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Abstract. An algorithm is described for making fast atmospheric corrections.
The required radiation parameters are stored in a lookup table. The procedure is
to enter the lookup table with the measured radiance, wavelength, view and
illumination directions, heights of observation and surface, and the aerosol and
gaseous absorption optical thicknesses. The surface radiance, the irradiance
incident on a surface, and surface reflectance are computed then. Alternately. the
program will compute the upward radiances at specific altitudes for a given surface
refictance, view and illumination directions, and aerosol and gaseous absorption
optical thicknesses.

1. Introduction
1.1 Background

This paper describes a fast and simple atmospheric correction algorithm to derive
the surface reflectance, surface radiance, and incident irradiance from radiances
measured by satellite or aircraft in the visible and near-infrared parts of the spectrum.
The original version of this algorithm was developed to correct the radiances
measured during FIFE (First ISLSCP Field Experiment) (Sellers er al. 1988), which
has taken place at the Konza Prairie in Kansas. While the algorithm has been
designed to correct radiances measured over a rural site for the wavelength range
0-48 um <~ <22 um, a sensitivity study has shown that the algorithm can be a
practical tool for many applications of remote sensing, for which a uniform surface
can be assumed, and for which the optical characteristics of the aerosol do not differ
significantly from the rural aerosol (the algorithm should not be applied for
correcting for the effect of desert dust or fog). In essence, the algorithm simplifies the

tLaboratory for Atmospheres and Universities Space Research Association Resident
Assaciate.

+This work was done under contract at the Goddard Space Flight Center, Greenbelt,
Maryland. US.A.

01431161 92 §3.00 T 1992 Tavlor & Francis Lid



542 R. S. Fruser ¢t al.

atmospheric correction procedure to a deskiop operation. by sacrificing the flexibility
1o select specific aerosol size distributions and refractive indexes, but not optical
thickness.

1.2. The intervening atmosphere

The atmosphere affects satellite images of the Earth’s surface in the solar spectrum
in two ways. Path radiance is created by sunlight scatiered towards the sensor by
atmospheric molecules, aerosols, and clouds. In addition, solar energy that is
reflected from the Earth’s surface and serves as the remote sensing signal is attenuated
by the atmosphere. This combined atmospheric effect is wavelength dependent. varies
in time and space. and depends on the surface reflectance and its spatial variation.
Correction for the atmospheric effect can produce remote sensing signals that are
more closely related 1o the surface characteristics. Molecular scattering and absorp-
tion in the atmosphere are accounted for satisfactorilv.” Gaseous absorption is
minimized by choosing sensor bands in atmospheric windows. Therefore, aerosol
scattering and absorption. and the presence of subpixel clouds. are the main variables
in the atmospheric effect on satellite imagery. This algorithm neglects cloud effects
but accounts for all other significant atmospheric radiation effects.

1.3. Ammospheric corrections

The only atmospheric parameters required by the algorithm are the aerosol and
gaseous optical thicknesses. The algorithm has default values for the gaseous optical
thicknesses, however. The aerosol optical thickness can be obtained from three
sources. Climatology supplies the least accurate value, since the data are sparse and
available only for a few wavelengths. Accurate values can be obtained from ground-
based values of the measurement of solar transmission. Such observations would
coincide with aircraft or satellite measurements. The aerosol optical thickness can be
obtained from the remote measurements themselves. Examples include deriving
optical thickness of many land surfaces in the blue spectrum, dense dark vegetation in
the visible spectrum (Kaufman and Sendra 1988), and water in the red and near-
infrared. Kaufman er al. (1990) and Ferrare er al. (1990) have developed improved
methods of estimating the aerosol optical thickness, scattering phase function, and
albedo of single scattering. The accuracy of estimating the optical thickness from
satellite observations over land is Atr,=0-1 for the spectral bands where the
measurements are made, if the aerosol optical thickness 7,<0-5. The regions selected
for estimating the optical thickness have to be exclusive of areas where surface
features are being measured.

1.4, The algorithm

The alogrithm is designed to compute the surface reflectance for a given measured
radiance, or alternatively, the upward radiance at an arbitrary height when the
surface reflectance is given. The algorithm is applicable to many wavelengths in the
visible and near-infrared spectrum (with appropriately specified gaseous absorption),
for a wide range of solar and observation zenith angles, azimuth angles between the
observer and the solar rays. and any height of the observer (aircraft or satellite). Any
practical value of the aerosol optical thickness can be used. but the tabulated
radiation parameters are computed for a specific aerosol size distribution and
refractive indices.
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The relation between the measured radiance and the surface reflectance is
expressed as a function of the path radiance, downward flux at the ground,
atmospheric transmission, and the atmospheric backscattering ratio. Using this
relation. a lookup table is constructed which relates the measured upward radiance to
surface reflectance for several aerosol optical thicknesses. solar zenith angles.
measurement wavelengths, and a range of observation directions. This lookup table is
based on the tabulation of the results of radiative transfer computations which are
made using a Dave (1972a,b,c.d) code. It is assumed that the atmosphere and
surface are horizontally homogeneous, and the surface reflects light according to
Lambert’s law. The light scattered by the atmosphere and the surface is assumed to be
unpolarized. The atmosphere is also assumed to be cloud-free. For the most part,
aerosol extinction is the dominant parameter in the aerosol component of the
atmospheric effect (Fraser and Kaufman 1985). Thus, in this algorithm the aerosol
optical thickness is the only variable aerosol parameter. The algorithm uses a
constant aerosol single scattering phase function and scattering albedo chosen to
represent a rural environment. In the following the mathematical basis of the
algorithm is given. Details of applying it are discussed. Finally, an error analysis is
made.

2. Mathematical description

In order to correct for the atmospheric effects, a relation is developed between the
upward spectral radiance L™ measured from satellite or aircraft and the surface
reflectance p. The radiance is equivalent to the specific intensity as defined by
Chandrasekhar (1950), except that the radiance, as used here, is the radiant energy
within a unit wavelength interval instead of the energy per unit frequency. The
radiance L™ can be expressed explicitly as a function of the path radiance L, (upward
radiance for zero surface refiectance), the downward flux through a horizontal surface
at the ground F, (for zero surface reflectance), the total (direct + diffuse) transmission
from the surface to the observer T, and the atmospheric backscattering ratio s. It is
assumed that the atmosphere and the surface are horizontally homogeneous, but the
atmospheric optical properties vary in the vertical direction. The surface is assumed
to reflect light according to Lambert’s law. The light scattered by the cloud-free
atmosphere and surface is assumed to be unpolarized. The relation between L™ and p
is (Chandrasekhar 1950)

(pFsT)
(1 —sp)

Here L™ i1s a function of 4, 6y, 1,, 14, o, 7, 0, Zo, Z, and ¢, where 2 is the
wavelength of the radiation. 6, is the solar zenith angle. 7, is the aerosol optical
thickness (all optical thicknesses apply to the vertical direction and are used with base
€). T, 15 the molecular scattering optical thickness, wq is the ratio of the aerosol
scattering and extinction optical thicknesses, the albedo of single scattering, 7, is the
gaseous absorption optical thickness. Z is the observation height, Z,, is the height of
the surface above seal level (14), 6 is the propagation direction zenith angle of the
radiant energy at the ground, and ¢ is the azimuth angle (azimuthal angles are
measured with respect to the principal plane through the sun; ¢ =0° lies in the plane
containing the direction of propagation of the direct sunlight).

Lm"=L,+ ¢)]
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The functions L,, T. Fy and s are computed with the following functional
dependances:
Lo=Lo(7. 00,7, T Tgo 0. Z0, 2,0, @) Fa=Fy(4,00,7,, s Tgs Zo. Wo)
T=T( 1,77, W0, 24, Z, 0), S= (A Ty Tpes T Zos Wo)

The correction algorithm is based on the inverse of (1), where the surface reflectance p
can be expressed in terms of the measured radiance L™

_J
p =T+ 2
where
7Z(L"' e Lo)
= 3
! D (3)

The algorithm will compute L™ using (1) if p is given or will compute p using (2) and
(3) if L™ is given. Other computed quantities are the total irradiant flux F, on a
horizontal surface at the ground,

Fy
= 4
= {i—sp) @
and the upward radiance L, at the ground in the direction of observation
_PF,
=2 ©)

3. Algorithm
3.1. Model wavelengths

The lookup is computed for the following wavelengths: 0-639, 0-845, 0-486, 0-587,
0-663, 0-837, 1-663, and 2-189 um, which were chosen to represent the NOAA-9
AVHRR band 1 (0-58-0-68 um), band 2 (0-725-1:10 um); the Landsat-5 TM band 1
([0-45~0-52 um), band 2 (0-52-0-60 um), band 3 (0-63-0-69 um), band 4 (0-76-0-90 um)
band 5 (1-55-1-80 ym), and band 7 (2-:10-2-35 um). These wavelengths are listed in
table 1. They are suitable for correcting measurements from instruments with
essentially the same spectral responses. These instruments are the
NOAA 7-11 AVHRR, the Landsat TM 4, and the TM simulator (NS004).

The wavelengths chosen to represent a particular band is computed by first
calculating £*

_JALmF oy da
ST dr ©

where L™ =normalized radiance at the top of the atmosphere. F,=extraterrestrial
solar spectral flux, and  =response function of the sensor. The values for F, are
obtained from Neckel and Labs (1984) while the values for y correspond to the
specific sensor. For the NOAA-9 AVHRR and Landsat TM sensors, these values are
obtained from Kidwell (1985) and Markham and Barker (1985), respectively. The
effective wavelength 2* in (6) is a function of the normalized radiance, which is a
function of the surface reflectance, aerosol optical thickness, and geometry. The

r*



Tablc 1. Spectral bands, acrosol refractive indices, and optical thicknesscs.

AVHRR ™
1 2 1 2 3 4 b 7
Scnsor wavelenghts
50% minimum response (nm) 569-8 7143 4524 5280 626-4 776-4 1567-4 2097-2
50% maximum responsc (nm) 699-3 982-2 517-8 609-3 6932 904-5 1784-1 23490
Pcak responsc (nm) 6380-0 760-0 503-0 594-0 677-0 800-0 1710-0 2200-0
Model (cquation 6) (nm) 6390 844-6 486-2 5869 662-7 8373 1662-7 21880
Indices of refraction
i {(accumulation mode) [-43 1-43 1-43 1-43 1-43 1-43 1-40 1-40
k (accumulation modc) 10°% 10°#® 1078 107# 10°*# 08 1074 1o-*
n (coarse particle mode) 153 1-53 1-53 1-53 1-53 1-53 |-40 135
k (coarse particle mode) 1077 0’ 1077 1077 10’ 1077 107 0:00814
Optical thicknesses
Molccular scalicring t,, 0-0540 0-0180 0159 0-0841 0-0449 00176 0-0012 0-0004
Gascous absorption
ozone t'(”‘ 0-0240 0:00064 0-00663 0-0317 0-0174 0-0000 0-0000 0-0000
waler vapour t."'” 0-00605 0:0933 0-0000 0-0002 0-0068 0-0410 0:0957 0-0741
carbon dioxide ¢, 0-00071 0-0146 0-0000 0-0000 0-0000 0-0021 0-0077 0-0091
Acrosol albedo of single scattering
Wy 0941 0911 0-948 0-943 0-940 0913 0-829 0-865
Composite (§3.3)
i 0-0247 00152 0-0066 0-0317 00174 0-00206 0-00771 0-00908
- 0-00605 0-0933 0-0000 0-0002 0-0008 0-0410 0-0957 0-0741

1011904400 JLdydsoiv 10f w106y
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normalized radiance is computed for a model of the earth-atmosphere system
representative of surface and atmospheric conditions expected for the FIFE Konza
Prairie site during the summer. A similar approach can be used to determine the
wavelengths which correspond to other sensors. =

The correction algorithm 1s based on the tabulation of the results of radiative
transfer computations of Ly, Fy, s, and T. The primed parameters are normalized flux
and radiance rather than their absolute values. The normalized values are related to
their corresponding absolute values by the following equations:

nlg

Focosfy O

: Fy ,
F&eo,fa)—m, Lo(80.8,¢,fa.ZO,Z)—

In order to use the table for atmospheric correction. the measured absolute radiance
L, is converted to L’ using

L™
mo__ "= 8
L Fycos 8, ®
where
Fo=Fy, R?, R=d/d": (9)

dis Earth~Sun distance for the day of the year when measurements are made, and 4’
is the mean Earth-Sun distance.

The algorithm is generalized to accept any wavelength in the range 0-49 to
0-83 um. 0-84, 1:66, and 219 um. For wavelengths for which there are not entries in
the lookup table (see table 1), the algorithm will interpolate the atmospheric functions
(Lo, T, Fy. 5) for the desired wavelength. The interpolation is performed assuming
that these parameters are proportional 1o the wavelength raised to a power, which is
computed from the tabulated data: for example, log T ~log 4. The only nonlinear
relations are between the gaseous absorptions for the different wavelengths. Correc-
tion for the gaseous absorption is discussed in §3.4.

3.2, Aerosol properties

Because the absorption and scattering of light by atmospheric aerosols is highly
variable. some assumptions regarding the size, shape, and composition of the aerosol
must be made. In this model, the aerosols are assumed to be spheres so that Mie
theory can be used to calculate the scattering by aerosols. Although in general the
aerosol particles are not spherical, it is assumed that the sizes assigned 1o the aerosol
particles are the sizes of spheres that have similar scattering properties to the
measured aerosol distribution (Shettle and Fenn 1979). This assumption has further
basis because it has been found that the aerosol particles become more spherical as
the relative humidity increases (Nilsson 1979).

The algorithm uses a bimodal aerosol size distribution consisting of an accumu-
Jation mode (0-1 um <4< 1-0 yum) and a coarse particle mode (d> 0-5 um). Their size
distribution is represented by the sum of two log-normal distributions. The number
density function of particles of radius r is (Shettle and Fenn 1979)

_ _d\(:) 2 N —(logr—logri)?
)= Z l:ln(l(])m',\/ ("n)] P [T] (o)
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where N(r)=cumulative number density of particles of radius r. g;=standard
deviation of the logarithm of the radius, ri=geometric mean radius, N,=total
number density in ith mode. The values of N;, ri, and o, used in the model correspond
to the 70 per cent relative humidity, rural aerosol model of Shettle and Fenn (1979);
these values are shown in table 2. The values of N; shown in table 2 are normalized
such that N, + N, =1 particle/cm?®. This bimodal aerosol size distribution is assumed
constant with height.

The aerosol composition is expressed in terms of the complex refractive index
n=n'—ik. The refractive index for both the accumulation and coarse particle modes
depends on wavelength. Five different real refractive indices are chosen (Nilsson
1979) and are listed in table 1. The imaginary index of refraction is modelled assuming
that most of the aerosol consists of weakly absorbing particles with k<10~ *, mixed
with a small number of highly absorbing particles with k£ ~ 1-0. Although Shettle and
Fenn (1979) choose to represent mixtures of this type with a composite imaginary
refractive index in the range 0-001 <k <0-01, which is close to the values obtained by
various remote sensing and in situ techniques (Patterson and Grams 1984, Reagan
et al. 1980), this procedure is not adopted here because as Bohren and Huffman
(1983) point out, no common aerosol substance exists which has an imaginary index
in this range. In the correction algorithm, the imaginary refractive index correspond-
ing to the weakly absorbing particles is used. The imaginary refractive indices for the
accumulation mode, which are listed in table 1, correspond to water while the values
for the coarse particle mode correspond to crystalling quartz. which is constituent of
atmospheric dust (Nilsson 1979). The aerosol refractive index is assumed to be
constant with height.

The aerosol absorption in the model is the same as given by Shettle and Fenn
{1979) for a rural aerosol with a relative humidity of 70 per cent. The absorption
values (1—wg) are given in table 1. The aerosol absorption optical thickness is given by
(1 ~wy)t,. where 1, is the total aerosol thickness in the zenith direction. This value is
added to the water vapour optical thickness (r':zo). The procedure is based on the
assumption that the absorbing particles are small compared to the wavelength and
that they occur separately from the other particles (external mode); in this case their
scattering effects are small relative to their absorptive effects (Fraser and Kaufman
1985).

3.3, Alrirude profiles

The radiative transfer computations depend on the altitude distributions of both
the scattering and absorbing gases and aerosols. The atmospheric pressure profile
used in the algorithm is adapted from the mid-latitude summer profile of McClatchey

Table 2. Aerosol size distribution parameters.

Accumulation mode Coarse particle mode

Geometric means radius ' 0-0285 0-457

Standard deviation of the logarithm
(base 10) of the radius g; 0-81 0-81

Number density N, 0-999875 0-000125
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er al. (1971). The ahitude distribution of aerosols used in the algorithm is based on the
‘average’ distribution of Braslau and Dave (1973). The aerosol altitude distribution is
first scaled to obtain the desired aerosol optical thickness.

Because the various gaseous absorbers described in the previous section have
different aliitude distributions, a composite altitude distribution is computed which
accounts for all the absorbing gases including the aerosol absorption described in
§3.2. In this method, the total gaseous absorption is divided into ‘low’ and ‘high’
components. The ‘low’ component consists of water vapour and aerosol absorption
(t,.), while the *high’ component consists of ozone, oxygen, and CO, absorption
(1,4)- The ‘Jow" component uses an altitude distribution based on the ‘average’
aerosol profile of Braslau and Dave (1973), while the ‘high’ component uses an
altitude distribution based on the mid-latitude ozone profile of McClatchey er al.
(1971).

3.4. Gaseous absorption

For the most part, the Landsat TM and NOAA AVHRR visible and near-infrared
bands have been selected to minimize gaseous absorption. However, in some cases,
the sensor channel is either relatively broad (as in the case of AVHRR band 2) or lies
within a broad gaseous absorption band (as in the case of TM bands 2 and 3 which lie
within the ozone continuum) so that the absorption by atmospheric gases can be both
significant and vanable. In the atmospheric correction algorithm, gaseous absorption
was computed using the LOWTRAN 6 code (Kneizys er al. 1983) which computes
atmospheric absorption from 0-250 zm to 285 um. In the case of the AVHRR and
TM bands, the absorbing gases are water vapour, carbon dioxide, oxvgen, and ozone.
The gaseous absorption optical thickness in the vertical direction due to gaseous
species x for each band is computed using

. [T.L™Foy di
1,-—ln[m] (”)

where T, =transmittance due to gaseous species x. Since gaseous absorption is quite
variable with time, the algorithm uses a weighted average of the absorption values
computed using the tropical, mid-latitude summer, and mid-latitude winter atmo-
spheres given in the LOWTRAN 6 code. The weighted average of the gaseous

X'

absorption 7} used in the algorithm is given by
15 =025 15, +0-5 13, +0:25 7, (12)

where 7%,. 17., and 13, are the gaseous absorption values computed using the
mid-latitude winter, mid-latitude summer, and tropical values respectively. The
absorption optical thicknesses due to water vapour, carbon dioxide, and ozone for
each band are shown in table 1.

The algorithm can be applied to any specified gaseous optical thickness t,,
however. An approximate correction is applied 1o Ly, Fj, s, and T in the lookup table
to account for the excess (or deficit) in the absorption (A7,). The user may compute
the required value of 7, based on the sensor spectral response using the LOWTRAN
program (Kneizys er al. 1983), for example. These corrections are discussed in the
Appendix.

3.5. Molecular and aerosol optical thickness
The molecular scattering (or Rayleigh) optical thickness 1., is computed for sea
level from (Hansen and Travis 1974)
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T4 =0-008569 27 “(1+0-0113 472+ 000013 27%) (13)

where the wavelength is in micrometres. This expression assumes the surface sea-level
pressure is 1013 mb. In the case the surface is not at sea level, the value of the
molecular scattering optical thickness 1., is assumed to vary according to:

70(Z0)=1(0) exp ( 92 °) (14)
where Z, is the height of the surface above sea level in kilometres. In order to avoid a
need for a new radiative transfer computation for each height of a surface, the
computations are performed for Z,=0-4km, and the lookup table is adjusted each
time the user specifies a different height. The algorithm adjusts the Jookup table to
account for the different molecular optical thickness by adjusting the wavelength of
the radiation. Substitution of the relationship between 4 and 7, (13 and 14) yields

(Zo—04)
36 }

For example, for Z,=0km, /4 will decrease by 1-1 per cent, whereas for Zo=2km, 4
will increase by 4:3 per cent. The combined aerosol and gaseous scattering phase
function will have an error, but it will be small relative to the general uncertainty in
the scattering phase function.

The relation between upward radiance and surface reflectance for each spectral
band is computed for four aerosol optical thicknesses, 7,=0-0, 0-25, 0-50, and 1-00,
except for TM bands 5 and 7 where only the first two values are used. These values are
selected to cover the range of aerosol optical thicknesses which could be expected for
most remote sensing applications.

MZ ) =7(0-4) exp [ (15)

3.6. Measurement altitudes

The radiative transfer computations are tabulated at three measurement altitudes
above the ground (not sea level): 0-45km, 4-5km, and 80 km. The algorithm will use
these altitudes to interpolate to the input measurement altitude. Since 80-0 kilometres

is above the atmosphere, corrections to satellite measurements are made with the
80 km tables.

3.7. Other algorithms

Two other algorithms have been developed for fast computations of radiation
parameters. They do not calculate atmospheric corrections, however. Algorithm 58
developed by Tanré er al. (1986) calculates the radiance at satellite altitude for any
wavelength of reflected sunlight. The LOWTRAN-7 algorithm developed by Kneizys
et al. (1988) calculates the radiance and transmission at any altitude and wavelength
greater than 0-2 um. The new algorithm introduced before this section can be applied
to any height, but is restricted to wavelengths between 0-49 and 0-83 um and 3 longer
wavelengths. The present model is designed for a rural aerosol model. The 5S model
includes in addition to the rural model, also maritime and urban models. The
LOWTRAN-7 model also includes rural, maritime, and urban models.

4. Lookup tables
The lookup tables contain the radiation parameters, which have been computed
previously and stored for use by the main program. Eight lookup tables are produced.
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one table for each of the 2 AVHRR bands of 0:639 and 0-845 um and one for each of
the 6 TM bands of 0-486. 0-587. 0-663, 0-837. 1:663 and 2-189 um. Each table is
arranged for three heights of 0-45. 4-5 and 80-0 km above the ground. Each table
contains values for nine solar zenith angles 8, (10. 20. 30. 40. 50. 60. 66. 72. and 7§°),
13 observation zenith angles 8 (0° to 78°. every 6°). 19 observation azimuth angles
(0° 10 180°, every 10°, plus 5° and 175%). and 4 aerosol optical thicknesses 7, (0-0, 0-25,
0-50 and 1-0) for all wavelengths, except for 1-663 and 2-189 um where only first two
optical thicknesses of 0-0 and 0-25 are used.

5. Computational procedure

Input data to the correction program consists of the date for Earth-Sun distance
correction, time for reference only, wavelength, aerosol and gaseous absorption
optical thicknesses, solar zenith angle 6,, observation scan angle 6, observation
azimuth angle ¢, height of the surface above sea level Z,. measurement height Z™
(equivalent to Z in 1), and the measured spectral radiance in absolute L™ or
reflectance L™ units (option 1), or surface reflectance p (option 2). If the gaseous
absorption optical thicknesses are not specified default values are used. The wave-
length, solar and observation angles, and aerosol optical thickness data must be in the
ranges discussed above as no extrapolation is performed. If the selected wavelength or
alttude does not match the values used to construct the lookup table, the algorithm
interpolates on wavelength and altitude as described above.

If option 1 is selected, the program computes the surface reflectance p, total
spectral irradiance on the surface F,, and total spectral radiance of the ground L, in
the direction of observation using (2), (4) and (5). The total spectral irradiance F is
computed in Watts'm?/um and total upward spectral radiance L, is computed in
Watts/m?/um/sr. If option 2 is selected. the program computes the absolute and
normalized radiances L™ and L™, total spectral irradiance on surface F, and the total
upward spectral radiance L,. If option 2 is selected, the only difference in the input
parameters is to replace the measured radiance L™ by the surface reflectance p. Then
the upward radiance is computed, rather than measured, for the height Z™.

6. Errors

The errors in the surface reflectance derived from the measured radiances depend
on many parameters: the model of the Earth-Atmosphere system, the algorithm, the
accuracy of the variables that are specified, the viewing geometry, and the wavelength.
Numerous sources of error in applving the correction algorithm are discussed by
Fraser et al. (1989). We shall emphasize here the most important errors for correcting
satellite measurements. The errors can be attributed to the model, the algorithm. and
the input data.

6.1. Model

The surface is assumed to reflect light isotropicallv, whereas natural surface
reflection is more or less anisotropic. Lee and Kaufman (1986) found that the error in
derived surface reflectance of natural surfaces increased with the amount of haze and
as the view direction approached the horizon. For light haze, the errors reach
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Ap=0-02 for the near-infrared and 0-01 for the visible spectra. except that the errors
were larger in directions where the angular gradient of the reflectance was large.

The radiance of light scattered from models of the Earth-Atmosphere system is
nearly linearly proportional to the surface reflectance (1). if that is the only varying
independent variable, and if the optical thickness is less than 1. If the atmospheric
parameters are perturbed, causing a perturbation of the simulated measured
radiance, then the error in the surface reflectance derived from the simulated radiance
is almost linearly proportional to the perturbation in the simulated reference.

The most important errors caused by the atmospheric model are due to aerosol
absorption and the scattering phase function, when the aerosol optical thickness and
gaseous absorptions are specified. Both terms on the right-hand-side of (1) have the
same sign when the aerosol absorption is perturbed. For example, for representative
remote sensing conditions (A=0-55um, 7,=0-29, §,=0°, and 8=60°) and a rather
significant decrease in the albedo of single scattering of Awy,= —0-20, the surface
reflectance error ranges from Ap=—0-02 to —0-11 as the reflectance increases from
0-0 to 0-6.

When the aerosol scattering phase function for the backward hemisphere is
changed, the two terms on the right-hand side of (1) have the opposite signs. The
magnitude of the derived surface reflectance error diminishes with increasing surface
reflectance. An estimate of the phase function error is obtained from ground-based
measurements of the aerosol optical thickness and sky radiance. Kaufman (1990) has
measured both the optical thickness and sky radiance at about 20 different sites on
several continents (figure 1). These observations were made in rural and urban
regions, which occasionally were affected by dust. The observations were made at
seven wavelengths in the visible and near-infrared spectrum for a solar zenith angle of
8,=60°. The sky radiance was measured at an azimuth 180° from the sun. or
¢ =180°, and at a zenith angle of 6=60°. For those observations when 7,(0-522 um)
<0-5, the ratio of the standard error of estimate, given the aerosol optical thickness.
to the mean sky radiance was 0-15 for the visible spectrum, but increased in the
infrared spectrum to 0-32 for 2=0-872 um.

The sky radiance computed with the algorithm is biased low from the measured
sky radiances in figure 1. This bias is less (greater) than the standard error of estimate
for 7.=0-522um (0-872 um). Part of the bias is due to differences between the
algorithm and actual values of aerosol albedo of single scattering and phase function.
Part of the bias is due also to calibration of the radiometer. A conservative estimate of
the errors caused by the phase function is given by an example where the phase
function for scattering in the backward hemisphere increases by 40 per cent
(4=0-55um, 1,=0-25, 8,=0° and 6=060°). Then the surface reflectance error
decreases linearly from 0-038 to 0-003 as the surface reflectance increases from 0-0 to
0-6.

Additional algorithm errors result from neglect of the polarization charactreristics
of the radiation when computing the radiation parameters in the lookup tables. The
polarization errors are caused by the polarized light resulting from multiple scattering
within the atmosphere, if radiation reflected from the surface is weak or weakly
polarized. The intensity of multiple scattering increases with decreasing wavelength.
If polarization is neglected, simulation studies, show that the error in derived surface
reflectance increases from less than 3 per cent for 22639nm to 10 per cent for
/=486 nm.
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Figure 1. Measured radiance of skylight at the ground (8, =6 =60°, ¢ = 180°) as a function of
aerosol optical thickness. The radiance = (nL™/F,). The triangles show values computed
for a rural atmosphere. Data are given by Kaufman (1990).

The vertical distribution of aerosols is not important when the solar zenith and
view angles are not large, and the aerosol optical thickness is not large, if the aerosol
lies below the viewing platform. If an aircraft is within the aerosol layer, then the
distribution may account for appreciable errors in the derived reflectances.

6.2. Interpolation errors
The tabulated parameters Ly, Fy, and T/ are interpolated linearly for the
observing height Z and directions 8,, 6, and ¢. The exponential values of Ly, Fy, s,
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and T.m are interpolated linearly with respect to optical thickness, however. The
derived reflectance errors caused by interpolations in the lookup tables are less than
10 per cent, when the surface reflectance p=0-05. if the solar zenith and nadir
observation angles are not large. The errors become larger if both the solar zenith and
nadir measurement angles become large (8,=74° and 0=56°). When the surface
reflectance p=0-05, for example, the surface reflectance error is as large as
|Ap/p|=0-32 when measuring 15° in azimuth from the sun but reduces to 0-08 when
measuring backward reflectance.

6.3. Input errors

Since the measured radiance is nearly a linear function of the surface reflectance, if
that is the only independent variable, the ratio of errors in the surface reflectance and
the radiance is almost constant. If the radiance error is a constant percentage of the
radiance, however, the reflectance error increases with reflectance. Surface reflectance
errors that can be expected for a 10 per cent radiance error and representative
measurement conditions (4=0-61 um, 1,=0-25, wy=0-96, 8,=40°, §=60°, ¢ =0°)
increase in absolute value from 0-01 to 0-05 as the surface reflectance increases from
0-0 to 0-4.

The derived surface reflectance is in error, if the actual and model aerosol optical
thicknesses are not the same. An optical thickness error, say positive, results in an
overestimation of the path radiance but an underestimation of transmission (1). The
transmission effect increases with increasing reflectance, and the two terms on the
right-hand side tend to compensate. An optical thickness error usuaily causes the
largest reflectance errors, when the surface reflectance is weak. For an optical
thickness error of Ar,=0-1 and the same conditions given in the previous paragraph,
except that there is no error in the measured radiance, the reflectance error decreases
from 0-03 to 0-01 as the reflectance increases from 0-0 to 0-4.

Another source of error is caused by using an incorrect value of the gaseous
absorption. Most of the gaseous absorption in the Landsat TM and NOAA AVHRR
visible and near IR bands is contributed by either water vapour or ozone. For water
vapour this occurs for AVHRR band 2 while for ozone this occurs for TM band 2.

Since the amount of an absorbing gas is variable, the algorithm uses a weighted
average of the gaseous absorption transmissions. Most of the weight is given to the
mid-latitude summer profile. In the case of AVHRR band 2, the algorithm uses a
water vapour gaseous absorption optical thickness of 7, =0-0933, which is the default
value. If the default value is used when the mid-latitude winter value of 7,=0-0486
occurs, the derived surface reflectance error is 0-02 for a surface reflectance 1s 0-20 and
typical remote sensing parameters.

The default value of ozone absorption optical thickness is 7,=0-032 for TM band
2. If the default value is used instead of the mid-latitude winter ozone absorption
optical thickness t,=0-039 or the tropical value of 7,=0-024, the magnitude of errors
in the derived surface reflectance is 0-002 when the surface reflectance is 0-05.

The derived surface reflectance errors are small for errors in the geometrical
parameters. For errors of Af,=A0=A¢=2° the surface reflectance errors are
generally less than 2 per cent of the surface reflectance.

7. Conclusion
An algorithm is developed to account for atmosphernic effects when deriving
surface reflectance properties from visible and near-infrared radiances measured by
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aircraft or satellite over rural areas. The radiance that would be measured for a given
surface reflectance can be derived, also. The algorithm uses a tabulated set of
radiation parameters that are computed for various wavelengths, solar and observa-
tion angles, and aerosol optical thicknesses. All aerosol parameters have been
assumed. except for the aerosol optical thickness, which is an input value. Since the
algorithm performs essentially interpolations, it is fast; therefore, it is well suited for
reducing observations in many wavelengths.

A complete error analysis in the derived surface reflectance from remote measure-
ments of radiance is not given because of a wide range in remote sensing conditions
involving measurements and atmospheric states. If the aerosol and water vapour
optical thicknesses are specified with reasonable accuracy, the largest errors result
from the fixed values of absorption and scattering phase function for the aerosol
model. The algorithm values apply to a rural aerosol model. If the actual and model
aerosol values have large differences, the error in the derived surface reflectance can
be large. However. the algorithm could be easily modified for use with other aerosol
properties by replacing the lookup tables with radiation parameters generated for the
more appropriate aerosol.

Appendix

The correction algorithm accepts as input the gaseous absorption optical thick-
nesses 7y and 7. They usually differ from the default values by a small amount A7,
and Aty;. The method of accounting for the gaseous absorption in satellite measure-
ments is presented. The method for aircraft measurement corrections is similar and
not discussed. The perturbed values of transmission and irradiance at the ground are

T(p)+ AT(p)=T(u) exp (~ (Aty + A1) (A1)
Fa+AF,=F, exp (—(Aty + A1) o (A2)

T and F, are the default values of the transmission and irradiance. The values on the
left-hand side of the equations are used for the atmospheric corrections.

The adjustments for the atmospheric reflectance s and path radiance L, are based
on the assumption that the molecular scattering layer. which is designated by the
subscript H, lies above a thin boundary layer containing the aerosol, which is
designated by the subscript L. Ozone and water vapour are the most important
variable, absorbing gases. The ozone is assumed 1o lie above the upper, scattering
layer. The water vapour is assumed to occupy the lower, aerosol layer.

We assume that the reflectance s is given by the following equation:

- F
where F| and F; are downward fluxes at the ground scattered by the lower and higher

layers, respectively, and F is the upward flux at the ground. Since the reflectance of the
lower layer is given by the equation

(A3)

su=F\/F (A9)
the perturbed reflectance is given by

FL+AF
sL+AsL=—LT_L (A3)
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Assume that the energy is reflected from the middle of the lower layer. Then

A 1 1

where ' and p” are effective cosines for transmission of flux and are usually assumed
for u'=u" =0-5. Substitution of (A 6) in (A 5) yields
s +As =5 exp (—241,). (A7)

The reflectance of the upper layer is similar, except that the downward flux from it
is reduced by the two-way transmission through the lower layer:

s+ Asy=sy exp (—4A1y). (Af)

sy is not affected by the absorbing gas above the upper layer. Substitution of (A 7) and
(A 8) in (A 3) vields the total reflectance

s+As=sexp (—2At,) {l —S?H exp (—2At, )[I —exp(— 2Arg,_)]} (A9)

The second-order correction term, with sy/s as a coefficient, is neglected. Its
maximum contribution occurs for the AVHRR band at 845 nm. When the aerosol
optical thickness is zero, (su/s=1) and taking a maximum value of Az, =0-1, the
second-order correction is less than 0-2. However, s=0-01, and it is changed by only
0-002. As the aerosol optical thickness increases to 1, s increases to 0-16, the second-
order correction decreases to 0-06, and the second-order correction contributes 0-004
to 5. Hence the corrected reflectance is

s=As=sexp (—2A1, ). (A10)

We assume that the normalized path radiance equals the sum of the radiances
from the lower layer (Lp,) and the higher layer (Lgy):

o=Lor+ Lo (A1)

If we assume that the path radiance from the lowest layer originates at the middle of
that layer, then

oL+ ALg = Lo exp [— A(A—;"-' + Arxﬂ)]. (A12)

The corrected radiance of the upper layer is
Loy +ALgy= Ly exp (— AA1y), (A13)
A= }1 + ;1-0. (A14)

The corrected path radiance is obtained by substituting. (A 12) and (A 13) in (A 11):

A g A v
Ly+ALy= Lyexp [—A( ;:L+AT,H)]+[1 +—L°§ exp [(5131:,,_)— 1]] (A15)

The second-order term on the right-hand side, where the coefficient is Loy/Ljy, makes
the largest contributon for AVHRR channel 2 at 845 nm. For extreme conditions of
large amount of haze and large slant paths through the atmosphere (8, =60°, ¢ =07,
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and 1,=1-0). the error in the derived surface reflectance is only 0-01. Otherwise the
derived surface reflectance error due to this term is less. Hence this term is neglected.
The corrected path radiance for gaseous absorption is

A
L+ ALy=Lyexp [— A( Sy ArsHﬂ. (A 16)
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