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Atmospheric correction algorithm for hyperspectral
remote sensing of ocean color from space

Bo-Cai Gao, Marcos J. Montes, Ziauddin Ahmad, and Curtiss O. Davis

Existing atmospheric correction algorithms for multichannel remote sensing of ocean color from space
were designed for retrieving water-leaving radiances in the visible over clear deep ocean areas and cannot
easily be modified for retrievals over turbid coastal waters. We have developed an atmospheric correc-
tion algorithm for hyperspectral remote sensing of ocean color with the near-future Coastal Ocean
Imaging Spectrometer. The algorithm uses lookup tables generated with a vector radiative transfer
code. Aerosol parameters are determined by a spectrum-matching technique that uses channels located
at wavelengths longer than 0.86 mm. The aerosol information is extracted back to the visible based on
aerosol models during the retrieval of water-leaving radiances. Quite reasonable water-leaving radi-
ances have been obtained when our algorithm was applied to process hyperspectral imaging data
acquired with an airborne imaging spectrometer. © 2000 Optical Society of America

OCIS codes: 010.1310, 010.4450, 120.0280, 300.6550.
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1. Introduction

Imaging spectrometry can have important applica-
tions in a variety of fields, including mineral explo-
rations, vegetation studies, and coastal monitoring.
Since the mid-1980’s, the concepts of imaging spec-
trometry1 and hyperspectral imaging have become
ncreasingly popular. To get useful information
bout the Earth’s surface, one must remove the at-
ospheric absorption and scattering effects. An op-

rational version of the atmosphere removal
lgorithm ~ATREM! was developed by Gao et al.2 and

updated by Gao and Davis3 for retrieving land sur-
face reflectances from airborne- and spaceborne-
imaging spectrometer data. The ATREM code has
been used extensively by many investigators in a
number of scientific disciplines as well as by univer-
sity graduate students. With the experiences
gained during the development of the land version of
the ATREM code, we have developed over the past
two years an operational atmospheric correction al-
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gorithm for remote sensing of ocean color from hy-
perspectral imaging data acquired over the coastal
environment. The algorithm will be used to remove
the atmospheric effects from spectral imaging data
over water surfaces acquired with the Coastal Ocean
Imaging Spectrometer4 ~COIS! onboard the Naval
EarthMap Observer ~NEMO! spacecraft.5,6 Because
the data acquired with the Airborne Visible Infrared
Imaging Spectrometer7 ~AVIRIS! from a NASA ER-2
aircraft at 20 km and the near-future COIS data have
similar spatial and spectral resolution and signal-to-
noise ratios, we used AVIRIS data to test our algo-
rithm during development. Figure 1 shows an
example of an AVIRIS spectrum acquired over the
Chesapeake Bay area in August of 1997. The major
atmospheric bands, such as those of water vapor cen-
tered at approximately 0.94, 1.14, 1.38, and 1.88 mm,
the oxygen band at 0.76 mm, and the carbon dioxide
band near 2.06 mm, are seen. An algorithm is
needed to remove atmospheric absorption and scat-
tering effects and to derive water-leaving radiances
~in reflectance units! from remotely sensed hyper-
spectral imaging data.

2. Background

Over the past two decades, atmospheric correction
algorithms for applications to case 1 waters ~i.e., clear

eep ocean waters! have been developed by Howard
Gordon’s research group at the University of Mi-
ami.8,9 The complexity of the algorithms has been
increased greatly with time; from the early single-
20 February 2000 y Vol. 39, No. 6 y APPLIED OPTICS 887
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scattering algorithm8 used for the Coastal Zone Color
Scanner ~CZCS! to the present, more comprehensive
multiple-scattering algorithm9 for the Sea-viewing
Wide Field of View Sensor ~SeaWiFS!. For the op-
rational SeaWiFS algorithm, a simplified two-layer
tmosphere system, i.e., aerosols confined in the bot-
om boundary layer and atmospheric gaseous mole-
ules located in another layer above the aerosol layer,
s assumed. An aerosol model and an aerosol optical
epth are derived from channels located in the range
.76–0.87 mm by the assumption that water-leaving
adiances are zero in the spectral range. A sophis-
icated lookup table procedure is used for the aerosol
etrievals. The atmospheric path radiances in the
isible are predicted based on the derived aerosol
nformation. The difference between the measured
adiances above the atmosphere–ocean system and
he predicted path radiance is the water-leaving ra-
iance transmitted to the top of the atmosphere.
The SeaWiFS algorithm is quite successful when it

s used for processing multichannel SeaWiFS data,
articularly after the radiometric calibration coeffi-
ients of SeaWiFS channels are adjusted based on
heoretical simulations that use the same radiative
ransfer code as the one used in the generation of
ookup tables. The adjustment of calibration coeffi-
ients largely removes systematic errors in both the
adiative transfer code and the radiometric calibra-
ions. However, minor defects are still present in
he SeaWiFS algorithm. For example, the algo-
ithm can produce incorrect water-leaving radiances
n the visible when it is applied to pixels in the fringe
f sea glint,10 because the lookup tables used in the

algorithm were generated with a radiative transfer
code that assumed a flat ocean surface instead of a
wind-roughened water surface.

Another operational atmospheric correction algo-
rithm for ocean color applications has been under
development for many years by Fraser et al.10 This
algorithm is currently implemented for processing
CZCS data at a computing facility at the NASA God-
dard Space Flight Center. The algorithm uses pre-

Fig. 1. Example of an AVIRIS spectrum acquired over the Ches-
apeake Bay area in August 1997.
88 APPLIED OPTICS y Vol. 39, No. 6 y 20 February 2000
computed lookup tables generated with a vector
radiative transfer code11 that takes account of the
rough ocean surface reflection, a multilayered atmo-
sphere with mixtures of aerosols and gaseous mole-
cules in each layer, degree of polarization of the light,
and multiple scattering. The information about
aerosols is derived from the 0.67-mm channel. In
test retrievals, the derived water-leaving radiances
in the visible channels agreed to within a few percent
when both the Fraser algorithm and a version of
Gordon’s CZCS algorithm were applied to the same
CZCS data sets acquired over clear oceanic waters
without contamination by sun glint. However, the
derived water-leaving radiances in the visible dif-
fered by approximately 30% when both algorithms
were applied to CZCS data with weak contamination
by sun glint.

For the turbid coastal environment, the water-
leaving radiances in the 0.66–0.87-mm spectral re-
gion are typically not close to zero, mainly because of
scattering by suspended materials. Under these
conditions, the channels in this spectral region have
limited use for the retrieval of information on atmo-
spheric aerosols. Because both the Gordon and the
Fraser algorithms derive aerosol information from
channels in the 0.66–0.87-mm spectral range, these
algorithms cannot easily be adapted for the retrieval
of water-leaving radiances over coastal waters. In
view of this situation, we have designed a different
retrieving algorithm, which can use channels in
longer wavelengths to derive aerosol information. A
spectral matching technique is used in our retrievals.

3. Radiative Transfer

For atmospheric window channels for which the ab-
sorption by atmospheric gases is negligible, the radi-
ance ~Lobs! of the ocean–atmosphere system
measured by a satellite instrument can be expressed
as10

Lobs 5 L0~l; u, f; u0, f0; ta!

1 Lsfc~l; u, f; u0, f0; W; ta!tu9~l; u; ta!

1 Lw~l; u, f; u0, f0; W; ta; O!tu~l; u; ta!, (1)

where L0 is the atmosphere-scattered radiance if the
radiance just above the sea surface were zero; Lsfc is
the radiance of the light reflected from the surface, Lw
is the water-leaving radiance of light scattered from
beneath the surface and penetrating it, tu9 is the
upward transmittance through the atmosphere for
the quantity Lsfc, and tu is the upward atmospheric
transmittance for the quantity Lw. Lsfc includes the
effects of specular reflection by the air–water inter-
faces and the scattering effects of whitecaps. The
independent parameters in Eq. ~1! are defined as
follows:

l wavelength,
u, f view zenith and azimuth angles from a space-

craft toward Earth’s surface,
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u0, f0 Zenith and azimuth angles of the direct sun-
light,

W surface wind speed,
ta atmospheric aerosol optical thickness,
O a parameter that represents the combined

effects from all materials beneath the air–
water interface.

Figure 2 illustrates the definitions of all the rele-
vant angles. The definition of azimuth angles here
follows the navigational convention. For conve-
nience, we combine the first two terms on the right-
hand side of Eq. ~1! as one term, Latm1sfc, i.e.,

Latm1sfc 5 L0~l; u, f; u0, f0; ta!

1 Lsfc~l; u, f; u0, f0; W; ta!tu9~l; u; ta!.
(2)

ubstituting Eq. ~2! into Eq. ~1!, we obtain

Lobs 5 Latm1sfc 1 Lw tu. (3)

We follow the convention adopted in the 5S code12 to
express radiances in reflectance units. Let us de-
note cos~u0! as m0 and the downward solar irradiance
at the top of the atmosphere when the solar zenith
angle is equal to zero as E0. When we multiply both
ides of Eq. ~3! by p and divide them by ~m0E0!, Eq. ~3!
ecomes

pLobsy~m0 E0! 5 pLatm1sfcy~m0 E0! 1 pLw td tuy~m0 E0 td!,

(4)

here we have multiplied the numerator and the
enominator of the second term on the right-hand
ide by the downward atmospheric transmittance td,

which is the sum of the direct and the diffuse down-
ward transmittances of the sunlight through the at-
mosphere. We use several reflectances, defined as

r*obs 5 pLobsy~m0 E0!, (5)

r*atm1sfc 5 pLatm1sfcy~m0 E0!, (6)

rw 5 pLwy~m0 E0 td!, (7)

Fig. 2. Illustration for the definitions of solar zenith and azimuth
angles and viewing zenith angle and azimuth angles.
where r*obs is the total apparent reflectance of the
atmosphere–ocean system measured at the satellite
level; r*atm1sfc is the satellite level’s apparent reflec-
tance that results from the atmospheric scattering,
the specular reflection, and the whitecap scattering
at the air–water interface; and rw is the water-
leaving radiance in reflectance units, or, simply, the
water-leaving reflectance. rw defined here is equiv-
alent to the quantity @rw#N defined in Eq. ~2! of Gor-

on.13 By substituting Eqs. ~5!–~7! into Eq. ~4! we
btain

r*obs 5 r*atm1sfc 1 rw td tu. (8)

To take account of the effect of atmospheric reflec-
tion of upward water-leaving radiances back to the
surface, another factor, 1y~1 2 srw!, needs to be mul-
tiplied by the second term on the right-hand side of
Eq. ~8! @see Eqs. ~11!–~13! of Fraser et al.10!, where s
s the reflectance of the atmosphere for isotropic ra-
iance incident at its base. After this factor is in-
erted, Eq. ~8! becomes

r*obs 5 r*atm1sfc 1 rw td tuy~1 2 srw!. (9)

For hyperspectral imaging data acquired from air-
craft and satellite platforms and covering the 0.4–
2.5-mm spectral region, more than half of the spectral
region is affected by atmospheric gaseous absorp-
tion.2 The main contributors to gaseous absorption
are atmospheric water vapor, carbon dioxide, ozone,
nitrous oxide, carbon monoxide, methane, and oxy-
gen. We denote the total atmospheric gaseous
transmittance on the Sun–surface–sensor path as Tg.
We further assume that the atmospheric gaseous ab-
sorption process and the molecular and aerosol scat-
tering process can be treated independently; i.e., we
neglect the interaction term between gaseous absorp-
tion and molecular and aerosol scattering. After
consideration of atmospheric gaseous absorption, Eq.
~9! is modified as follows:

r*obs 5 Tg@r*atm1sfc 1 rw td tuy~1 2 srw!#. (10)

olving Eq. ~10! for rw yields

rw 5 ~r*obsyTg 2 r*atm1sfc!y@td tu 1 s~r*obsyTg 2 r*atm1sfc!#.

(11)

iven a satellite measured radiance, the water-
eaving reflectance can be derived according to Eqs.
5! and ~11!, provided that the other quantities on the
ight-hand side of Eq. ~11! can be modeled theoreti-
ally.

4. Lookup Tables

Because of the availability of the vector radiative
transfer code of Ahmad and Fraser,11 the proper at-
mospheric layering structure in this code, and the
treatment of wind-roughened water surfaces, we
have decided to use a modified version of the Ahmad–
Fraser code11 to generate lookup tables for our re-
trieving algorithm. More specifically, we use the
code to generate the quantities r*atm1sfc, td, tu, and s in
20 February 2000 y Vol. 39, No. 6 y APPLIED OPTICS 889
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Table 1. Relative Number Concentrations of Small and Large Particles

8

Eq. ~11!. The code has been validated against other
codes by Fraser et al.10 The same radiative transfer
code has been used by Tanre et al.14 for remote sens-
ing of aerosols from multichannel imaging data to be
acquired with the Moderate Resolution Imaging
Spectrometer ~MODIS! instrument15 onboard the

erra spacecraft. Using the code to perform radia-
ive transfer calculations requires some input param-
ters, such as the vertical atmospheric temperature
nd pressure profiles, and aerosol models. The tem-
erature and pressure profiles assumed are the 1976
.S. Standard Model Atmosphere. We include no
aseous absorption in generating the quantities
*atm1sfc, td, tu, and s, which are related to scattering
y atmospheric molecules and aerosols.

A. Aerosol Models

The aerosol optical properties in the real coastal en-
vironment can vary significantly. To use the radia-
tive transfer code to generate lookup tables we have
to assume sets of aerosol models. Following the ap-
proach of Gordon and Wang,9 we selected candidate
aerosol models from those developed by Shettle and
Fenn.16 Most of the Shettle–Fenn models have two
modes of particle size distributions—one small-
particle mode ~,0.1 mm! and one large-particle mode
~.0.3 mm!—except for the so-called tropospheric
erosol models that have only the small-particle size
ode. The smaller size fraction of the particles is a
ixture of 70% water-soluble and 30% dustlike par-

icles. The larger size fraction of the particles is
ade from sea-salt-based oceanic particles. The

izes of the particles in both the small size mode and
he large size mode can increase as the relative hu-
idity of the atmosphere increases. The refractive

ndices of the particles also change as relative humid-
ty changes.16 By mixing the small, tropospheric,
articles with the large, oceanic, particles in different
roportions, one can construct different types of aero-
ol model.
We have constructed four basic types of model.

able 1 lists the relative number concentrations of
mall and large particles for each type of aerosol
odel. We observed that a small change in the
umber of large particles in a given aerosol model can
esult in a significant change in the overall scattering
roperty of the aerosol particles that correspond to
he aerosol model. Gordon and Wang9 selected the

first, second, and fourth types of aerosol model. We
added the third type of aerosol model to have a

for Four Basic Types of Aerosol Model

Aerosol Type

Percent of Small
Tropospheric Particles

by Number

Percent of Large
Oceanic Particles

by Number

1 ~Maritime! 99.0 1.0
2 99.5 0.5
3 99.8 0.2
4 ~Tropospheric! 100.0 0.0
90 APPLIED OPTICS y Vol. 39, No. 6 y 20 February 2000
smoother transition between the scattering proper-
ties of the second and the fourth types. For each
type of aerosol model we selected particle sizes cor-
responding to five relative humidities ~RH!: 50%,
70%, 80%, 90%, and 98%. As a result, a total of 20
aerosol models were selected. The aerosol models
that correspond to 80% RH are not included in the
candidate aerosol models selected by Gordon and
Wang.9 However, these models are added to our se-
lections based on suggestions by Eric P. Shettle of the
Naval Research Laboratory. The reason behind our
addition of candidate aerosol models is that the par-
ticle size changes drastically and nonlinearly at 70–
90% RH, and the addition of aerosol models at 80%
RH is necessary.

B. Computations

Four lookup tables for the quantities r*atm1sfc, td, tu,
and s in Eq. ~11! have been generated. The values of
r*atm1sfc in our lookup table are computed for the 20
aerosol models described above and for the following
values of independent variables:

l 0.39, 0.41, 0.44, 0.47, 0.51, 0.55, 0.61, 0.67, 0.75,
0.865, 1.04, 1.24, 1.64, 2.25 mm;

ta 0, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.3, 1.6, and 2.0 at
0.55 mm;

0 1.5°, 12°, 24°, 36°, 48°, 54°, 60°, 66°, and 72°;
u 0°, 1.5°, 6°, 12°, 18°, 24°, 30°, 36°, 42°, 48°, 54°,

60°, 66°, 72°, 78°, 84°, and 88.5°;
0 0;

f 0°, 12°, 24°, 36°, 48°, 60°, 72°, 84°, 90°, 96°, 108°,
120°, 132°, 144°, 156°, 168°, and 180°;

2, 6, and 10 mys;
O 0;

here the ta values are aerosol optical depths at 0.55
mm. The grids of independent variables that we se-
lected for computing are, in most cases, sufficient for
interpolation later. In calculating the quantity
r*atm1sfc using the modified version of the Ahmad–
Fraser code we assume that the water-leaving radi-
ance at the bottom boundary is zero, and we include
the effects of specular reflection at the air–water in-
terface and the scattering by whitecaps.10 In com-

uting the other quantities ~td, tu, and s!, we assume
that the atmosphere is bounded by a Lambertian
surface with zero reflectances at the bottom bound-
ary.

Figure 3 shows examples of simulated 0.61-mm
channel reflectance ~r*atm1sfc! as a function of view
angle for several relative azimuth angles. The sim-
ulations are made for a solar zenith angle of 36°, an
aerosol optical depth of 0.2 at 0.55 mm, the maritime
aerosol model with 80% RH, and a surface wind speed
of 6 mys. It can be seen from this figure that, for
measurements within the solar plane and in the an-
tisolar side of the half-plane ~Df 5 180!, the specular
reflection from the wind-roughened water surface
facets contributes significantly to r*atm1sfc for the view
zenith angles in the 60–25° range. As the relative
azimuth angle decreases in the antisolar side of the
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half-plane, the specular reflection effects decrease.
The specular reflection effect becomes zero for Df 5
90° ~i.e., when the measurements are made in the

lane perpendicular to the solar plane!.
Figure 4 shows examples of simulated reflectances

r*atm1sfc! as a function of wavelength for the four
types of aerosol model listed in Table 1 at the same
RH of 50%. The simulations are made for a solar
zenith angle of 36°, a view zenith angle of 54°, a
relative azimuth angle of 156°, an aerosol optical
depth of 0.7 at 0.55 mm, and a surface wind speed of
6 mys. For the first type of aerosol model ~maritime
aerosol model!, which has the most large oceanic par-
ticles, the reflectance spectrum is flattest in the 0.4–
2.25-mm spectral region. As the number of large

Fig. 3. Examples of simulated 0.61-mm channel reflectance
~r*atm1sfc! as a function of view angle for several relative azimuth
angles. The simulations are made for a solar zenith angle of 36°,
an aerosol optical depth of 0.2 at 0.55 mm, the maritime aerosol
model with a relative humidity of 80%, and a surface wind speed of
6 mys.

Fig. 4. Examples of simulated reflectances ~r*atm1sfc! as a function
of wavelength for four types of aerosol model at the same relative
humidity of 50%. The simulations are made for a solar zenith
angle of 36°, a view zenith angle of 54°, a relative azimuth angle of
156°, an aerosol optical depth of 0.7 at 0.55 mm, and a surface wind
speed of 6 mys.
particles decreases, the reflectances decrease more
rapidly with increasing wavelengths. The spectral
slopes for the four curves change most rapidly in the
0.4–0.9-mm wavelength interval. This indicates
hat the spectra in the 0.4–0.9-mm region contain
ost of the information on aerosol particle sizes.
he spectral slopes for the four curves also change

although less rapidly! with wavelengths in the 1.0–
.25-mm region. This indicates that the spectra in
he 1.0–2.25-mm region also contain some informa-
ion about particle sizes.

For the turbid coastal environment where the
ater-leaving radiances for channels with l , 0.9 mm
re often not close to zero, these channels are not
seful for estimating particle sizes. Because the
ater-leaving radiances for channels above 1 mm are

loser to zero for the coastal waters and because the
.0–2.25 mm region also contains information about
erosol particle sizes, it is justified to use channels in
he 1.0–2.25-mm spectral region to estimate aerosol
article sizes from remotely sensed data acquired
ver coastal waters. In the selection of aerosol mod-
ls by Gordon and Wang, the third type of aerosol
odel is not included. This is equivalent to omitting

he dashed–dotted curve from Fig. 4. If we concen-
rate on the study of spectra near 1.6 mm, we can find
hat the vertical intervals between the second and
he fourth spectra are approximately twice as great
s those between the first and the second spectra.
o have a smoother transition between the scattering
roperties of the second and the fourth types of aero-
ol model, we added the third type to our candidate
erosol models.

5. Gaseous Transmittances

As shown in Fig. 1, major atmospheric absorption
bands are seen in measured spectra. Typically,
there are seven atmospheric gases that produce ob-
servable absorption features. These gases are water
vapor ~H2O!, carbon dioxide ~CO2!, ozone ~O3!, nitrous
xide ~N2O!, carbon monoxide ~CO!, methane ~CH4!,

and oxygen ~O2!.2 A fast line-by-line-based module
for calculating atmospheric gaseous transmittances
was previously developed in the land version of the
ATREM code.3 In this module, high-resolution at-
mospheric gaseous transmittance spectra are calcu-
lated with the use of a large database ~;150 Mbytes!
containing precalculated high-resolution ~0.05-cm21!
absorption coefficients for six atmospheric gases
~H2O, CO2, N2O, CO, CH4, and O2!. The database
was generated by use of a line-by-line code developed
by Ridgway.17 The high-resolution spectra are
smoothed to medium-resolution spectra ~;0.2 nm!
and merged with a medium-resolution ozone trans-
mittance spectrum ~;0.2 nm!. The medium-
resolution spectra are further smoothed to lower
resolution to match the resolutions of instruments,
such as those of the AVIRIS. This module is ported
over to our ocean color version of the ATREM. Fig-
ure 5 shows an example of calculated transmission
spectra at the resolution of the AVIRIS instrument
~;10 nm! for a Sun–surface–sensor path and for the
20 February 2000 y Vol. 39, No. 6 y APPLIED OPTICS 891
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seven atmospheric gases. The major atmospheric
bands, such as those seen in Fig. 1, can all be simu-
lated with this module.

6. Retrievals

At present, the retrievals of water-leaving reflec-
tances from measured hyperspectral imaging data
cubes ~two spatial dimensions and one spectral di-
mension! are made on a pixel-by-pixel basis. A spec-
tral matching technique is used in the retrievals.
The steps involved in the retrievals are as follows:

~a! The solar zenith and azimuth angles are derived
ased on the date and time of the data acquisition
nd on the latitude and longitude of the scene. The
iew zenith and azimuth angles are known.
~b! The two-way atmospheric gaseous transmit-

ance spectra Tg, which match the spectral resolu-
tions of all channels in an imaging spectrometer and
correspond to the Sun–surface–sensor path, are cal-
culated by the method described in Section 5. The
absorption bands of atmospheric water vapor ~H2O!,
arbon dioxide ~CO2!, ozone ~O3!, nitrous oxide ~N2O!,
arbon monoxide ~CO!, methane ~CH4!, and oxygen

~O2! are included in the calculations. A total of 60
transmittance spectra corresponding to vertical col-
umn water vapor amounts ranging from 0 to 15 cm
are calculated. This range of column water vapor
amounts covers typical atmospheric conditions in
which column water vapor amounts range approxi-
mately from 0.4 to 4.3 cm. To get spectra corre-
sponding to different water vapor amounts, we scale
the water vapor vertical profile by different factors
during the calculations. The transmittance spectra
are stored in a lookup table.

~c! A measured radiance spectrum is divided by the
olar irradiance curve18 above the atmosphere to
ield the apparent reflectance spectrum @see Eq. ~5!#.
~d! A water vapor amount is estimated from the

.94- and the 1.14-mm water vapor bands in the ap-
arent reflectance spectrum by use of a three-channel

Fig. 5. Example of a calculated transmission spectrum at the
resolution of the AVIRIS instrument ~;10 nm! for a Sun–surface–
sensor path and for seven atmospheric gases.
92 APPLIED OPTICS y Vol. 39, No. 6 y 20 February 2000
atioing technique and a procedure to search the ta-
le containing the 60 gaseous transmittance spectra.2

Based on the estimated water vapor value and the
use of the lookup table procedure again, the best
estimation of gaseous transmittance spectrum corre-
sponding to the measured spectrum is obtained.

~e! The apparent reflectance spectrum is divided by
the estimated gaseous transmittance spectrum to
yield the spectrum of r*obsyTg @see Eq. ~11!#. The
alues of r*obsyTg that correspond to the 14 wave-

lengths in our tables for scattering quantities are
obtained from the spectrum of r*obsyTg through linear
interpolation. The 14 values of r*obsyTg are used in
our retrieval of an aerosol model and an optical depth
by a spectrum-matching technique. Figure 6~a!
hows an example of spectrum matching with
VIRIS data on log–log plotting scales. The points
erived from an AVIRIS spectrum are marked with
rosses and are considered to be the measured data.
he dotted curve serves as a guide to the eye. In this
ase of spectral matching, the channels at 1.04, 1.24,
.64, and 2.25 mm are assigned a weighting factor of
, whereas all the other channels short of 1 mm are
ssigned a weighting factor of 0. The measured data
or the four channels at 1.04, 1.24, 1.64, and 2.25 mm
re compared with the r*atm1sfc data stored in a pre-

computed lookup table for each of the 20 aerosol mod-
els and for each of the ten optical depths. The sum
of squared differences between the measured data
and the data in the lookup table is calculated for each
of the aerosol models and for each of the aerosol op-
tical depths. The aerosol model and optical depth

Fig. 6. ~a! Examples of spectrum matching with AVIRIS data on
~a! log–log plotting scales and ~b! linear–linear scales. SZA, solar
zenith angle; VZA, view zenith angle; AZIM, azimuth angle.
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that give the smallest value of the sum of squared
differences is initially selected. Another aerosol
model and another optical depth that give the next-
smallest value of the sum of squared differences is
also selected. Using these two aerosol models and
optical depths and through additional interpolating
and fitting processes, we determine the final aerosol
model and optical depth and the values of r*atm1sfc at
the 14 wavelengths. The other scattering quanti-
ties, td, tu, and s @see Eq. ~11!#, that correspond to the
selected aerosol model and optical depth at the 14
wavelengths are determined subsequently.

The solid curve in Fig. 6~a! is the curve of r*atm1sfc
versus wavelength that corresponds to our final se-
lection of aerosol model and optical depth. The dot-
ted curve and the solid curve agree quite well for
wavelengths greater than 0.86 mm. The differences
between the dotted curve and the solid curve near the
0.55-mm ~green! spectral region are attributed to

ater-leaving radiances in the visible. For wave-
engths shorter than 0.45 mm, the dotted curve is
elow the solid curve. This is most likely due to
adiometric calibration problems of the AVIRIS in-
trument in the blue spectral region. Figure 6~b! is
he same as Fig. 6~a!, except that it is plotted on
inear–linear scales.

~f ! The values of the quantities r*atm1sfc, td, tu, and
at the wavelength grids of an imaging spectrometer
re determined through interpolations and extrapo-
ations from the corresponding values at the 14 wave-
engths determined in step ~e!, and the water-leaving
eflectance spectrum is derived according to Eq. ~11!.

For a hyperspectral imaging scene of approxi-
ately 30 km by 30 km with both the solar and the

iew zenith angles less than 55° and measured from
satellite at an altitude of 600 km or greater, the

olar and view angles for every pixel in the scene can
e assumed to be constants. In retrieving water-
eaving reflectances from such an imaging data set,
teps ~a! and ~b! need to be performed only once, at
he beginning of the program’s execution. Steps ~c!–
f ! are performed for each pixel spectrum.

7. Sample Results

The algorithm described in this paper was applied to
derive water-leaving reflectances from a number of
AVIRIS data sets. AVIRIS is an airborne imaging
spectrometer7 designed and built at the Jet Propul-
ion Laboratory. It simultaneously images in 224
0-nm-wide spectral bands, covering the wavelength
egion 0.4–2.5 mm, from a NASA ER-2 aircraft at an
ltitude of 20 km. The ground instantaneous field of
iew ~one pixel! is 20 m 3 20 m; the ground swath
idth is ;10 km. The absolute accuracy of radio-
etric calibration for channels from 0.45 to 2.5 mm is

% or better. A few blue channels below 0.45 mm are
ess well radiometrically calibrated. The relative
and-to-band accuracy in a single spectrum is a few
enths of a percent. Our retrieval results from two
VIRIS data sets, one acquired over the mouth of the
hesapeake Bay in August 1997 and another over the
lorida Keys in March 1996, are described below.

A. Chesapeake Bay

The AVIRIS instrument acquired one set of spectral
imaging data over the mouth of the Chesapeake Bay
~37°129N and 76°249W! in eastern Virginia on 17 Au-
gust 1997. The images of 0.55-, 0.66-, 0.865-, and
1.04-mm AVIRIS channels are shown in Figs. 7~a!,
~b!, 7~c!, and 7~d!, respectively. The images cover
he same area of approximately 11 km by 10 km.
he land areas in the scene have been masked as
lack. The 0.66-mm image shows clearly features in
he water that result from backscattering by materi-
ls suspended in the water. As the wavelength in-
reases, the features in water are seen less clearly.
his is the reason that we have used only channels at
avelengths greater than 1 mm for the derivation of
erosol information from AVIRIS data during the re-
rieval. Figure 8~a! shows two radiance spectra, one
easured over a very turbid area ~solid curve! and

ne over a less-turbid area ~dotted line! in the AVIRIS
cene. Figure 8~b! shows the water-leaving reflec-
ance spectra retrieved from the two radiance spectra
n Fig. 8~a!. The overall shapes of the reflectance
pectra above 0.45 mm are quite consistent with those
easured from other field measurements.19,20 Be-

low 0.45 mm, the reflectances fall off too rapidly with
ecreasing wavelengths and even become negative
or wavelengths less than ;0.41 mm. This problem
as been observed by Carder et al.21 and Hamilton et

al.23 for other AVIRIS scenes. It is likely due to
radiometric calibration of the AVIRIS instrument,
which reports too-small radiances in the blue spectral
region. We do not have field-measured reflectance

Fig. 7. AVIRIS images of ~a! 0.55 mm, ~b! 0.66 mm, ~c! 0.865, and
~d! 1.04 mm acquired over the mouth of the Chesapeake Bay
~37°129N and 76°249W! in eastern Virginia on 17 August 1997.
20 February 2000 y Vol. 39, No. 6 y APPLIED OPTICS 893
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spectra corresponding to the two spectra in Fig. 8~b!.
herefore it is not possible in this case study to make
irect comparisons between the retrieved reflectance
pectra and field-measured reflectance spectra.

B. Florida Keys

The other set of hyperspectral imaging data used in
this study are the AVIRIS data acquired over the
Florida Keys ~24°369N and 81°479W! on 23 March
996. Figure 9~a! is a color composite image of the
cene. The image covers an area of approximately
0 km by 11 km. During the processing of this color
mage, the 0.70-mm AVIRIS channel is assigned as
he red channel, the 0.55-mm channel as the green
hannel, and the 0.44-mm channel as the blue chan-
el. The color image is obtained by superposition of
he red, green, and blue channel images. The water
s quite clear over the scene. It becomes increas-
ngly shallow from the upper left part of the scene to
he lower right part of the scene. Reflection off the
right calcium carbonate sand bottom increasingly
ominates the measured spectra in the visible spec-
ral region over shallower water areas. Figure 9~b!
hows the radiance spectra extracted from the four
reas marked I, II, III, and IV in Fig. 9~a!. Figure
~c! shows our retrieved water-leaving reflectance
pectra. For the deepest water reflectance spectrum
marked I!, the reflectance peak is centered near 0.50

Fig. 8. ~a! AVIRIS radiance spectra measured over a very turbid
rea ~solid curve! and a less-turbid area ~dotted curve! in the
VIRIS scene in Fig. 6. ~b! Water-leaving reflectance spectra

retrieved from the two radiance spectra in ~a!.
94 APPLIED OPTICS y Vol. 39, No. 6 y 20 February 2000
m. As the water depth decreases, the reflectance
eak shifts toward longer wavelengths. For the
hallowest water ~marked IV!, the reflectance peak is
entered approximately at 0.57 mm. The shapes of
he Fig. 9~c! reflectance spectra above 0.45 mm are
onsistent with those of field-measured reflectance
pectra over similar clear waters22 with a sand bot-

tom in Lake Tahoe. Again, we do not have field-
measured reflectance spectra that correspond to the
four spectra in Fig. 9~c! for direct comparisons be-
ween the retrieved reflectances and field-measured
eflectances.

8. Discussions

Although the shapes of our retrieved water-leaving
reflectance spectra above 0.45 mm are consistent with
those of field-measured reflectance spectra over sim-
ilar waters, we do not have field-measured reflec-
tance spectra acquired simultaneously with the
AVIRIS data acquisitions. As a result, we have not
been able to make direct comparisons between field-
measured reflectance spectra and our retrieved sur-
face reflectance spectra. We plan to make field
measurements of reflectance spectra underneath the
AVIRIS overpasses.

Our spectral matching technique and the simple
weighting scheme to include or not to include a given
channel in the retrieval allow us to use channels
above 1 mm to derive information about atmospheric
aerosols over coastal environments. By assigning a
weighting factor of 1 for channels from 0.66 to 0.865
mm and a weighting factor of 0 for the rest of the 14
channels used in our lookup table, we can perform
retrievals from remotely sensed data acquired over
the case 1 waters for SeaWiFS or other data that do
not include channels at longer wavelengths.

The scattering and absorption by molecules and
aerosols occur simultaneously in the atmosphere.
In this algorithm we have assumed that the atmo-
spheric scattering process and the gaseous absorp-
tion process are two independent processes. The
coupling effects between the atmospheric scattering
and the gaseous absorption are not modeled. The
magnitude of the coupling effects depends on the
aerosol properties and surface reflectances.23 For
the dark ocean surface the coupling effects can be
noticeable. For example, there is a small bump at
0.76 mm in the retrieved water-leaving reflectance
spectra in Fig. 8~b!. The bump is due to our overes-
imate of oxygen absorption near 0.76 mm when we
sed the two-way ~Sun–surface–sensor path! atmo-
pheric transmittance model. We can, in principle,
uild additional lookup tables based on rigorous ra-
iative transfer modeling ~i.e., including atmospheric
cattering and gaseous absorption simultaneously
uring the modeling! and then develop an algorithm
o remove the bump. Because a significant amount
f work would be involved and it would only provide
inor benefits, we have no plans at this time to de-

elop a module for correction of the bump.
Our present lookup tables have been built for 20

erosol models. Such lookup tables are adequate for



I

retrievals of water-leaving reflectances from re-
motely sensed data acquired under typical atmo-
spheric conditions. In the future we shall select
additional candidate aerosol models, such as models
for Sahara dust and Asian dust, and add simulation

Fig. 9. ~a! Color composite image of the AVIRIS scene over the Flor
–IV in ~a!, ~c! the retrieved water-leaving reflectance spectra from

the 0.70-mm AVIRIS channel is assigned as the red channel, the 0
blue channel. The color image is obtained by superposition of th
results with these aerosol models to our lookup ta-
bles.

We have occasionally observed from other AVIRIS
data sets acquired over coastal environments that the
water-leaving radiances for channels above 1 mm for

eys, ~b! the radiance spectra extracted from the four areas marked
our spectra in ~b!. During the processing of the color image in ~a!,
m channel as the green channel, and the 0.44-mm channel as the
, green, and blue channel images.
ida K
the f
.55-m
e red
20 February 2000 y Vol. 39, No. 6 y APPLIED OPTICS 895
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some pixels are not close to zero; such is the situation
when a large amount of material is floating on the
water surface. Derivation of aerosol information on
aerosols from these pixels is not possible. In this
situation we can use aerosol information derived
from other pixels for which the water-leaving radi-
ances above 1 mm are close to zero and extrapolate
the aerosol information to these pixels when we de-
rive water-leaving reflectances over these pixels.

9. Summary

We have developed an atmospheric correction algo-
rithm for hyperspectral remote sensing of ocean color
with the near-future Coastal Ocean Imaging Spec-
trometer. A spectrum-matching technique is used
to derive information on atmospheric aerosols. The
aerosol information is extracted back to the visible
based on aerosol models during our retrieval of
water-leaving reflectances. With our algorithm
used to process hyperspectral imaging data acquired
with the AVIRIS instrument over the Chesapeake
Bay and the Florida Keys, good water-leaving reflec-
tance spectra were retrieved.
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schamps of the Laboratoire d’Etudes de Recherches
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Howard Gordon of University of Miami for useful
discussions during various stages of this algorithm
development. The authors are also grateful to Lee
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