makes use of reflectance in the blue (0.47 m). Fraser et al. [27]
pointed out that under conditions of large optical depths and
large incident radiance, the increasing dominance of multiple
scattering leads to larger errors in scalar assumed radiances. At
this wavelength, the Rayleigh optical thickness is nearly 0.2.
The addition of at least moderate AOT (say 0.2) would induce
multiple scattering of the Rayleigh-induced polarization. The
polarization factor would be reduced, so that the relative effect
on the TOA radiance would be reduced from the 5% to 10%
[21] for pure Rayleigh scattering. However, the increased AOT
increases the TOA radiance, resulting in larger absolute errors
in scalar assumed radiance. It is the absolute error in simulated
reflectance (radiance), not the relative error, that introduces error
into the derivation of AOT.

Mishchenko et al. [22] and Lacis et al. [28] suggested that a
maximum relative error (in percent) of TOA intensity and sky
radiance would occur when a pure molecular (Rayleigh) optical
thickness is about 1, dependent on scattering geometry. Total
optical thickness (aerosol plus Rayleigh) of 1 is not unusual in
the blue, suggesting that whereas the TOA errors may not be as
large as if for a pure Rayleigh atmosphere, polarization should
still be included when creating the MODIS overland LUTs.

IV. ATMOSPHERIC POLARIZATION APPLIED

TO AEROSOL RETRIEVAL

Our study analyzed how differences between vector- and
scalar-derived TOA reflectance would lead to errors in retrieved
AOT. For eight selected geometries and a variety of AOTs
(representative of MODIS observations and the current LUT),
we calculated TOA reflectance in both the blue (0.47 m) and
the red (0.66 m) MODIS channels, using scalar and vector
RT codes separately, The difference between the results was
considered the scalar-derived reflectance error. For these same
selected geometries and AOTs, we updated the (scalar-derived)
LUT to reflect the additional reflectance arising from polar-
ization. Using the revised (vector-derived) LUT, and setting
the MODIS “observations” to values from the scalar LUT, we
determined how the neglect of polarization would introduce
errors in derived AOT.

A. Mie and RT Codes

For this exercise, we employed the polarized atmospheric ra-
diative transfer model (RT3) of Evans and Stephens [29]. This
plane-parallel adding/doubling code allows for polarization to
be turned on or off by changing only one line within an input
file. Thus, it was easy to determine differences in reflectance
due only to polarization. The other inputs, including the wave-
length, aerosol parameters, surface reflectance, and atmospheric
profiles, were kept constant in both representations.

TABLE I
OPTICAL PROPERTIES OF THE CONTINENTAL AEROSOL MODEL. LISTED FOR

EACH MODE ARE THE MEAN RADIUS r AND STANDARD DEVIATION

� OF THE VOLUME DISTRIBUTION. THE COMPLEX REFRACTIVE

INDEX IS DEFINED AT 0.47 �m

We used the Mie vector (MIEV) code [30] to compute the
aerosol optical properties offline. The same combination of RT3
and MIEV was also used in the dust studies of Colarco et al.
[31].

B. Aerosol, Atmospheric, and Surface Properties

Aerosol optical properties were computed offline by
MIEV. We used 3000 size bins, logarithmically spaced from

m to , m, having intervals
of . We modeled the “continental model”
listed in [11] and described in [32]. This model is composed of
three lognormal modes, properties for each are listed in Table I.

Mie outputs, necessary for RT3 calculation, included the ex-
tinction and scattering coefficients and coefficients of the scat-
tering phase matrix (calculated for 750 moments).

For the atmospheric profile (temperature, pressure, hu-
midity), we employed the U.S. midlatitude summer profile [33]
at 36 levels between the surface and TOA. Aerosols were placed
within this model atmosphere as an exponential distribution,
having a scale height of 2 km. We assumed the land surface
to be Lambertian and very dark vegetation (as may be found
around Washington, DC), with spectral reflectance of 0.04 and
0.08 for blue (0.47 m) and red (0.66 m), respectively (e.g.,
[21]). The ROTs (at sea level) are about 0.194 and 0.051 for the
two wavelengths, respectively. Within each layer of the MLS
atmosphere, we combined weighted aerosol and molecular
extinction to yield optical thicknesses and phase matrices.
These weighted atmospheric columns were calculated for seven
discrete values of AOT between 0.0 and 5.0.

C. TOA Spectral Reflectance

The TOA spectral reflectance was calculated by both the
scalar and the vector implementations of the RT3 code, for
the set of sun/surface/satellite geometrical conditions that
were originally used for the operational lookup table [14]. We
included nine solar zenith angles (between 0 and 60 ), 11
sensor zenith angles (between 0 and 60 ), and 31 relative
sun/satellite azimuth angles (between 0 and 180 , for a total of
3069 geometrical combinations. The relative azimuth angle
is defined in regard to the path of radiation; indicates
that the sun and satellite are viewed at the same azimuth from
the surface, whereas implies that they are opposite in
the sky.

Plotted in Fig. 1 are the TOA blue-0.47 m [Fig. 1(a)] and
red-0.66 m [Fig. 1(b)] differences (vector–scalar) in TOA re-
flectance, for eight geometries representative of MODIS geom-
etry in the tropics and midlatitudes (Table II). At large optical
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(a)

(b)

Fig. 1. Difference between vector- and scalar-derived reflectance at the TOA,
for eight example sun/surface/satellite geometries, as a function of AOT. (a) At
0.466 �m, where the ROT = 0:194. (b) At 0.660 �m, where the ROT = 0:051.
Details of the eight geometries are given in Table II.

TABLE II
SOLAR/SURFACE/SATELLITE GEOMETRY FOR EIGHT EXAMPLES.

ALL UNITS ARE DEGREES

depths, the magnitude of the vector-scalar reflectance in the blue
is about double of the red . However, in

more normal aerosol loadings , the differences in
the blue are more like eight times those in the red

.
Fig. 1 demonstrates that the sign of the vector/scalar re-

flectance difference can be either positive or negative. This is
mainly a “function” of the scattering angle , a result of the

relative positions of the sun, surface, and satellite. Fig. 2 dis-
plays contour plots of the vector/scalar difference as a function
of solar and view zenith geometry, for two separate relative
azimuth angles ( and 150 ). Scattering angles are
also plotted as contours. Generally, vector-scalar reflectance
is positive when and negative when .
Magnitudes of the differences increase toward 180 and 90 ,
similar as would be expected from simulating a purely Rayleigh
atmosphere, e.g., [22]. However, the contours are not neces-
sarily parallel. Because upward and downward radiation paths
are asymmetric, all angles must be considered, not just the
scattering angle.

Fig. 3 plots the blue (0.47 m) wavelength vector-scalar re-
flectance differences for all of the 3069 simulated geometries,
as a function of scattering angle. Here, the AOT was set at 0.25.
Due to the orbit of a polar-orbiting satellite such as MODIS,
passing the equator close to noon, scattering angles less than 90
are rare. Again, it is seen that the scattering angle is the primary
indicator of the sign of the polarization effect; however, the spe-
cific sun/surface/satellite geometry determines its magnitude.

D. Retrieval of AOT

For the above examples of solar and satellite geometry, abso-
lute vector-scalar differences in the blue (0.47 m) reflectances
are often greater than 0.01 and may be as high as 0.03 for very
large solar zenith angles. How much uncertainty would the erro-
neous TOA reflectance (calculated from the scalar approxima-
tion) introduce into the retrieval of AOT from MODIS?

For the eight selected geometrical conditions described in
Table II, we have integrated the vector-scalar reflectance differ-
ences (plotted in Fig. 1) into the MODIS algorithm. Fig. 4 plots
the change in retrieved AOT as a function of the inputted AOT,
in the blue [Fig. 4(a)] and red [Fig. 4(b)] wavelengths. Positive
differences in reflectance (plotted in Fig. 1) lead to negative er-
rors in the retrieved AOT. Conceptually, this can be explained as
follows. If at a particular AOT within the revised LUT, the new
(polarized) reflectance value is larger than the old (scalar) value,
then the retrieved AOT corresponding to the old value (used as
input) must be lower.

In most cases, the magnitude of the AOT error is about ten
times the magnitude of the reflectance error [34]. However,
at some geometries and optical depths, the ratio can be much
larger. Some examples include geometries “F” and “B” in the
blue, where the AOT error is 30 times the reflectance difference
at , and “G” and “A” (also in the blue), where the
error is more than 20 times the difference at . It is
impossible to tell if these are real “kinks” in Fig. 4(a) or if they
are a result of numerical instability in the MODIS algorithm’s
interpolation.

E. Influence of Errors Upon Retrieval of Aerosol Climatology

Whereas it is obvious that the neglect of polarization will in-
duce large errors (either positive or negative) upon an individual
aerosol retrieval, it is not so clear what effects neglecting polar-
ization may have upon retrievals of aerosol climatology.

Fig. 5 displays the extreme, median, and quartile values of
vector-scalar differences of TOA reflectance, for the entire set of
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(a) (b)

Fig. 2. Contour plots of the reflectance difference (vector–scalar) between RT3 calculations of TOA blue (0.466 �m) reflectance, as a function of view and solar
zenith angles for two different relative azimuths. Contours of scattering angle are also plotted. AOT = 0:25 and ROT = 0:194. (a) � = 30 . (b) � = 150 . Note
the signs of the contours.

Fig. 3. Vector-scalar TOA reflectance differences at (0.466 �m) computed
under all simulated geometry, showing the primary dependence on scattering
angle, secondary dependence on solar zenith angle.

simulated AOT and geometrical conditions. Whereas the mag-
nitude of vector-scalar differences can be greater than 0.03 at
0.47 m, more than half of our simulations result in differences
of 0.004 or less at this wavelength. This translates into errors of
approximately 0.04 in retrieved AOT (assuming a ratio of ten to
one [34]), which is not so extreme. In the red (0.66 m), max-
imum vector-scalar differences are 0.01, but most are less than
0.002. Also plotted in Fig. 5 are the maximum (magnitude) re-
flectance differences that would still yield AOT within expected
MODIS uncertainty over land, defined as [15].
Again, we assumed the ten-to-one AOT-to-reflectance ratio. In
more than half our simulations, the neglect of polarization does
not lead to extreme errors in retrieved AOT, even in the blue
(0.47 m).

(a)

(b)

Fig. 4. Errors in retrieved AOT (as a function of input AOT) due to the neglect
of polarization in the RT formulation, for each of the sample geometries shown
in Fig. 1 (a) at 0.466 �m and (b) at 0.660 �m.
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Fig. 5. Maximum, minimum, median, and quartile values of the difference
between vector and scalar TOA reflectance, plotted as a function of AOT. Thick
curves and closed symbols represent blue (0.47 �m), whereas thin curves and
open symbols depict red (0.66 �m) MODIS channels. The black lines estimate
the maximum difference that would lead to AOT retrieved within the expected
AOT error (�� � ((0:05 + 0:2�)=10).

Fig. 5 also plots the median reflectance difference for the set
of simulated geometry. Median vector-scalar reflectance dif-
ference is about in the blue and in the red.
These values would introduce approximately upon the
retrieved AOT in the blue, for the simulated geometry in this
paper.

In order to determine how the neglect of polarization
introduces errors to the climatology of MODIS aerosol re-
trieval, the simulated geometry must be representative of
the MODIS-observed geometry on global and long-term
scales. MODIS-atmosphere global data [Level 3 Daily
(http://modis-atmos.gsfc.nasa.gov)] includes scattering angle
histogram data thatcan be easily aggregated into a year-long
histogram (that includes over two billion observations). Fig. 6
plots the year-long probability histogram of the MODIS
scattering geometry as compared to the simulated scattering ge-
ometry. MODIS from Terra and MODIS from Aqua are plotted
separately as well as together. The figure shows that our sim-
ulated geometry is sufficiently representative of the observed
geometry, and therefore, we conclude that TOA reflectance
errors from neglecting polarization would introduce only very
small error into a global long-term value of MODIS
derived AOT over land. It follows that calculations of global
radiative forcing, based on the MODIS AOT retrievals, should
be nearly independent of presence of polarization within the RT
calculations. Global and long-term radiative flux calculations
should also be unbiased (e.g., 28).

This means that using a vector code is not necessary for
MODIS being useful for deriving aerosol climatology. How-
ever, including polarization is very important if MODIS is used
to monitor individual aerosol events, such as in application to
air quality.

V. DISCUSSION AND CONCLUSION

We have applied a well-known radiative transfer code to study
errors of retrieved aerosol optical thickness from MODIS over

Fig. 6. Histograms of scattering angles simulated by our set of geometry
compared to scattering angles observed by MODIS throughout the course of
2003. Terra and Aqua are plotted separately and together.

land, resulting from the neglect of polarization in representing
radiative transfer through the atmosphere. In confirmation of
Fraser et al. [25], the neglect of polarization in the red channel
does not usually cause large errors in TOA reflectance. In
the red (0.66 m), the Rayleigh optical thickness is small,
resulting in little polarization of the signal. Yet in the blue
(0.47 m), where Rayleigh optical thickness is much larger,
the neglect of polarization can produce large errors for the
simulated TOA reflectance. These errors range from near
zero when scattering angles are near 135 and up to 0.03
for certain scattering geometry. These errors may be positive
or negative depending on the specific scattering geometry.
Thus, for specific angles, the neglect of polarization may
lead to a AOT retrieval error of 0.3, a very large error,
especially in background AOT conditions . This means
that users of overland AOT in the 0.47- m channel, derived
from the present MODIS algorithm, should be cautious in
applying the data in specific situations. For long-term and
global measurements, however, the positive and negative errors
generally cancel out. This means that even in its present
form, products from the MODIS algorithm can be sufficiently
accurate for statistics on large spatial and long temporal scales.
Thus, MODIS should be suitable for accurate estimates of
aerosol radiative forcing and or fluxes.
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