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The Relative Importance of Aerosol Scattering and
Absorption in Remote Sensing

ROBERT S. FRASER AND YORAM J. KAUFMAN

Abstract-Previous attempts to explain the effect of aerosols on sat-
ellite measurements of surface properties for the visible and near-in-
frared spectrum have emphasized the amount of aerosols without con-
sideration of their absorption properties. In order to estimate the
importance of absorption, the radiances of the sunlight scattered from
models of the Earth-atmosphere system are computed as functions of
the aerosol optical thickness and absorption. The absorption effect is
small where the surface reflectance is weak, but is important for strong
reflectance. These effects on classification of surface features, measur-
ing vegetation index, and measuring surface reflectance are presented.

I. INTRODUCTION
M EASUREMENTS of the properties of the Earth's

surface from satellites, such as Landsats, depend on
the optical characteristics of the Earth's atmosphere [12],
[14]. Molecular scattering and absorption can be ac-
counted for satisfactorily, but not the optical properties of
aerosols for the part of the spectrum dominated by scat-
tering processes as opposed to thermal emission. Kauf-
man [15] showed how aerosols decrease the apparent spa-
tial resolution. Kaufman and Fraser [17] showed that
aerosols modify the apparent spectral characteristics, re-
sulting in loss of classification accuracy. Usually, the aero-
sol effect on remote sensing is expressed as a function of
only the aerosol optical thickness [8], [10], [18]. Aerosol
absorption may be another important parameter, since it
has been observed to vary several fold [27]. As a result,
remote sensing from satellites can be affected signifi-
cantly by aerosol absorption. Such effects are discussed
here.
The absorption properties of atmospheric aerosols are

poorly known [1], [9], [26]. Hence, their radiative prop-
erties cannot be modeled accurately [3]. Nevertheless,
reasonable atmospheric models for calculating the relative
effect of aerosol absorption can be specified (Section II).
The atmospheric effect on the radiance of scattered sun-
light is described in Section III, and the contributions from
scattering and absorption are also discussed. Section IV
contains examples of the effects on remote sensing of bio-
mass, classification, and measurement of ground reflec-
tion. Conclusions are stated in Section V.
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II. ATMOSPHERIC MODEL
The atmospheric model is developed to account for at-

mospheric radiation effects in the visible and near-infrared
spectral bands used for measurements of surface proper-
ties from satellites. The scattering characteristics of the
standard gases are accounted for. Gaseous absorption is
weak and only ozone absorption is included. The aerosol
optical properties are computed with application of the
Mie theory. Since transmission through atmospheric aero-
sols frequently can be expressed rather well by a power
law for their size distribution [2], [16], such a function is
adopted here.

dn -P
d log r (1)

where n is the number density of aerosol particles, and r
is their radius. Their index of refraction is assumed to be
m = 1.43-0.0035 i, resulting in an albedo of single scat-
tering for the aerosols of CoA = 0.96. This parameter is
explained by realizing that the extinction coefficient (be)
equals the sum of the scattering (b5) and absorption (ba)
coefficients. The albedo of single scattering gives the frac-
tion of light that is scattered (c = bslbe), and the fraction
absorbed is 1 - X.
The optical effects caused by aerosol absorption cannot

be modeled accurately, since the physical state of the ab-
sorbing species is poorly known. The optical properties
depend significantly on their state [1]. Aerosol absorption
of visible light is attributed predominantly to graphitic car-
bon generated by combustion processes [6], [20], [23],
and [24]. The predominant aerosol absorption is thought
to occur at particle sizes smaller than 2 Am [20]; but, be-
cause preliminary measurements of the absorption indi-
cate that the absorption coefficient is inversely propor-
tional to wavelength [23], Mie theory indicates that the
particles may be smaller than the wavelength [3]. The car-
bon particles occur in the atmosphere either separately
from other particles (the external mode), or mixed with
other particles (internal mode). The mode is not known
for an entire column of air for satellite measurements. The
absorbing particles are modeled here by assuming that they
are small compared to the wavelength and in the external
mode.- Hence, their scattering effects are negligible com-
pared to their absorption effects.
Waggoner et al. [27] have reported several values of XWA

measured near the ground in the United States. The values
lie in the range of 0.54 . c < 0.61 for urban industrial
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areas, 0.73 < wA < 0.87 for urban residential areas, and
0.89 s .A< 1.0 for nonurban or rural areas. Based on
such data and others, Shettle and Fenn [251 suggested val-
ues of CoA, when the relative humidity is 70 percent, of 0.7
for urban aerosols, 0.95 for rural aerosols, and 0.99 for
maritime aerosols. Hence, an aerosol albedo of single
scattering for a vertical column of the atmosphere can be
expected between 0.5 and 1.0. In later discussions the un-
certainty in the albedo of single scattering of aerosols for
remote sensing in regions outside of urban areas will be
assumed as AUA = 0.1.
The aerosol optical thickness for the United States at

500 nm varies from a few hundredths to one, or more; and
its standard deviation is about one-half of its mean value
[7]. The aerosol optical thickness in continental regions
varies approximately inversely with wavelength [2].

III. RADIANCE OF REFLECTED SUNLIGHT
The radiance of the sunlight reflected from the Earth-

atmosphere system is computed for several models to show
the significance of the two parameters-aerosol optical
thickness (TA) and albedo of single scattering (w A). The
radiance LU can be expressed as [11]

L (0, 0, 4) - L3 (0, 06 4) + ('F -()T (2)w(10 - sQr) p) (2

where 0 and 4 are the zenith and azimuthal angles of the
direction of propagation of the light; r is the normal op-
tical thickness of the atmosphere (proportional to aerosol
loading); p is the hemispherical reflectance of the ground,
which reflects light according to Lambert's law; FD is the
total downward flux of light at the ground if p = 0; T is
a transmission function from the ground to the top of the
atmosphere for the radiance; and s is the reflectance of the
atmosphere for isotropic light entering the base of the
atmosphere. The first term on the right-hand side of (2) is
just the radiance of the atmosphere if the ground were
nonreflecting (p = 0); this term will be called the LO term.
The second term gives the direct and diffuse transmission
of light reflected from the ground to a satellite.

Throughout the remainder of this report radiances and
fluxes will be normalized to reflectance units. As a result,
the normalized radiance L and LO are related to the ab-
solute spectral radiance L' and Lb by

L = 7rL'/FO cos 06

Lo-= wLbFo cos 00 (3)
where Fo cos 60 is the solar spectral irradiance incident
on a horizontal surface at the top of the atmosphere. The
normalized flux is related to the absolute flux FD by

FD=F'IFO cos 00. (4)

Equation (2) written in terms of the normalized units be-
comes

L(0, 0 4 = LO(O0, , ) + PFDT/(l -PS). (5)

were r = 0, then Lo = 0, FD = 1, T = 1, and the radiance
L (0, 0, 4) = p, the surface reflectance. The advantage of
using reflectance units is that the difference between L and
p clearly shows the net atmospheric effect.
The computations are made with a radiative transfer

code that was developed originally by Dave and Gazdag
[51. The radiance and scattering phase function were de-
veloped in series of cosine functions of the azimuth. As a
result, the coefficients of the terms for the radiance are
computed as a function of optical parameters and polar
angle by an iterative procedure. All orders of multiple
scattering are accounted for, but polarization effects are
neglected.
The relative significance of the two aerosol parameters

(optical thickness and albedo of single scattering) differs
for small and large surface reflectance. The essential dif-
ferences can easily be explained for optically thin atmo-
spheres, which frequently occur during satellite measure-
ments. The LO term of (5) is dominant when surface
reflection is weak. If the solar zenith (0O) and viewing
angles are not large, then [4]

Lo(0, 6, 4) = 7r sec 60 sec 4Th- T) + (L $ Tfl

(6)
where the first term in the right-hand side applies to aero-
sol scattering and the second term to gaseous scattering;
p is the scattering phase function, normalized such that
its integral over all solid angles equals 4wx. The change in
radiance due to changes in aerosol optical thickness and
albedo of single scattering is

ALo = 7w sec 0 sec 60- (wA ATA + 7A AWA).
4w

The change in optical thickness implies increasing or de-
creasing the amount of aerosol, which is partially absorb-
ing in general. The ratio of the last two terms within par-
enthesis is

(A TA/TA)/(AWA/WA) (7)
If A TA/TA = 0.5 and AWA/WA = 0.1, as might be expected
for continental regions, then the change in aerosol optical
thickness has five times the effect of just the absorption
change. The aerosol optical thickness is more important
than absorption in accounting for variable aerosol effects
over dark surfaces.
The radiance of the Earth-atmosphere system, accord-

ing to (5), is linearly proportional to the surface reflec-
tance when the term sp is small, as is usual. When the
surface reflectance becomes strong, usually when p > 0.2,
then the second term on the right-hand side of (5) be-
comes increasingly important. The atmospheric effect for
this term depends on atmospheric transmission (FD and
T). An expression for the transmission of sunlight through
the atmosphere is [21]

As an example, if the optical thickness of the atmosphere FD - exp (-sec 0} {TA[Il _ WA(1 _ OA)] + T"/2} (8)
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where OA is the fraction of sunlight scattered by the aero-
sols into the backward hemisphere, which has the sun at
its pole. A change in FD associated with aerosol changes
is

= sec Oo7A{(1 - XA)AA
FD

- [1 _ A(l1 - OA)] QA_p47,A} X

(9)
The effects of changing aerosol absorption or its optical

thickness are about the same, if representative aerosol pa-
rameters are used such as CoA = 0.9, AcaA = 0.1, ArA!
rA = 0.5, and A 0.1, as computed for continental aerosol
models. A similar analysis applies to the upward trans-
mission (T). Hence, changes in aerosol absorption and
optical thickness have comparable effects on changes of
radiance of light reflected from the ground and transmit-
ted through the atmosphere.

Summarizing, the aerosol loading increases the upward
radiance through its effect on LO and decreases the upward
radiance through its effect on FD and T The aerosol ab-
sorption decreases the upward radiance through LO, FD,
and T. Therefore, while the effect of absorption on the
upward radiance increases continuously as a function of
the surface reflectance, the effect of the optical thickness
is mixed. It increases the radiance for dark surfaces, but
the effect is reduced as a function of the surface reflec-
tance, until becoming a decrease for very bright surfaces.
The radiance of models of the Earth-atmosphere is

shown as a function of several parameters in Fig. 1. The
solar zenith angle is 0O = 400. The wavelength is X = 610
nm. The gaseous scattering optical thickness is Tr =
0.066; the absorbing gas is ozone and its optical thickness
is TG = 0.021 for a spectral bandwidth of 100 nm. The
power for the size distribution is v = 3. This atmospheric
model will be referred to as the standard model. The four
curves on each panel of Fig. 1 are labeled with the value
of surface reflectance. The difference between this value
and the ordinate of the corresponding curve is the change
in apparent reflectance caused by the atmosphere. Figs.
1(a) and l(b) show the radiances for an extreme path
length through the atmosphere encountered in current sat-
ellite observations. If the aerosol albedo of single scatter-
ing is large (Fig. 1(a)), the radiance increases linearly with
respect to aerosol total optical thickness, but the rate of
increase becomes smaller as the surface reflectance be-
comes larger. For moderate values of wA (Fig. 1(b)) the
slopes of the curves decrease and become negative for
large surface reflectance. In the latter case, the apparent
reflectance decreases markedly with more aerosol. Such
an effect would be important in estimating desert reflec-
tance, for example, from satellite observations.
The atmospheric effects with a minimum path length

through the atmosphere (nadir viewing) are shown in Fig.
l(c) and l(d). The light reflected from the ground be-
comes more important relative to the LO term of (5). The
apparent reflectance of bright surfaces still decreases no-
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Fig. 1. The radiance (in reflectance units) of light (610 nm) reflected from

the Earth-atmosphere system for the standard model as a function of the
total aerosol optical thickness and surface reflectance (p). (a) and (b)
Given for the same zenith (0) and azimuth (4) angles, but for different
albedos of single scattering (WA); (c) and (d) for nadir reflectances (0 =

00). The solar zenith angle OO = 400.

ticeably with additional amounts of moderately absorbing
aerosol.
The difference between the radiance above the atmo-

sphere and the surface reflectance is seen from (5) as

L-p = Lo -p(I -FDT) (10)
where the small term pS is neglected to simplify this dis-
cussion, but is retained in the computations. This differ-
ence decreases almost linearly with increasing surface re-

flectance (Fig. 2). The atmospheric radiance (LO) is
independent of surface reflectance. The next term repre-

sents a loss in radiance of the surface because of atmo-
spheric attenuation. The attenuation term is weighted by
the surface reflectance p. For any one of the two values of
albedo of single scattering, the curves for the four values
of aerosol optical thickness intersect within the neighbor-
hood of a point. The abscissa of this point will be called
the critical surface reflectance (Pc). At Pc the radiance L
may be more or less than the surface reflectance, depend-

Aing on wc.
The significance of Pc is that the radiance stays essen-

tially constant as the optical thickness changes. At the
critical surface reflectance an increase in aerosol amount
results in more backward scattering of direct sunlight, and
thus larger LO; but there is also greater attenuation of light,
resulting in smaller flux incident on the ground (FD) and
smaller transmission through the atmosphere (T). Hence,
the two terms on the right-hand side of (10) change by the
same magnitude, but with the opposite sign. Since the
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SURFACE REFLECTANCE (p1

Fig. 2. The radiance of the Earth-atmosphere system minus the surface ra-
diance (in reflectance units) for nadir observation, as a function of the
surface reflectance. The total aerosol optical thickness _A and the single
scattering albedo WA are indicated for each line. The solar zenith angle
is 400, the wavelength is 610 nm, and v = 3.

change in radiant energy by attenuation is weighted by the
surface reflectance, the attenuation becomes stronger
(weaker) when the surface reflectance is greater (less) than
pc. If the surface reflectance is smaller (larger) than the
critical surface reflectance, then the radiance increases
(decreases) with increasing optical thickness.
The effect of aerosol absorption on the critical reflec-

tance can be explained by considering an optically thin
atmosphere. Substitute the aerosol scattering optical
thickness, TrA = WA 7A in (6) for Lo. Then the Lo term
does not depend on aerosol absorption. The attenuation
term does depend on absorption, however. For example,
consider the value of the critical reflectance in Fig. 2 where
the Lo and attenuation terms are in balance for WvA = 0.96.
If small absorbing aerosols are added to the atmosphere,
Aw decreases. The Lo term does not change significantly,

but the attenuation increases. In order to place less weight
on the attenuation term of (10), the critical reflectance de-
creases until the Lo and attenuation terms compensate for
a change in aerosol optical thickness.
The critical reflectance depends on the aerosol scatter-

ing phase function (A) the length of the path through the
atmosphere, and the relative position of the line-of-sight
and the sun. Aerosol scattering is such that the relative
amount of backward to forward scattering of direct sun-
light increases as the power v increases for a power-law
size distribution (1). The Lo term increases with v; but the
attenuation term partially compensates, because less dif-
fuse light is transmitted. The net effect is such that the
critical reflectance has to increase to give added weight to
the attenuation. Fig. 3 shows that the critical reflectance
increases with v for all three zenith angles. The curve for
0 = 0 and v = 3 corresponds to the case illustrated by
Fig. 2.
As the zenith angle (0) of the light transmitted from the

surface to a satellite increases, the optical thickness of the
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Fi*. 3. The critical reflectance Pc as a function of the aerosol single scat-
tering albedo (W A) for three power law size distributions with exponent
v. The calculations are for wavelength 610 nm and aerosol refractive in-
dex n = 1.43 - 0.0035i. The observation zenith angle 0 is indicated.
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Fig. 4. The critical reflectance as a function of the azimuth between the
directions of the solar irradiation and the line-of-sight, for three values
of the observation zenith angle 0 and three values of the single scattering
albedo cA* V = 3 and0, =40g.

path inrcreases. Both the Lo term and attenuation increase,
tending to compensate each othter. The scattering angle
for direct sunlight changes also, resulting in a change in
the scattering phase function.: The radiance of scattered
light increases more than the attenuation loss, and the crit-
ical reflectance has to increase in order for the Lo and
attenuation terms to remain in balance.
The critical surface reflectance also depends on the azi-

muth, since the aerosol scattering phase function depends
on the scattering angle. The critical reflectance is given
as a function of azimuth for three zenith angles and three
cA1s in Fig. 4. When the zenith angle is fixed, the atten-
uation term is independent of azimuth. Then Pc changes
with the Lo term which varies mostly according to the
strength of scattering of direct sunlight by the aerosols,
since their phase function changes rapidly with respect to
scattering angle. Although the strength of scattering by
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Fig. 5. Scatter diagram of the radiance from a Landsat image on a hazy

day as a function of the radiance on a clear day taken over Washington,
DC. The arrow indicates the radiance for which no change occurs due to
the haziness difference between the clear and the hazy day. The waveband
is 700-900 nm; solar zenith angle is 33'.

the gas is appreciable, its phase- function changes slowly
with respect to angle. Lo is a maximum in Fig. 4 at the
smallest scattering angle, which for example, for 0 = 600
and 0O = 400 corresponds to 800 at azimuth 00; and Lo
is a minimum near a scattering angle of 1300 or an azi-
muth between 1000 and 1200. The attenuation term is
weighted by the critical reflectance, depending on the
value of LO. Also, as seen in Fig. 2, the critical reflectance
increases with aerosol albedo of single scattering.
An example of the dependence of the measured atmo-

spheric effect on the surface reflectance is given in Fig.
Here the normalized upward radiance for a hazy day (Au-
gust 2, 1982) was plotted as a function of the upward ra-
diance for a clear day (August 20, 1982). The radiances
are derived from the 700-800-nm band of a Landsat image
over Washington, DC. The critical reflectance is Pc -

0.18. With greater amount of haze the radiance increases
(decreases), if p < Pc(Pc < p)

A quantitative description of the effect of absorption and
scattering on the upward radiance can be performed by
plotting the radiance response to a perturbation in one of
the parameters. Fig. 6 describes results of such pertur-
bation analysis. The unperturbed model is the same model
used for Fig. I(c). The changes in the upward radiance
due to perturbations in the optical thickness of ATA = 0.1
in the single scattering albedo of AWA = -0.05 and in the
size distribution At = 0.5 [2] are plotted. The plots are
for nadir (0 =-0) and off nadir (0 = 400) direction of
observation.
The changes in radiance can be compared with the

specification for Landsat to detect a change of a few thou-
sandths. An increase in the power of the size distribution
of AP = 0.5 results in a small increase in radiance for
small surface reflectance, but a negligible change for large
reflectance. The aerosol optical thickness perturbation of
A¶r = 0.1 results in significant increase (decrease) in ra-
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Fig. 6. Changes of the radiance of light (610 nm) reflected from the Earth-
atmosphere system as a function of surface reflectance for perturbations
of aerosol optical thickness, albedo of single scattering, and size distri-
bution when 80 = 40'.

diance for small (high) surface reflectance. The change in
albedo of single scattering results in the largest effect, at
least for the assumed perturbation (AcoA = -0.05).

For a given perturbation in the optical thickness NrA,
there always is a perturbation in the single scattering al-
bedo A that for a specific value of the surface reflec-
tance results in the same change in the radiance. Such
results can be represented by a phase diagram given in
Fig. 7, which shows the surface reflectance where aerosol
absorption (1 wA) or optical thickness is the more sig-
nificant parameter associated with changes of the nadir
radiance of the Earth-atmosphere system. The reflectance
of the surface of the Earth ranges over nearly the entire
range of the abscissa, and the ordinate covers only part of
the range of aerosol absorption. The aerosol scattering op-

tical thickness of the reference model is perturbed by in-
creasing it 0.1. The ordinate gives the perturbation in aero-
sol absorption. Since the critical reflectance pc = 0.27 in

this example, the change in radiance with just the optical
thickness is positive (negative) for surface reflectance less
(greater) than Pc. Along the continuous line there is no
change in radiance, since a perturbation by the aerosol
absorption results in a complete compensation' for the ra-
diance change resulting from the optical thickness pertur-
bation. The plus and minus signs indicate the sign of the
net radiance change in the shaded regions. The absorption
and optical thickness perturbations result in radiance
changes of the same value along the dashed line. The op-
tical thickness causes the larger radiance change in the
hatched region. The major significance of this diagram is
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Fig. 7. Relative changes of nadir radiance of the Earth-atmosphere system

due to perturbations of aerosol optical thickness (A7rA = 0.10) and ab-
sorption (ordinate) as a function of surface reflectance. Q, 40' and X
= 610 nm. For the unperturbed model rA = 0.3, wA = 0.96.
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Fig. 8. Same as in Fig. 7, but for three power law size distributions with
exponent P.

that aerosol absorption is more important than optical
thickness in many remote sensing situations, which is the
region that is not shaded or hatched in Fig. 7. The size of
the unshaded areas depends on the aerosol scattering phase
function, and, therefore, on the aerosol size distribution.
In Fig. 8 the upper half of the diagram of Fig. 7 is repro-
duced for = 2, 3, and 4. A higher value of v means that

the size distribution has more small particles with strong
backward scattering. As a result, the critical reflectance
increases, shifting with it the whole equal response curve.

IV. APPLICATIONS
A. Satellite Measurement of Biomass
We shall use the example of satellite measurements of

biomass to show the relative effects of aerosol absorption
and optical thickness. Such measurements are commonly
made by comparing the contrast in radiances of the near
infrared and red spectra, since green biomass, such as tree
leaves, has strong reflectance in the near-infrared spec-

TABLE I
COVER TYPE, GREEN BIOMASs LEVELS, AND MEASURED REFLECTANCE AT

THE SURFACE [19]

Green Reflectance at
Cover Type Biomass (gin2 Surface ND

Red NIR

Clean Water 0. .00 00

Bare Soil 0. .20 .25 0.11

Alfalfa Low 260 .10 .20 0.33
Biomass Level

Alfalfa Medium 660. .05 .25 0.67
Biomass Level

Alfalfa High 1400. 03 .40 0.86
Biomass Level

TABLE II
AEROSOL MODELS ASSOCIATED WITH SIMULATION OF BIOMASS
OBSERVATIONS. THE POWER OF THE SIZE DISTRIBUTION IS 3.7
(The symbol for aerosol scattering optical thickness is T'.)
-~~~~~~~~~~~~~~~~~

Average Ts Large 4

1 2 3 4

Weak Moderate Weak Moderate
Absorption Absorption Absorption Absorption

Parameter 660 820 660 820 660 820 660 820

TA 0.287 0.200 0.287 0.200 0.861 0.600 0.861 0.600

total optical 0.366 0.276 0.395 0.296 0.961 0.692 1.049 0.753
thickness

A)A 0.964 0.9 0.878 0.876 0X962 0.960 0.878 0.876

trum, but weak for red light. The
as a normalized difference (ND)

contrast is expressible

1 -yz
ND=

1+y
-y = L(660 nm)/L(820 nm). (11)

Holben and Fraser [13] found that the ND depended sig-
nificantly on the aerosol optical thickness, but the absorp-
tion effect was not studied.
The relative effects of aerosol absorption and optical

thickness are computed for models consisting of the four
surface types given in Table I, and the four atmospheric
models consisting of the standard scattering and absorbing
gases plus aerosols whose characteristics are given in Ta-
ble IL. The aerosol optical thickness properties are based
on summer observations at Washington, DC. [16]. Values
less than 0.3 were measured 30 percent of the time, and
values exceeding 0.86 were measured 15 percent of the
time. Peterson et al. [22] found similar values for North
Carolina. Therefore, models 1 and 2 represent low hazi-
ness and models 3 and 4 represent hazy conditions. The
absorption is weak for models 1 and 3, but moderate for
models 2 and 4.
The radiances of the Earth-atmosphere models consist-

ing of dense alfalfa and the four aerosol models of Table
II are plotted in Fig. 9 for two viewing directions. For
either of the two directions, the spread of the four points
indicates the problem caused by the atmosphere, when
surface classifications are made by means of clustering

========u = 4

I_ I_ -- 1-I -3
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Fig. 9. Radiance of models of the Earth-atmosphere system. The surface

consists of dense alfalfa (high biomass density) of Table I. The numbers
beside the plotted points refer to the aerosol models of Table II. 60 -
50g.

techniques. Whenever gradients in the aerosol optical
properties occur, the points are dispersed.
The ratio -y in (11) for the measure of biomass equals

the slope of a line through a radiance point and the coor-
dinate origin of Fig. 9. If the atmospheric properties vary
in such a way that the slope of a line through the obser-
vation point does not change, then the ND is independent
of the atmospheric properties. When the aerosol albedo of
single scattering increases in the transition from point 2
to 11, or 4 to 3, the slope changes only slightly, because the
relative change in radiance is nearly the same for both
spectral bands. Hence, changes in aerosol absorption have
a weak effect on the ND. On the other hand, the ratio 'y
changes significantly as the aerosol optical thickness in-
creases from 1 to 3 or 2 to 4. More generally, this diagram
implies that measures of contrast between bright and dark
surface, such as given by (11), are insensitive to aerosol
absorption, but decrease with increase in aerosol optical
thickness.

B. Classification
The atmospheric effect on classification and the role of

w ,A and TA in it, can be described with the aid of Figs. 9-
11. As was mentioned before, the spread between the val-
ues associated with the four atmospheric models in Fig. 9
indicates the atmospheric effect on classification of sur-
face objects by means of clustering. To illustrate the ef-
fect, the nadir radiances for the four atmospheric models
and the five land covers given in Table I are tabulated in
Table III together with the resulting vegetation index ND.
The radiances are plotted in Fig. 10. For a given atmo-
spheric model the classes are well separated. Once all the
atmospheric models are introduced, as in Fig. 10, the
classes are less separable. For example, bare soil for high
absorption and both small and large amounts of haze
(models 2 and 4) is located very close to alfalfa with low
biomass for a hazy atmosphere with low absorption (model
3). Therefore, in this simplified two-band classification,
uncertainty in the atmospheric absorption brings the two
classes to a separation of only AL = 0.02.
The effect of aerosol absorption on the radiance of dense

alfalfa is shown as function of wavelength in Fig. 11. It is

E

ct

z
0

4o

0.3

0.2

21~~~~~~~~~
3~~~0.10 ? , 1

0.0 __-I_
0.0 0.1 0.2 0.3 0.4 0.5

RADIANCE (820 nml
Fig. 10. The radiances in two spectral bands of the Earth-atmosphere for

the surface models given in Table I and atmospheric models in Table II.
0 = 00, 0, = 500. + shows surface reflectance; x shows bare soil; o,
o, and A alfalfa: low, medium, and high biomass, respectively;., water.
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Fig. 11. The surface reflectance for dense alfalfa (solid line) [28], the up-
ward radiance (dashed line) at nadir for relatively clear conditions (aero-
sol optical thickness is 0.25 at 560 nm) and low absorption WoA _ 0.96,
and the radiance for the same optical thicknesses, but moderate absorp-
tion WA _ 0.81 (dotted line). The solar zenith angle is 30°.

TABLE III
THE UPWARD RADIANCE FROM THE NADIR AND THE VEGETATION INDEX ND
AT THE ToP OF THE ATMOSPHERE FOR THE FOUR LAND COVERS OF TABLE I

AND FOR THE FOUR ATMOSPHERIC MODELS OF TABLE II

RADIANCE (L) ND
A Model I Model 2 Model 3 Model 4 Ml M2 M3 M4

Bare soil 660 .222 211 233 197 .042 .053 -.005 .026

Alfalfa 660 .126 .118 .173 .142 .9 .04 08
Low biomass 820 .183 174 197 169 18 1 064 .087

Alfalfa 660 .087 .082 .144 120 44 44 .23 .24
Medium biomass 820 .223 211 .230 .197

Alfalfa 660 .072 .068 .132 .111 65 65 A3 44
High biomass 820 .344 326 .332 282

Water 660 048 046 .115 098 -033 -0.28 -0.24 0.22820 024 026 071 063

seen that for short wavelengths (X < 750 nm) the two at-
mospheric models (dotted and dashed lines) give similar
results. This is due to the low surface reflectance at these
wavelengths. For longer wavelengths (0.75 < X < 1.4 nm)
the atmospheric effect for the low absorbing model is very
small, while strong reduction in the radiances is found for
the more absorbing model.
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Fig. 12. The upward radiance as a function of the surface reflectance for
four atmospheric models of Table II. The thin solid line is for no atmo-
sphere. 0 0° and 0,, - 50".
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Fig. 13. The error in the remotely sensed surface reflectance as a function
of the surface reflectance due to an error in the atmospheric model. The
first and second numbers at the end of a curve refer to the assumed and
true models, respectively.

C. Surface Reflectance
Remote measurement of surface reflectance is also

strongly affected by the atmospheric aerosols. The radi-
ance is given as a function of surface reflectance in Fig.
12 for the atmospheric models of Table II. The radiance is
much less than the surface value for all models with high
surface reflectance. These radiances are used in Fig. 13
to derive the error in the remotely sensed surface reflec-
tance due to a wrong assumption of the atmospheric
model. The error in the remotely secured surface reflec-
tance is plotted as a function of the surface reflectance
itself (Fig. 13). For example, the (I -l 2) curve represents

the error due to an assumption that the atmosphere has a

small optical thickness and absorption (model 1) while the
true atmosphere has higher absorption (model 2).
The -- 3 curve gives the error in derived surface re-

flectance by assuming that the aerosol optical thickness is
too small by 0.4. At the point where the surface reflec-
tance is 0.32 the error vanishes, since the radiance is in-

dependent of the amount of aerosol for WA = 0.96 and the
geometry of this example. If on the other hand the albedo
of single scattering is underestimated for the hazy atmo-
sphere (4 -- 3), large reflectance errors result. In desert
regions where the surface reflectance is 0.40, the derived
surface reflectance would be 0.47. The desert albedo for
the entire solar spectrum would tend to be overestimated,
if the albedo of single scattering were underestimated since
the error is positive, at least for AWA = -0.15.

V. CONCLUSION
Satellite measurements of properties of the Earth's sur-

face depend on aerosol absorption. The significance of this
effect on analyses of satellite observations cannot be es-
tablished without additional information on the optical
properties ofabsorbing aerosols, which depend on the aero-
sol albedo of single scattering and its scattering phase
function. These properties are required for essentially the
lower part of the troposphere, which contains a large frac-
tion of the aerosol. Only a few measurements of the aero-
sol albedo of single scattering have been made, mostly
near the surface, however. The aerosol optical properties
cannot be extrapolated upward from such data, since they
depend on whether the absorbing particles are internal or
external to the dominant nonabsorbing particles. Both
states occur, but investigations concerning this are incom-
plete. Investigations have commenced, however, to mea-
sure the important optical properties of absorbing aerosols
that are relevant properties for remote sensing.
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