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Sensitivity of Off-Nadir Zenith Angles to Correlation
between Visible and Near-Infrared Reflectance for

Use in Remote Sensing of Aerosol over Land
Charles K. Gatebe, Michael D. King, Si-Chee Tsay, Q. Ji, G. Thomas Arnold, and Jason Y. Li

Abstract—Cloud absorption radiometer (CAR) multispectral
and multiangular data, collected during the Smoke, Clouds, and
Radiation-Brazil (SCAR-B) Experiment, was used to examine the
ratio technique, the official method for remote sensing of aerosols
over land from the moderate resolution imaging spectroradiometer
(MODIS) data, for view angles from nadir to 65 off-nadir. The
strategy we used is to first select a pristine, low aerosol optical
thickness flight, and we then computed ratios of reflectance at 0.47
and 0.68 m to corresponding values at 2.20 m, separately for
backward and forward scattering directions. Similarly, we ana-
lyzed data from high turbidity flights for comparison purposes.
For both flights, we removed the effects of atmospheric absorption
and scattering using 6S, a radiative transfer code, and then recom-
puted the ratios again for different values of aerosol optical thick-
ness. Finally, we analyzed bidirectional reflection function (BRF)
data to examine the dependence of the ratio technique on the rela-
tive azimuth angle. Results of this analysis show that a relationship
between visible reflectance and near infrared (IR) reflectance ex-
ists for view angles from nadir to 40 off-nadir, and that simple
parametric relationships can be derived. In spite of these observed
relationships, the relationship 0 47

=
2 20 4, used in remote

sensing of aerosol over land, does not seem to hold for the cases
tested, both in the forward and backward scattering directions and
that 0 68

=
2 20 2 seems to hold for view angles from nadir to

45 off-nadir but only in the backward scattering direction. These
ratios show little variation with azimuth view angle and this seems
to hold well for backward scattering directions over dark targets.

I. INTRODUCTION

FOR QUITE some time now, there has been a growing
concern about the potential climatic influence of changing

atmospheric aerosol loading. This concern was raised in the
1960s, when it was suggested that increasing atmospheric
aerosol concentrations would scatter more sunlight back into
space, thereby increasing planetary albedo and cooling the
earth [28]. It became even more worrying when studies [31],
[3] speculated that increasing anthropogenic aerosol would
cool the Earth substantially, possibly sending it into an ice age,
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a notion that has since been discounted with a realization that
the influence of aerosols depends on their composition, albedo
of the underlying surface, and presence of clouds.

Aerosols exhibit high spatial and temporal variability,
making it difficult to characterize them solely on the basis of
sporadicin situ measurements [13]. For that reason, satellite
remote sensing is slowly gaining worldwide recognition as a
method best suited for characterizing aerosols on a global basis
because of the wide spatial coverage available to satellites. The
process involves decoupling the measured radiance signal into
its two components, one originating from the Earth’s surface
and the other originating from the atmosphere [12]. By applying
radiative transfer theory, aerosol optical characteristics (optical
thickness, single scattering albedo, asymmetry factor, refractive
index, and aerosol size distribution) can be derived from the
atmospheric component. In turn, the remotely sensed aerosol
information is required for atmospheric correction of satellite
images of surface cover [15], [34]. However, separating the two
components, surface and atmospheric reflectance, presents a
formidable challenge in remote sensing of tropospheric aerosol
from space, and in an attempt to overcome it, several different
techniques have been proposed, each with advantages and
disadvantages over other techniques, as reviewed by Kinget
al. [22].

Over oceans, because of low surface reflectance, which
means low contamination by the atmospheric component,
remote sensing of aerosol has been quite successful (cf. [6],
[29], [24], [25], [14], [9], [35], [37], [30]). However, over
land, where most anthropogenic aerosol particles arise, aerosol
information has been derived but with a lot of difficulties
associated with decoupling the surface radiance, which is
much higher than what is measured over the oceans, from
the atmospheric component that contains the desired aerosol
information [8], [18], [5]. In the late 1980s, in an attempt to
reduce uncertainty associated with surface effects, Kaufman
and Sendra [17] suggested a “dark surface target” approach to
retrieve aerosol optical thickness in regions where the surface
is covered by dense dark vegetation or forest. One advantage of
the dark surface target approach is that the surface reflectance
is small, as over the oceans, so that errors in retrieving aerosol
optical thickness are relatively small when compared to errors
over bright surfaces [7]. Another advantage of using the dark
target approach is that there are correlations between the short-
wave-IR band at 2.1 m and visible bands in the blue and red
spectral regions. Hence, the shortwave-IR band at 2.1m may
be used to estimate the surface reflectance in the blue and red
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Fig. 1. Scatter plots of reflectanceR andR as a function of reflectanceR for views angles (a) 0, (b) 10 , (c) 20 , (d) 30 , (e) 40 , and (f) 65 .
The relative azimuth� = 132.1 .

bands, and subsequently used to infer aerosol optical thickness
at these two visible bands [19]. Detecting dark surface targets
using 2.1 m rather than 3.75 m has proven to be more
accurate. One advantage of 2.1m is that it is unaffected by
thermal emission. In addition, reflected radiation at 2.1m is
largely unaffected by aerosol particles in the atmosphere, which
are generally much smaller than this wavelength (e.g., smoke,
sulfates, etc), with the single exception that dust can influence
reflected radiation at 2.1m [16]. In addition, unlike emission
corrections, there is much greater certainty in correcting for

the effect of water vapor absorption once the amount of water
vapor in the column is measured from the same satellite.

In a recent study, Wenet al. [41] extended the dark surface
technique for use in aerosol retrieval over land when the surface
reflectance at 2.1 m is related to its counterpart at 0.47 and
0.66 m. In this method, known as the path radiance technique,
path radiance in the visible is equated to the intercept of an
extrapolated linear fit of visible and shortwave-IR top of the
atmosphere reflectance. This intercept describes the chosen
visible band’s atmospheric path radiance, from which the
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TABLE I
SLOPE, INTERCEPT, AND CORRELATION COEFFICIENT(R) FOR ZENITH ANGLES FROMNADIR TO 65 COMPUTER FROMREGRESSION OFREFLECTANCE AT BLUE

(0.47�m) AND RED (0.68�m) VERSUSREFLECTANCE AT 2.20�m FOR DATAFROM AUGUST 18, 1995, 1747–C. FOR EACH ZENITH ANGLE, THE

NUMBER OF VALUES USED IN THE REGRESSION ISINDICATED IN COLUMN 2

Fig. 2. Slopes from regression ofR andR againstR as a function
of zenith angle for cerrado northwest of Brasilia, when� = 45.4 and� =
132.1 .

corresponding aerosol optical thickness can be retrieved. The
method avoids using specific values of these relations as the
traditional dark target approach does. So far this method,
though promising, has been applied to data set from Landsat

Thematic Mapper (TM) only and will need to be validated for
a much wider data set.

The intent of this paper is to examine the effect of the surface
reflectance ratio technique on the retrieval of aerosol optical
thickness over dense dark vegetation. We will examine the sen-
sitivity of reflected solar radiation over a wide range of viewing
angles and azimuthal directions using reflectance measurements
obtained with the cloud absorption radiometer (CAR) during the
Smoke, Clouds, and Radiation-Brazil (SCAR-B) Experiment
conducted in 1995 [20]. Variations of zenith angle across images
and between images occur naturally due to a wide swath width
in satellite imagery, and these spectral reflectance properties
of natural surfaces need to be accurately assessed in retrieving
aerosol optical thickness over land using a global dataset such
as the moderate resolution imaging spectroradiometer (MODIS)
on the Terra platform [21]. MODIS images the Earth’s surface
across track with a swath width of 2330 km, with the view zenith
angle varying between 55 , or about 61 at the surface.

II. DESCRIPTION OF THECLOUD ABSORPTIONRADIOMETER

The CAR is a multispectral (13-channel) scanning radiometer
developed at Goddard Space Flight Center, Greenbelt, MD, ini-
tially for the purpose of measuring the angular distribution of
scattered radiation deep within a cloud layer at selected wave-
lengths in the visible and near-infrared (IR). From these mea-
surements, the spectral single scattering albedo of clouds was
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Fig. 3. Slopes from regression ofR andR againstR as a function
of zenith angle for cerrado northwest of Brasilia, when� = 45.4 and� =
65.5 .

determined using diffusion domain method that avoids the diffi-
culties of traditional radiometric observations [23]. Because of
its multiangle viewing geometry, however, the CAR has more
recently been used to measure the bidirectional reflection func-
tion (BRDF) of numerous terrestrial surfaces as described by
Tsayet al. [38], Soulenet al. [36], and Arnoldet al. [2]. This is
accomplished using an aircraft that banks at a comfortable roll
angle of 20 and flies a closed circular flight pattern about 3
km in diameter over a uniform surface of interest (e.g., ocean,
snow, tundra, vegetation, etc.) at a constant altitude and uniform
speed.

For the results presented in this paper, the CAR was housed
in the nose cone of the University of Washington C-131A re-
search aircraft, where it was designed to scan in a vertical plane
on the right-hand side of the aircraft from 5before zenith to
5 past nadir (190 aperture). The instantaneous field of view
(IFOV) of the radiometer is 1. To allow for the large variation
in absolute magnitude of the radiance arising as a function of
optical properties of the target as well as solar zenith angle, the
CAR provides for seven manual gain settings that permit great
flexibility in field operations by allowing the operator to apply a
uniform gain adjustment to all eight electrical channels simulta-
neously while collecting the observations, thereby minimizing
saturation of the radiometer as it scans through the sun or looks
at dark targets. This manual gain setting is output to the data
system and used in the conversion of counts to radiance of the
scene.

The choice of the 13 CAR channels (bands) is based on real-
ization that there are six different water vapor absorption bands
in the visible and near-IR regions. The bands (channels) define
the absorption characteristics of all water vapor window regions
in the near-IR. All the channels were selected to carefully min-
imize the effects of gaseous absorption except for the UV-B
channel, where ozone absorption is desired.

The optical system of the CAR is nondispersive, comprising
a complex configuration of dichroic beam splitters and nar-
rowband interference filters. The CAR provides radiometric
measurements at 13 discrete wavelengths that, during SCAR-B,
were at 0.307, 0.472, 0.675, 0.869, 1.038, 1.219, 1.271, 1.552,
1.643, 1.725, 2.099, 2.207, and 2.303m. Even though there
are 13 optical channels, the CAR records data at only eight
spectral channels at one time. The first seven spectral chan-
nels (0.307–1.271 m) are continuously and simultaneously
sampled, whereas the eighth channel is selected from one of
the six channels on the filter wheel (ranging from 1.552–2.303

m) and is either locked on a particular channel or rotated
to measure a new channel after a preset number of scans. In
general, the bandwidth of channels 1–7 is0.020 m, whereas
the bandwidth of the filter wheel channels is0.040 m.

III. T HEORY

Kaufmanet al.[19] showed that for many terrestrial land sur-
faces including soil, sand, urban, vegetation, and forest, surface
reflectance in the red is approximately half that in the
shortwave infrared , and the reflectance in the blue
is about a quarter of that at 2.20m. In other words, they found
that

(1)

Using these relationships, Kaufmanet al. showed that the sur-
face reflectance in the visible bands can be predicted within

0.006 from surface reflectance measure-
ments at 2.20 m when 0.10. This results in half the
error obtained using the 3.75m channel and corresponds to
an error in aerosol optical thickness 0.06 [19]. These
results, though applicable to several biomes (e.g., forests, and
brighter lower canopies), have only been tested at nadir (zenith
angle 0 ). Considering the importance of these results to
the remote sensing of aerosol optical thickness over land using
MODIS data, it is important to assess the accuracy of this rela-
tionship for off-nadir viewing angles using CAR data.

Although there is more than one definition of the spectral
bidirectional reflectance function (BRF), we use the definition
of reflection function found in van de Hulst [39] and given by

(2)

where
and viewing and solar zenith angles, respec-

tively;

azimuthal angle between the viewing and
illumination directions;

corresponding reflected radiance;

collimated irradiance at the top of the at-
mosphere.
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TABLE II
SLOPE, INTERCEPT, AND CORRELATION COEFFICIENT(R) FOR ZENITH ANGLES FROMNADIR TO 65 COMPUTED FROMREGRESSION OFREFLECTANCE AT BLUE

(0.47�m) AND RED (0.68�m) VERSUSREFLECTANCE AT 2.20�m FOR DATA FROM AUGUST 18, 1995, 1918–1923 UTC. FOR EACH ZENITH ANGLE, THE

NUMBER OF VALUES USED IN THE REGRESSIONIS INDICATED IN COLUMN 2

The reflection function of a cloud-free and vertically homo-
geneous Earth-atmosphere system overlying a Lambertian sur-
face with reflectance can be written as [4]

(3)

where
reflection function;

spherical albedo;

total transmission (diffuse plus direct)
when 0.

Each of these functions is explicitly a function of aerosol op-
tical thickness and implicitly a function of aerosol size distribu-
tion and single scattering albedo. In practice, the bidirectional
reflectance properties of the surface are substituted for the Lam-
bertian reflectance when applying this expression to satellite
observations.

This means that when is small, as is often the
case over dark surfaces, the reflectance of the earth-atmosphere
system is linearly proportional to the surface reflectance.

Under these conditions, the apparent reflectance of visible ra-
diation can be expressed as

(4)

In the shortwave infrared, on the other hand, atmospheric
scattering can largely be ignored for most aerosol types (e.g.,
smoke, sulfates, etc. [19]). Under these conditions, the apparent
reflectance can be expressed as

(5)

When looking downward from a satellite, aerosol particles
can readily be detected at visible wavelengths, but not at 2.20

m. This effect may be used in the remote sensing of tropo-
spheric aerosol. Over a dark target, such as dense dark vegeta-
tion, one can use the reflectance measured at 2.20m to pre-
dict the surface reflectance at visible channels. The differences
between the measured reflectance and the predicted surface re-
flectance at a visible wavelength is due primarily to aerosol scat-
tering and absorption [22]. Kaufmanet al. [19] developed the
empirical relationship shown in (1) based on nadir observations.
In the following sections, we will examine whether
and 0.50, where is the constant of proportionality between
reflectances at corresponding wavelengths in the blue, red, and
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TABLE III
SLOPE, INTERCEPT, AND CORRELATION COEFFICIENT(R) FORZENITH ANGLESFROM NADIR TO 65 COMPUTED FROM REGRESSION OFREFLECTANCE AT BLUE

(0.47�m) AND RED (0.68�m) VERSUSREFLECTANCE AT 2.20�m FOR DATA FROM AUGUST 27, 1995, 1902–1908 UTC. FOR EACH ZENITH ANGLE THE

NUMBER OF VALUES USED IN THE REGRESSIONIS INDICATED IN COLUMN 2

shortwave infrared assumed by Kaufmanet al., and to what
extent this relationship is robust for nadir as well as off-nadir
viewing zenith angles.

IV. DATA

To get , defined above as for the 0.47
m channel and for the 0.68 m channel, we

need a relatively clean (low optical thickness) case. We chose
data from a CAR Flight on August 18, 1995, which took place
300 km north of Brasilia, Brazil, during SCAR-B. Information
on the spectral aerosol optical thickness obtained from a Cimel
sunphotometer [11] located in Brasilia is available to do atmo-
spheric correction for this day. For comparison purposes, we
also analyzed a CAR Flight on August 27, 1995, a hazy day
in Cuiabá. Each flight lasted approximately 2 hr 45 min and in-
cluded about 2000 scans obtained with the 2.20m channel.
The aircraft flew about 500 to 5000 m above the ground during
these flights. Accordingly, the footprint of the CAR is about
10–100 m on the ground at nadir. If the surface is homogenous,
the difference between the reflectance of consecutive scans is
quite small. We used some of these data to examine the rela-
tion for zenith angles from nadir to 65
off-nadir.

We have analyzed data from both flights for periods rep-
resented by 17:47–17:51, 19:18–19:23, and 19:41–19:45
UTC on August 18, and 19:02–19:08 UTC on August 27.

On both days, we selected sections of the flight that appeared
to be spatially homogeneous based on visual inspection of
red-green-blue (RGB) composite images of the entire flights.
With the plane traveling at a nominal speed of 80 msand
the scan mirror rotating at 100 rpm, we obtained 400–500
scans over a distance of 19.2 km for each of the time sections
selected on August 18, and 600 scan lines spread over 28.8
km on August 27. With a sample being acquired every 0.6 s,
we obtained observations at a fixed view zenith angle once
every 48 m along the aircraft ground track for channels 1–7,
where data are collected continuously and simultaneously. For
the filter wheel representing channels 8–13, we locked the
filter wheel in a single position for extended periods of time,
thereby allowing data to be acquired in a manner similar to
channels 1–7. If the filter wheel is set to rotate in an automatic
observation mode, each of channels 8–13 are measured for
scans, then for each channel a sample is repeated every 3.6 ns
or after 288 n m along the ground track. This study required
us to use data from channels 1 (blue, 0.472m), 2 (red, 0.675

m), and 12 (near-infrared, 2.20m), so the number of data
points is limited to data acquired when channel 12 was in the
filter wheel position during the time limits and distance of each
flight.

We have also analyzed data from August 18 and 25 acquired
when the CAR was in bidirectional reflectance mode [38],
where the reflectance is measured during changing azimuthal
conditions, in contrast to the above cases where the azimuth
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TABLE IV
SLOPE, INTERCEPT, AND CORRELATION COEFFICIENT(R) FOR ZENITH ANGLES FROMNADIR TO 65 COMPUTED FROMREGRESSION OFREFLECTANCE AT BLUE

(0.47�m) AND RED (0.68�m) VERSUSREFLECTANCE AT2.20�m FOR A BRDF FLIGHT ON AUGUST18, 1995, 1851–1902 UTC. FOR EACH ZENITH ANGLE THE

NUMBER OF VALUES USED IN THE REGRESSIONIS INDICATED IN COLUMN 2

direction was fixed and the CAR was scanning in a cross track
direction.

V. RESULTS

Reflectance measurements in the 2.20m atmospheric
window are least affected by most aerosol types (e.g., smoke,
sulfates, etc.), whereas the atmospheric effect is significant for
measurements in the visible wavelength region at 0.472m
(blue) and 0.675 m (red). In order to test whether a relation-
ship exists between solar radiation at 2.20m and the visible
(blue and red), we have plotted reflectance at 2.20m against
reflectance at both blue and red wavelengths for zenith angles
from nadir (0 ) to 65 off-nadir (Fig. 1). These angles have
been chosen since most satellites view their targets at an angle
within the range of 0 to 65 . Since the optical path is shorter
at nadir, increasing at longer wavelengths, any information
derived from reflectance measurements at nadir would be
expected to be more accurate due to reduced uncertainty as a
result of increased total optical thickness. Theoretically, the
probability of a photon undergoing absorption or scattering
should not be dictated by the distance between the source and
the sensor, but by the density of the material in between.

On August 18, the University of Washington C-131A
obtained CAR measurements between 17:47 and 17:51 UTC,
when the solar zenith angle 45.4 and solar azimuth angle

304.1 . The plane was heading NNW at a heading
346.2 and an altitude 2450 m. Since the CAR scans in a

Fig. 4. Slopes from regression ofR andR againstR as a function
of zenith angle corrected for various levels of aerosol optical depth near Cuiabá,
when� = 54.1 and� = 109.3 .

vertical plane on the right-hand side of the aircraft, the relative
azimuth 132.1 such that the photons reflecting from the
earth-atmosphere system are backscattered from the target.
The position of the airplane changed from 13.36S, 48.51W
to 13.18 S, 48.56W, while its altitude varied by only 20 m.
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Fig. 5. Slopes from regression ofR againstR as a function of
zenith angle corrected for various values of aerosol optical thickness. These
observations were acquired northwest of Brasilia when� = 45.4 and� =
132.1 .

Clear weather was observed and signs of haze were largely
absent. Therefore, this flight can be characterized as a clean
one with low aerosol concentration, cloud free conditions,
and aerosol optical thickness of 0.08 as measured with a
sunphotometer located 300 km to the south in Brasilia.

Fig. 1 shows scatter plots of reflectance in the visible channels
(blue and red) as a function of reflectance in the shortwave in-
frared (2.20 m) for zenith angles 0 (nadir), 10 , 20 , 30 ,
40 , and 65 when 132.1 . Scatter plot statistics (number
of points used, slope, intercept, and correlation coefficient) for
zenith angles between 0to 65 are summarized in Table I. We
consider these angles sufficient for testing the ratio technique for
nadir and off-nadir viewing angles. The slope shows the correla-
tion between the visible and shortwave-IR reflectance, the stan-
dard deviation shows the variability of local reflectance, and the
intercept gives the value of the visible reflectance when
vanishes. Wenet al. [41] use this value in a method referred to
as path radiance to derive aerosol optical thickness over dark
surfaces for correlation coefficients 0.80.

For the blue ratio (see triangular symbols in Fig. 1 and actual
values in Table I), the slope of as a function of is
0.169 at nadir and 1, drops to 0.118 at 2, oscillates between
these two values for most zenith angles, and finally drops to
0.102 at 55 and 0.090 at 65. A linear plot of the slope as a
function of zenith angle clearly shows the variation from nadir to
65 (cf. Fig. 2). In this figure, the vertical error bar at each zenith
angle represents the standard deviation derived from the regres-
sion analysis shown in Fig. 1, which are quite small in this case.
Small variations as a function of zenith angle from nadir to 45
are clearly seen. For all zenith angles between nadir and 65, the
intercept values vary from 0.02–0.07. For different instruments
[Landsat TM and airborne visible and infrared imaging spec-
trometer (AVIRIS)] and for different time periods, Kaufmanet
al. [19] obtained slopes between 0.13 and 0.30 and intercepts

Fig. 6. Slopes from regression ofR againstR as a function of
zenith angle corrected for various values of aerosol optical thickness. These
observations were acquired northwest of Brasilia when� = 45.4 and� =
132.1 .

Fig. 7. Slopes from regression ofR againstR as a function of
zenith angle corrected for various values of aerosol optical thickness. These
observations were acquired near Cuiabá when� = 54.1 and� = 109.3 .

between 0.006 and 0.013. In fact, the slopes obtained from
AVIRIS data over Hagerstown, MD, and New Jersey during
July 1993, are strikingly similar to the values reported in this
study. Considering our data have not been corrected for atmo-
spheric effects (absorption and scattering), it is noteworthy that
our values are within the range of values reported in Table I of
Kaufmanet al. [19], differing very little from their average of
0.24. What happens after atmospheric effects are removed will
become apparent in the next section.

Let us now look at the correlation between the red ( ) and
shortwave-IR ( ) (cf. circular shaded symbols in Fig. 1 and
analyzes summarized in Table I). For all zenith angles the slope
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lies between 0.35 and 0.56, quite similar to the range of values
reported by Kaufmanet al. [19] for Landsat and AVIRIS data.
A gradual increase in slope as a function of zenith angle is seen,
reaching a maximum value at 30 and gradually decreasing
thereafter. The intercepts are quite small, in the range of 0.001
to 0.027, comparable to intercept values reported by Kaufman
et al. [19].

From the above results, we conclude that the surface re-
flectance relationship given by Kaufmanet
al. [19] is not met for most zenith angles tested, whereas the
relationship is met in a few cases. However,
ratios approach the relationship suggested by Kaufmanet al.
[19] for zenith angles from nadir to 45. We will examine these
relationships further in the next section, when we consider
the compounding effects of atmospheric scattering on the
measured Earth-atmosphere reflection function measurements
observed directly by the CAR.

In examining whether these relationships hold for other con-
ditions, for example different solar geometry and atmospheric
conditions, we analyzed data from other time series on August
18, where the solar illumination conditions were substantially
different than those presented above. Between 19:18 and 19:23
UTC, the solar zenith angle 65.5 , and the solar azimuth
angle 291.2 . With the heading of the aircraft 181.9
and with the CAR scanning on the right hand side of the aircraft,
the relative azimuth angle 19.3 . Most of the other condi-
tions remain the same as those of the earlier time series, viz.,
clear weather conditions with low aerosol concentration having
an aerosol optical thickness 0.08 (at 0.55 m). In the
blue channel, and for all observational zenith angles, the slope
lies between 0.038 and 0.11. In contrast, in the red channel, the
slope lies between 0.23 and 0.39 (cf. Fig. 3 and Table II). Al-
though the values are small ( 0.25), the slope does not
agree well with values suggested by Kaufmanet al. [19].

In yet another flight section, between 19:41 and 19:45 UTC,
65.5 , 291.2 , and the relative azimuth angle

17.3 . For these data, the blue channel slopes lie in the range
0.04 to 0.08, and the red channel slope varies between 0.18
and 0.28 (cf. Table III). These results show that despite the re-
flectance at 2.20 m being small ( 0.25), the spectral
ratio technique does not seem to hold well when viewing sur-
faces in the near-forward direction. In a previous study, Holben
et al.[10] simulated both visible and near-infrared data from the
advanced very high resolution radiometer (AVHRR) for a dark
target, bare soil, and green-leaf biomass (low, medium, and high
levels) and showed that viewing in the backscatter direction has
more constant radiance with increasing scan angle than viewing
in the forward scattering direction. Similarly, Remeret al. [32]
pointed out that viewing in the forward scattering direction re-
sults in low correlation between visible and near-IR reflectance.
This probably explains the differences between backward and
forward reflectance ratios.

On August 27, the University of Washington C-131A ob-
tained CAR measurements near an AERONET sunphotometer
site in Cuiabá, Mato Grosso, a part of Brazil that is much more
affected by biomass burning and hence aerosol contamination
than the region around Brasilia. On this day, the aerosol op-
tical thickness 0.68 (at 0.55 m). We analyzed data

Fig. 8. Slopes from regression ofR againstR as a function of
zenith angle corrected for various values of aerosol optical thickness. These
observations were acquired near Cuiabá when� = 54.1 and� = 109.3 .

Fig. 9. Azimuthally averaged reflectance ratiosR =R and
R =R as a function of zenith angle near Cuiabá, when� = 60:4 .

from 19:02 to 19:08 UTC, during which time 54.1 ,
295.1 , 109.3 , and the aircraft heading 95.8 . The
aircraft flew at an altitude of 2040 m above the ground. From the
voice log recorded during this flight, the atmosphere consisted
of two thick smoke layers. The first layer was located between
270–2250 m and the second between 2400–2700 m. There was
a clear gap between the two layers that was confirmed by lidar
measurements onboard the NASA ER-2 aircraft that overflew
the area 45 min earlier.

The slope of as a function of varies from 0.05 to
0.09 for all zenith angles and those for as a function of

from 0.20 to 0.34 (cf. Fig. 4, Table III). These values are
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Fig. 10. Spectral measurements of the surface-atmosphere system bidirectional reflectance over Cerrado northwest of Brasilia on August 18, 1995 for (a)R ,
(b)R , (c)R , (d)R =R , (e)R =R , and (f)R =R . In all of these plots, the solar zenith angle was 60.4.

substantially different from those recommended by Kaufmanet
al. [19]. Since the atmosphere was especially hazy during this
flight, it is essential to do an atmospheric correction using the
second simulation of the satellite signal in the solar spectrum
(6S), a radiative transfer code described by Vermoteet al. [40].
We will attempt to correct for the residual atmospheric effect,
including gaseous absorption, for both this flight and the rela-
tively clean flight near Brasilia on August 18, (described earlier)
and determine the correlation between surface reflectance that
remains after removing the effects of light scattering by the at-
mosphere.

VI. A TMOSPHERICCORRECTION

The 6S model allows us to determine the attenuation of
solar irradiance under cloudless conditions at the surface. It
removes the effects of Raleigh scattering, aerosol attenuation,
and ozone and water vapor absorption, provided we know

the key characteristics of the atmosphere such as atmospheric
optical thickness, etc. This is not practical for every CAR scan.
However, CAR measurements on August 18 were made some
300 km NNW of a ground-based sun/sky radiometer site, and
the more turbid conditions of August 27 were made essentially
above a sun/sky radiometer located just outside Cuiabá. As a
consequence, some parameters of the atmosphere are available,
thereby allowing us to perform atmospheric correction of the
CAR radiometric observations. For each flight we assumed the
input parameters for 6S were constant and unchanging.

The 6S code is a radiative transfer model based on the succes-
sive orders of scattering method. The spectral resolution of the
model is 2.5 nm, and the aerosol layer is divided into 13 layers
with a scale height of 2 km. The aerosol input for this model is
the aerosol optical thickness at 0.55m ( ), the aerosol size
distribution, and the aerosol refractive index. We assumed the
smoke aerosol model of Remeret al. [33] for the aerosol size
distributions, a three mode log-normal model with modal radii
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Fig. 11. Spectral measurements of the surface-atmosphere system bidirectional reflectance over dense forest on August 25, 1995 for (a)R , (b)R , (c)
R , (d)R =R , (e)R =R , and (f)R =R . In all of these plots, the solar zenith angle was 56.7.

of 0.132, 1.43 and 11.5m. The real refractive indices were
assumed to be 1.43, 1.53 and 1.60: values representative of the
range of real refractive index found for biomass burning aerosols
[1], [26]. The imaginary part of the complex refractive index
was fixed at 0.0035, 0.0046, and 0.005. These smoke size dis-
tributions were based on analysis of almucantar measurements
made in cerrado and forest regions of Brazil. The aerosol op-
tical depth at 0.55 m was obtained by interpolating the mea-
sured values between 0.50 and 0.67m. Also, 6S computes
the phase function, scattering, and extinction coefficients (and
single scattering albedo) from Mie theory as an output, based
on these input aerosol parameters. Measurements of smoke par-
ticle shape in Brazil during SCAR-B, reported by Martinset al.
[27], suggest that smoke in regional hazes over Amazonia con-
sist largely of spherical particles and thus, the use of the Mie
calculations is appropriate.

Fig. 5 shows the resultant ratios in the blue channel before
and after the 6S correction was applied to CAR data on August

18, from 17:47–17:51 UTC for different values of . Other
than 0.08, representing aerosol optical thickness mea-
sured by the AERONET sunphotometer in Brasilia on this day,
the other values of aerosol optical thickness 0.0, 0.5,
and 1.0 were arbitrarily chosen to show the sensitivity of optical
thickness on the correlation between visible and shortwave-IR
reflectance. As expected, the surface reflectance ratios after at-
mospheric correction are much greater than those before correc-
tion, and increase monotonically as a function of aerosol optical
thickness. For all observational zenith angles, the slope of
as a function of varies between 0.13 and 0.21 after atmo-
spheric correction, which is still less than the average slope of
0.25 recommended by Kaufmanet al.[19]. We note further that
a significant drop in the surface reflectance ratio occurs for
40 , even after atmospheric correction. The decrease offor

40 is not a surprise and we will not over emphasize it here,
since it is a result of the increased path length of the atmosphere
at larger viewing zenith angles. For 0.0, the slope for
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the blue channel varies from 0.11 to 0.19 for all zenith angles.
The slope increases as increases, with values ranging from
0.22 to 0.34 for 0.5 and from 0.36 to 0.61 for
1.0. We note that when 0.5, the surface reflectance ratio

0.25 for 0 40 , as recommended by Kaufmanet al.
[19]. This is, however, not the atmospheric condition that appar-
ently occurred at the time of these observations.

Fig. 6 shows the slope of as a function of for all
eight observational zenith angles after performing atmospheric
correction. Values range from 0.37 to 0.68 for 0.08,
which corresponds to the aerosol optical thickness observed on
this day. Considering error bars, the slopes seem to be approxi-
mately 0.5 for most of the range of zenith angles, in good agree-
ment with [19]. The slopes clearly deviate from the 0.5 line for

40 . For 0.0, the slopes vary from 0.32 to 0.59,
and for 0.5 the slopes lie between 0.61 and 0.99 for all
zenith angles. The slopes are clearly above 1.0 for 1.0
at all observational zenith angles.

Atmospheric correction for the data obtained on August 27,
between 19:02 and 19:08 UTC produces especially interesting
results because of the large aerosol optical thickness observed
on this day (cf. Fig. 7). During this flight, the reflectance ratio
in the blue channel was0.1 prior to atmospheric correction for
all zenith angles 0 40 , but jumps to around 0.25 after
performing atmospheric correction where we assumed
0.68, as observed from a nearby AERONET sunphotometer on
this day. In both the corrected and uncorrected data, the slope de-
creases for 40 , with an especially sharp decrease when
55 . Assuming 0.0, the slopes show a slight increase of

0.01 from the slopes of the uncorrected data, which is quite
insignificant compared to slopes obtained by assuming
0.68. In the red channel, shown in Fig. 8, we see that the ratios
substantially increase after atmospheric correction, as expected.
Before atmospheric correction the slopes are 0.1 for all zenith
angles, and after correction, the slopes increase to between 0.7
and 0.8 at 0.68. With 0.3, the slopes approach
the value recommended by Kaufmanet al.[19], but this appears
to be too low when the proper amount of atmospheric aerosol
is taken into account. In contrast, at the 0.47m channel, the
slopes correspond to the value recommended by Kaufmanet al.
[19] when 0.68.

VII. A ZIMUTHAL VARIATION

All cases considered thus far are for measurements obtained
during straight and level flights, where we assumed that the
azimuthal direction was invariant. In order to explore the az-
imuthal dependence of the spectral reflectance ratio technique,
we analyzed bidirectional reflectance function (BRF) data col-
lected over cerrado during SCAR-B [38] for August 18, from
18:51 to 19:02 UTC when 60.4 . The reflection function
data were averaged over all azimuth angles at each zenith angle.
The slopes of the azimuthally averaged reflectance for both blue
and red channels increase with increasing zenith angle, quite dif-
ferent from what was observed for the straight and level flights
(cf. Fig. 9). In the blue channel the slopes varied from 0.06
around nadir to 0.22 at 55, while in the red channel the slopes

varied from 0.18 around nadir to 0.44 at 55. These ratios grad-
ually approach the values recommended by Kaufmanet al.[19]
the further one is away from nadir. Beyond 55, the values, not
shown in Fig. 9, remain around the value attained at 55, but the
correlation coefficient deteriorates to below 0.50. Though no at-
mospheric corrections were applied to Fig. 9, the effects of the
atmosphere are small on this day (cf. Figs. 5 and 6).

In order to examine the spectral reflectance measurements
as well as the spectral ratios over all azimuthal angles, we
have prepared polar plots, shown in Fig. 10, that illustrate the
distribution of reflectance over all azimuthal angles at each of
three wavelengths: a) 0.47, b) 0.68, and c) 2.20m. The ratios

and are shown in Fig. 10(d) and (e),
while Fig. 10(f) shows the ratio for different view
geometries. In all polar plots, the observational zenith angle
is represented by the radial distance from the center of the
circle, and the azimuth angle is represented as the length of arc
on the respective zenith circle. The principal plane (i.e., the
vertical plane containing the sun) resides in the 0–180azimuth
direction with the sun located in the 180azimuth direction.
With this definition, the upper half circle represents forward
scattering and the lower half circle represents backward scat-
tering. For the three CAR channels presented here, the BRF
appears symmetric about the principal plane and the smoothest
at 0.47 m. The spectral BRF for the visible wavelengths is less
than 0.25 for all zenith angles except for the anti-solar point
located near 60.4 and 180 in the 0.68 m channel.
At 2.20 m, the reflection function is less than 0.3 except in
the antisolar direction (hotspot), where 0.4. The ratios,
shown in Fig. 10(d) and (e), are generally invariant along the
azimuthal direction, being primarily a function of view zenith
angle. The small variability noted along different circles in the
azimuthal direction may largely be attributed to surface effects.
In the 0.47 m channel 0.15, whereas at 0.68

m, the ratio 0.4. In Fig. 10(e),
shows very small difference in reflectance above a zenith angle
of 60 .

Finally, we analyzed BRF data acquired over dense forest on
August 27, which took place between 19:17–19:23 UTC over a
forested area northwest of Cuiabá (Fig. 11). In all three chan-
nels, the spectral reflectance was symmetrical and0.2, an in-
dication of a dark target (dense dark vegetation). For 0

60 , the spectral reflectance ratio lies between 0.3 and 0.5,
which is quite similar to the value recommended by Kaufmanet
al. [19] for the 0.68 m channel. At 0.47 m on the other hand,
the reflectance ratio is 0.3, which is much larger
than the value recommended by Kaufmanet al. [19]. None of
the results presented in Figs. 10 or 11 have had atmospheric cor-
rection applied.

VIII. SUMMARY AND CONCLUSIONS

We have used the CAR multispectral, multiangular data, col-
lected during the SCAR-B Experiment, to examine the surface
reflectance ratio technique that is an underlying assumption in
the remote sensing of tropospheric aerosols over the land from
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the MODIS, as described by Kaufmanet al. [19] and Kinget
al. [22] for all zenith angles from nadir to 65. The strategy we
adopted was to first select a low turbidity flight over cerrado of
Brazil on August 8, 1995 and to compute reflectance ratios at
0.47 and 0.68 m to corresponding measurements at 2.20m,
separately accounting for backward and forward scattering di-
rections. Similarly, we analyzed data from August 27, 1995 in a
more turbid environment not far from the city of Cuiabá in Mato
Grosso, Brazil. For both flights, we removed the effects of atmo-
spheric absorption and scattering using 6S, a radiative transfer
code developed by Vermoteet al. [40], where we recomputed
the spectral ratios for various values of aerosol optical thick-
ness. Finally, we analyzed BRF data to examine the dependence
of the reflectance ratio technique on relative azimuth angle.

Results of this analysis show that, once the atmosphere is
removed from the spectral reflectance measurements, the re-
sulting slopes of as a function of lies between 0.18
and 0.27 for zenith angles from nadir to 55, dropping to as low
as 0.08 at 65 (cf. Figs. 5 and 7). The variation with zenith
angle is small and the correlation remains above 0.80 for
45 , which is an indication of a good linear fit. The intercept,
obtained by regression of as a function of , is quite
small and can thus be largely ignored. For a good linear rela-
tionship, the intercept should be zero, i.e., if there is no surface
reflectance in the 2.20m channel, then there should be none
in the 0.47 m channel, an assumption built into Kaufmanet
al.’s [19] correlation approach. However, Wenet al. [41] found
that the intercept of and as a function of can
be used to derive the aerosol optical thickness of the scene. It is
interesting to note that the reflectance ratio technique uses a spe-
cific value of the slope to derive the optical thickness over dense
dark vegetation targets (defined as pixels for which 0.1
or 0.25). The path radiance technique, on the other
hand, first establishes the existence of a relationship at the sur-
face between visible and shortwave-IR reflectance and assumes
that the same relationship holds at the top of the atmosphere.
Under this assumption, Wenet al.[41] derive the aerosol optical
thickness from the intercept where the shortwave-IR vanishes.
The slopes of as a function of lie between 0.352
and 0.554 for 55 . The intercept for the linear fit as
a function of is an order of magnitude smaller than the
fit of against for most zenith angles, an indication
that the model is better suited to this wavelength. Higher corre-
lation ( 0.80) at most zenith angles further serves to show
the goodness of the linear fit at this wavelength.

In the case of measurements taken in the forward scattering
direction, the slopes of as a function of are slightly
less than 0.1 for most zenith angles and the correlation is slightly
less than 0.80 for most cases and considerably worse at 65
off-nadir ( 0.19). The variability of the spectral ratio for
40 is small, suggesting the possibility that the values can be
modeled by a simple parameter with some tolerable degree of
uncertainty. The slopes of as a function of lies be-
tween 0.233 and 0.473, lower than for measurements made in
the backscattering direction, at most zenith angles. The correla-
tion falls below 0.80, to as low as 0.28, at 65 . Although
the variability of the spectral slopes of as a function
are greater than the corresponding slopes of as a function

of for all zenith angles from nadir to 40, the slopes of
as function of seems to oscillate around a value of

0.3, an indication that a relationship can be developed for these
zenith angles.

In the case where measurements were obtained in a more
turbid atmosphere where the aerosol optical thickness
0.68, the slopes of as a function of 0.1 for zenith
angles from nadir to 40with very little variability as a func-
tion of zenith angle (cf. Fig. 4). This case is quite similar to the
one for forward scattering discussed above, and suggests that
the two cases may be parameterized by a simple relationship.
The slopes of as a function of 0.34 for zenith an-
gles up to 40 with correspondingly small variability between
zenith angles. The correlation coefficient is generally somewhat
less than 0.80 at 0.47m and somewhat greater than 0.80 at 0.68

m (cf. Table III).
After atmospheric corrections are applied to the raw reflec-

tion function measurements, the reflectance slopes increase,
with the greatest increase occurring for the largest aerosol
optical thickness.

In the case of azimuthally averaged BRF data, the slopes in-
crease as a function of viewing zenith angle, being the greatest
the further away from nadir as one views a scene, at least out
to 55 , beyond which the correlation coefficients are too
low to yield any useful relationship. The reflectance ratios show
little variation with azimuth angle, being especially well be-
haved in the backward scattering directions over dark targets
(cf. Figs. 10 and 11).

It is clear from the above discussion that a relationship be-
tween visible reflectance and shortwave infrared reflectance ex-
ists for zenith angles from nadir to about 40, and that a simple
parametric relationships can be derived. In light of these ob-
servations, the relationship 0.25 does not seem
to hold for the cases tested here, but the relationship
0.5 seems to hold fairly well for zenith angles from nadir to
45 , a good indication of its potential use in the remote sensing
of tropospheric aerosol optical properties from spaceborne ob-
servations.
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