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We provide an analysis of the influence of instrument polarization sensitivity on the radiance measured
by spaceborne ocean color sensors. Simulated examples demonstrate the influence of polarization
sensitivity on the retrieval of the water-leaving reflectance rw. A simple method for partially correcting
for polarization sensitivity—replacing the linear polarization properties of the top-of-atmosphere reflec-
tance with those from a Rayleigh-scattering atmosphere—is provided and its efficacy is evaluated. It is
shown that this scheme improves rw retrievals as long as the polarization sensitivity of the instrument
does not vary strongly from band to band. Of course, a complete polarization-sensitivity characteriza-
tion of the ocean color sensor is required to implement the correction. © 1997 Optical Society of
America
1. Introduction

The spectral reflectance of the ocean–atmosphere
system is modified by the concentration of marine
phytoplankton, microscopic plants that constitute the
first link in the marine food chain.1 The component
of the spectral reflectance that is caused by photons
backscattered out of the ocean ~the water-leaving re-
flectance! is usually termed the ocean color. The
flight of the Coastal Zone Color Scanner2,3 on the
Nimbus-7 satellite proved the feasibility of measur-
ing the concentration of the photosynthetic pigment
chlorophyll a ~a surrogate for the concentration of
phytoplankton in the water! on a global scale. On
the basis of the success of the coastal zone color scan-
ner, several follow-on ocean color missions have been
planned, e.g., the sea-viewing wide-field-of-view sen-
sor ~SeaWiFS!4 and the moderate-resolution imaging
spectroradiometer ~MODIS!.5

The contribution of the water-leaving reflectance
rw to the reflectance of the ocean–atmosphere system
rt is &10%; the remainder is caused by photons scat-
tered by the atmosphere and reflected from the sea
surface. Extraction of rw from rt is referred to as

The authors are with Department of Physics, University of Mi-
ami, P. O. Box 248046, Coral Gables, Florida 33124.

Received 6 January 1997; revised manuscript received 24 April
1997.

0003-6935y97y276938-11$10.00y0
© 1997 Optical Society of America

6938 APPLIED OPTICS y Vol. 36, No. 27 y 20 September 1997
atmospheric correction. As rw is a small component
of rt, adequate atmospheric correction can be effected
only if rt is accurately measured, e.g., a 5% error in rt
translates into an ;50% error in rw in the blue in
waters with low phytoplankton concentrations and a
larger error in waters with higher concentrations.
The goal set for SeaWiFS and MODIS is the retrieval
of rw in such waters with an uncertainty of 65%.

In ocean color remote sensing it is assumed implic-
itly that the sensor is able to measure accurately
~subject to calibration limitations6! the radiance that
exits the top of the atmosphere ~TOA!. However, the
radiance reflected from the ocean–atmosphere sys-
tem can be strongly polarized.7 Because all radiom-
eters display some sensitivity to the polarization
state of the radiance they intend to measure, gener-
ally a biased measurement will be obtained. Al-
though the ocean-viewing radiometers are generally
designed to have low polarization sensitivity, e.g., for
SeaWiFS and MODIS it was specified that the re-
sponse vary by ,2% for all linear polarization states
of the incident radiance, some may not meet the de-
sign requirements. Others, e.g., the spectroscopic
imagers on the Midcourse Space Experiment,8 were
not specifically designed to examine strongly polar-
ized sources and may be quite sensitive to polariza-
tion. For this reason, it is of interest to understand
the influence of residual instrument polarization sen-
sitivity on the retrieved products and to devise a
method to minimize it. This is the focus of this re-
search.



Table 1. Frequently Used Symbols

Symbol Definition

F0 Extraterrestrial solar irradiance
I Stokes vector with components I, Q, U, and V
It Stokes vector exiting TOA with components It, Qt, Ut, and Vt

Im TOA Stokes vector measured by the polarization-sensitive instrument
Iw Stokes vector exiting the water
M Mueller matrix of the instrument’s optical system
Mij Component of M
mij MijyM11

q QyI
u UyI
P Degree of polarization associated with I
P Scattering phase matrix
t Atmospheric diffuse transmittance
a Angle between the standard reference plane and the instrument’s reference plane
r Reflectance: pIyF0 cos u0

rw Water-leaving reflectance
Dr Error in retrieved trw

fv Relative ~to Sun! azimuth of the view direction
uv Sensor viewing angle with respect to the zenith
u0 Solar zenith angle
ta Aerosol optical thickness
We review the measurements required to specify
the polarization sensitivity of a radiometer, show how
the measured TOA radiance depends on the polariza-
tion state of the light, and provide examples of the
polarization properties of the TOA radiance. Next
we review the atmospheric correction algorithm and
use it to derive the desired water-leaving radiance by
operating it with the radiance measured by the sen-
sor if the instrument’s polarization sensitivity is ig-
nored. Finally, we propose a simple algorithm for
making an approximate correction for the effects of
residual instrument polarization sensitivity and pro-
vide some examples of its efficacy.

2. Polarization Sensitivity

A. Sensor Polarization Sensitivity

We assume that the radiometer can be modeled as an
optical system that responds in a manner dependent
on the state of polarization of the radiance to be mea-
sured, and a detector with a response that is inde-
pendent of the state of polarization of the radiance.
The radiance is specified by the column vector I, the
Stokes vector,9–12

1
I
Q
U
V
2 ,

where

I 5 ^ElEl* 1 ErEr*&,

Q 5 ^ElEl* 2 ErEr*&,

U 5 ^ElEr* 1 ErEl*&,

V 5 i^ElEr* 2 ErEl*&, (1)
El and Er are the components of the electric field in
any two orthogonal directions normal to the direction
of propagation, the superscript asterisk indicates the
complex conjugate, and the angle bracket denotes the
average over time. ~See Table 1 for symbol descrip-
tions.! The first element of the Stokes vector, I, is
the radiance that would be measured with a detector
that is insensitive to the polarization state of the
field. We refer to it here as the radiance. The po-
larization state of the radiation is determined by the
other components of I, for example, the degree of
polarization of the radiation is

P 5
~Q2 1 U2 1 V2!1y2

I
, (2)

where 0 # P # 1. The limit P 5 0 corresponds to a
completely unpolarized radiation field, while P 5 1
corresponds to a completely polarized radiation field.
Radiation fields with intermediate values of P are
partially polarized. Any field with a degree of polar-
ization P can be represented as a linear combination
of an unpolarized field of radiance ~1 2 P!I and a
completely polarized field of radiance PI, i.e.,

I 5 1
I
Q
U
V
2 5 1

~1 2 P!I
0
0
0

2 1 1
PI
Q
U
V
2 .

Fields for which V 5 0 are considered linearly polar-
ized.

The action of the optical system on I is to produce
a new Stokes vector Im given by

Im 5 MI,
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where M is a 4 3 4 matrix ~the Mueller matrix!. The
measured radiance Im is the top element of the col-
umn vector Im. The transform matrix M describes
the action of the instrument on I. It follows from the
action of the instrument on the fields,

SEr

El
D

m

5 ASEr

El
D 5 SA1

A3

A4

A2
DSEr

El
D , (3)

where Er and El are the electric field components of
the beam in the directions perpendicular and parallel
to a reference plane, respectively. This reference
plane is arbitrary and is defined with the basis vec-
tors r̂ and l̂, respectively perpendicular and parallel
to the reference plane. The plane itself is formed by
l̂ and the direction of propagation of the radiance, r̂ 3
l̂. Starting from Eq. ~3! and the definition of I, Q, U,
and V in terms of the fields, the derivation of M from
A is straightforward.9,13 In what follows we omit
the explicit dependence of I and M on wavelength l
for simplicity.

While it views the Earth, the sensor responds to
the Stokes vector It exiting the TOA. It is defined
with respect to a reference plane determined by the
propagation direction of the light ~specified by the
polar angles u, f! and the vertical, with l̂t and r̂t
parallel and perpendicular, respectively, to this
plane. However, the transformation matrix M is de-
fined relative to a reference plane ~l̂ and r̂! fixed with
respect to the instrument. If these two reference
planes are not coincident, a transformation ~rotation!
of the Stokes vector from one reference plane to the
other has to be made. By letting l̂t z l̂ 5 cos a, we
have13

Im 5 MR~a!It, (4)

where

R~a! ; 1
1
0
0
0

0
cos 2a

2sin 2a
0

0
sin 2a
cos 2a

0

0
0
0
1
2 ,

with a measured clockwise from l̂t to l̂ looking toward
the source. Equation ~4! shows that the
instrument—the optical system that changes It into
Im and the detector that responds only to Im—
measures an Im that is related to the components of
the true Stokes vector It by

Im 5 M11It 1 M12~cos 2aQt 1 sin 2aUt!

1 M13~2sin 2aQt 1 cos 2aUt! 1 M14Vt, (5)

where M11, M12, M13, and M14 are the elements of the
first row of the matrix M. For the radiance back-
scattered to the top of the atmosphere, Vt ' 0 ~refer
to Subsection 2.B!, so Im in Eq. ~5! can be rewritten as

Im 5 M11It 1 M12~cos 2aQt 1 sin 2aUt!

1 M13~2sin 2aQt 1 cos 2aUt!. (6)
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It is clear the measured radiance Im is not It; Im
depends on the characteristics of the instrument
~M11, M12, and M13! and the characteristics of the
radiation ~It, Qt, and Ut!. Of course, it is desirable to
have an ideal instrument with no polarization sensi-
tivity, i.e., Mij 5 0 for i . 1 and j . 1; however, this
is not practical. On one hand, all instruments have
some unavoidable polarization sensitivity. On the
other hand, if the degree of polarization of the radi-
ance received by the instrument is zero ~Qt 5 Ut 5 Vt
5 0!, the measured radiance Im will be the true ra-
diance It. However, because the upwelling radiance
we intend to measure is polarized, Im will never be It.

To study the effect of the polarization sensitivity of
the instrument, we need to know only three elements,
M11, M12, and M13, in the transform matrix M.
These can be determined with standard measure-
ments,12 which we review here. First, choose a ref-
erence plane for the instrument, with basis vectors l̂
and r̂ parallel and perpendicular to this reference
plane, respectively, and r̂ 3 l̂ in the propagation di-
rection of the beam. Then illuminate the instru-
ment with linearly polarized radiance ~P 5 1! of
radiance I0 in the following ways @to conserve space
we write I as a row vector, I 5 ~I, Q, U, V!#.

~1! With the oscillation direction ~plane! of the elec-
tric vector along l̂, so the incident Stokes vector is Iin
5 I0~1, 1, 0, 0!, for which the instrument records a
radiance Il̂, and from Eq. ~6! with a 5 0 ~since M11,
M12, and M13 are defined on this reference plane! we
have

Il̂ 5 ~M11 1 M12!I0.

~2! With the oscillation direction along r̂, i.e., Iin 5
I0~1, 2 1, 0, 0!, for which the instrument records a
radiance Ir̂, we have

Ir̂ 5 ~M11 2 M12!I0.

~3! With the oscillation direction along the line that
bisects the angle between l̂ and r̂, i.e., Iin 5 I0~1, 0, 1,
0!, for which the instrument records a radiance Il̂r, we
have

I ˆlr 5 ~M11 1 M13!I0.

From these experimental results, M11, M12, and M13
can be found easily:

M11 5
Il̂ 1 Ir̂

2I0
,

M12 5
Il̂ 2 Ir̂

2I0
,

M13 5
I ˆlr

I0
2 M11.

Considering that M11 can be determined with an un-
polarized source during instrument calibration, we



use M11 5 1 in this research. Upon defining qt and
ut as

qt 5
Qt

It
,

ut 5
Ut

It
,

Eq. ~6! can be rewritten

Im 5 It@1 1 m12~cos 2aqt 1 sin 2aut!

1 m13~2sin 2aqt 1 cos 2aut!#, (7)

with m12 and m13 defined by

m12 5
M12

M11
,

m13 5
M13

M11
.

Even if I0 is unknown in the above experiment, we
can obtain the polarization sensitivity of instrument
by finding m12 and m13 from the following equations:

m12 5
Il̂ 2 Ir̂

Il̂ 1 Ir̂
,

m13 5
2I ˆlr

Il̂ 1 Ir̂
2 1.

B. Polarization Properties of It
To examine the influence of the instrument polariza-
tion sensitivity, we need to know the polarization
characteristics of the radiance that exits the TOA.
For remote sensing of ocean color, in general, It can be
written as

It 5 Ir 1 Ia 1 Ira 1 tIw, (8)

where Ir is the contribution from the Rayleigh scat-
tering, Ia is the contribution from the aerosol scatter-
ing, Ira is the contribution from the interaction
between molecular and aerosol scattering, tIw is the
water-leaving radiance diffusely transmitted ~t! to
the top of the atmosphere. This yields

It 5 Ir 1 Ia 1 Ira 1 tIw.

The water-leaving component tIw is at most ~in the
blue! ;10% of the total It; and if we consider the inci-
dent light field on the TOA from the Sun is completely
unpolarized, the polarization state of It is governed
mainly by the atmospheric scattering contribution.
For Rayleigh scattering, the It polarization state is well
known and easy to determine; but for aerosols, the
scattering properties and the polarization state of the
scattered light are generally unknown because they
depend strongly on their particle size distributions and
refractive indices.

Consider a spherical coordinate system with origin
at the TOA, z axis directed downward, and x axis di-
rected away from the Sun ~Sun’s rays are in the x–z
plane!. Let the direction of propagation of a photon be
specified by the polar and azimuth angles, u and f, in
this system. The solar beam has u 5 u0 and f 5 0.
Photons exiting the TOA have u . 90°. With t rep-
resenting the optical depth measured from the TOA,
the propagation of I at a wavelength l is governed by
the vector radiative transfer equation ~VRTE!,

cos u
dI~l, t, u, f!

dt
5 2I~l, t, u, f!

1 v0 *
4p

R~a!P~l, t, u9, f93 u, f!

3 R*~a9!I~l, t, u9, f9!dV9, (9)

where P is the phase matrix, v0 is the single-scattering
albedo, and R is the rotation matrix. In Subsection
2.A, the reference plane for I is defined by the direction
of propagation and the z axis, i.e., the reference plane,
is perpendicular to the ocean surface. Note that there
are two rotations among three reference planes when-
ever a scattering occurs10 because the phase matrix is
defined on the scattering plane ~determined by the
incident light and the scattered light!. One must first
rotate the incident reference plane to the scattering
plane, then apply phase matrix P, and finally rotate
the scattering plane to the scattered reference plane.
The boundary condition at the TOA is

I~0; u, f! 5 1
F0

0
0
0
2d~cos u 2 cosu0!

3 d~f 2 f0!, u0 , py2.

The boundary condition at the ~assumed flat! sea
surface is given by

I~t1; ur, fr! 5 F~ui!I~t1; ui, fi!, (10)

where the Fresnel reflection Mueller matrix F is

F~ui! 5 3
r 1 ~ui!
r 2 ~ui!

0
0

r 2 ~ui!
r 1 ~ui!

0
0

0
0

r33~ui!
0

0
0
0

r33~ui!
4 , (11)

with ur 5 p 2 ui and fr 5 fi. The factors r 6 ~ui!
and r33~ui! are given by

r 6 ~ui! 5
1
2 F cos ui 2 ~n2 2 sin2ui!

1y2

cos ui 1 ~n2 2 sin2 ui!
1y2G2

3 HFsin2 ui 2 cos ui~n
2 2 sin2 ui!

1y2

sin2 ui 1 cos ui~n
2 2 sin2 ui!

1y2G2

6 1J ,

r33~ui! 5 Fcos ui 2 ~n2 2 sin2ui!
1y2

cos ui 1 ~n22sin2 ui!
1y2G2

3 Fsin2 ui 2 cos ui~n
2 2 sin2 ui!

1y2

sin2 ui 1 cos ui~n
2 2 sin2 ui!

1y2G .
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The aerosol-scattering phase matrix has the follow-
ing form for spherical particles:

Pa~Q! 5 1
P11

P12

0
0

P12

P11

0
0

0
0

P33

2P34

0
0

P34

P33

2 , (12)

where P11, P12, P33, and P34 are functions of the
scattering angle Q. For the aerosol models used in
this study, the phase matrices are computed with the
Mie theory. The Rayleigh phase matrix, Pr, is

Pr~Q!

5
3

16p 1
1 1 cos2 Q
2sin2 Q

0
0

2sin2 Q
1 1 cos2 Q

0
0

0
0

2 cos Q
0

0
0
0

2 cos Q
2 ,

(13)

where Q is the scattering angle. Note that the de-
polarization factor14 has been set to 0.

The VRTE can be solved by the successive order
method and the Monte Carlo method, similar to the
scalar radiative transfer equation. However, in-
stead of solving a single equation in the scalar radi-
ative transfer equation approximation, we must solve
four coupled equations.

Although the upwelling radiance It at the TOA is
not the result of just single scattering, we gain some
understanding by examining the Rayleigh and aero-
sol single-scattering contributions to It. From
single-scattering theory, with the incident light on
TOA completely unpolarized, the upwelling radiance
that exits the TOA by direct molecular or aerosol
scattering ~i.e., without the reflection from the ocean
surface considered! is given by14

1
It

Qt

Ut

Vt

2 5
F0 cos u0v0

cos u0 2 cos u F1 2 expS t1

cos u
2

t1

cos u0
DG

3 3
P11~Q!

P12~Q! cos 2a
2P12~Q! sin 2a

0
4 , (14)

where v0 is the single-scattering albedo, t1 is the
optical thickness of the molecules or aerosols, and Q
is the scattering angle. Note that there is no contri-
bution to Vt from single Rayleigh scattering or single
aerosol scattering. With the observation that there
is no P34 term in the Rayleigh-scattering phase ma-
trix, there is no contribution to Vt from pure Rayleigh
multiple scattering either. The term Vt is the result
either of multiple aerosol scattering ~including the
aerosol and Rayleigh interaction terms! because of
the existence of element P34 in the scattering phase
matrix of aerosols or of single scattering followed by
or preceded by reflection from the sea surface. Our
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simulation results agree with the computations of
Kattawar et al.15 and Plass et al.16 that Vt ' ~Va 1
Vra! ; 1023 It, which is why we can assume Vt ' 0 in
Eq. ~6!. This means circular polarization effects are
ignored.

From Eq. ~14! we can also see that, in the case of
single scattering, Q and U ~or the degree of polariza-
tion! are introduced mainly because of the existence
of the scattering phase matrix element P12 for Ray-
leigh and aerosol scattering. Figure 1 provides P12
for Rayleigh scattering and aerosol scattering as a
function of scattering angle Q. The aerosol models
used in Fig. 1 are the Shettle and Fenn17 maritime
and tropospheric models at 80% relative humidity,
labeled as M80 and T80 respectively. It is observed
from Fig. 1 that P12 for the aerosol is usually small
compared with that for Rayleigh scattering and that
this element for Rayleigh scattering is a strong func-
tion of the scattering angle Q. In the backward di-
rections ~90° , Q # 180°!, when Q is greater than
;160°, the P12 elements for Rayleigh and aerosol
scattering are comparable. In contrast, when 90° ,
Q # 150°, Rayleigh scattering has a strong effect on
the polarization state. Thus when single scattering
dominates, the degree of polarization will be small for
large scattering angle Q ~Q . 160°!, but when Q is
less than 150°, strong polarization effects caused
largely by Rayleigh scattering will be encountered.

Fig. 1. Scattering phase matrix element P12 for aerosols at 443,
765, and 865 nm, and Rayleigh: ~a! M80 aerosol model and ~b!
T80 aerosol model.



By using the aerosol models described by Gordon
and Wang,18 one can compute the Stokes vector It by
solving the VRTE. By using a two-layer atmosphere
model with molecules confined in the upper layer and
aerosols confined in the lower layer bounded by a flat
Fresnel-reflecting ocean surface, we solved the VRTE
with a Monte Carlo code to provide a pseudoradiance
vector It received by the sensor at the TOA. The
simulations we present were carried out for the M80
and T80 aerosol models in three wave bands ~443,
765, and 865 nm!, and the aerosol optical thickness
for l 5 865 nm was taken to be 0.2 @ta~865! 5 0.2#.

Because the error in Im @Eq. ~7!# is determined by qt
and ut, the ratios of QtyIt and UtyIt computed for M80
at three wavelengths are plotted in Fig. 2 as a func-
tion of the viewing angle of the sensor, uv [ p 2 u, for
f 5 90°. The T80 aerosol model yields similar
curves. Note that Ut changes sign upon crossing the
principal plane ~f 5 0!. In Fig. 2 we plot Ut for the
side of the principal plane for which it is negative.
In contrast, Qt is symmetric with respect to reflection
across the principal plane. These computations
show that ~1! the degree of polarization P generally
increases with increasing u0 and uv; ~2! P can be as
large as ;0.5–0.6; ~3! both Qt and Ut contribute sig-
nificantly to P ~Qt for small uv and Ut for large uv!; and
~4! the polarization properties at 765 and 865 nm are
similar but show significantly less polarization than
at 443 nm.

Fig. 2. Ratios QtyIt and UtyIt as a function of uv for the M80
aerosol model with f 5 90°: ~a! u0 5 20° and ~b! u0 5 60°.
These computations can be used to obtain a coarse
estimate of the error in It, induced by the polarization
sensitivity. Choose l̂ and r̂ so that m13 5 0. Then

DIt

It
;

Im 2 It

It
5 m12~qt cos 2a 1 ut sin 2a!.

It is easy to show that the maximum value of ~qt cos
2a 1 ut sin 2a! is Pl [ ~qt

2 1 ut
2!1y2. Thus

DIt

It
# m12Pl.

As Pl can be as large as 0.5–0.6, we see that the error
in It is potentially as large as ;0.5m12. For m12 #
0.02, the error is at most 1%. In contrast, if m12 5
0.10, the error could be as large as 5%. Gordon19

showed that errors of 1% can be tolerated in atmo-
spheric correction as long as the error has the same
sign throughout the spectrum; however, errors of
;5% cannot be tolerated.

3. Effects of Sensor Polarization Sensitivity on
Atmospheric Correction

In the absence of strongly absorbing aerosols and
instrument polarization sensitivity, the Gordon and
Wang atmospheric correction algorithm works well.19

The error in the retrieved water-leaving reflectance
at 443 nm Dr~443! 5 t~443!D rw~443!, where the re-
flectance rw [ pIwyF0 cos u0, is approximately 60.001
to 60.002. This meets the requirements of MODIS
and SeaWiFS. However, because the instrument
has a residual polarization sensitivity and the up-
welling radiance It we intend to measure is polarized,
we cannot be provided with the true It. Instead we
will have the biased Im. Therefore it is necessary to
assess the influence of polarization sensitivity on the
Gordon and Wang atmospheric correction algorithm.

We used simulated Im pseudodata to study the in-
fluence of the polarization sensitivity of the instru-
ment on the performance of the Gordon and Wang
atmospheric correction algorithm. It was computed
for the M80 and T80 aerosol models with aerosol
optical thickness at 865 nm, ta~865! 5 0.2. This
value of ta~865! is somewhat higher than that ob-
served over regions with a pure maritime atmo-
sphere, i.e., not subjected to anthropogenic aerosol or
mineral dust transported over the oceans.20–22 The
water-leaving radiance was taken to be 0. The sim-
ulations were carried out for u0 5 0, 20°, 40°, and 60°,
both at the center, uv ' 1°, and at the edge, uv ' 45°,
of the SeaWiFS scan with f 5 90°. The combination
u0 5 0 and uv ' 1° is omitted because it would be near
the center of the Sun’s glitter pattern. These seven
geometries cover approximately the full range of Sun-
view geometries encountered in progressing along a
polar orbit from the equator to a latitude of 60° at the
equinox.

The Stokes vector It was then introduced into Eq.
~7! and Im computed, given the polarization sensitiv-
ity of the sensor. A rotation of the reference plane
used to define m12 and m13 does not change ~m12

2 1
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Fig. 3. Retrieved error tDrw at 443 nm as a function of u0 for the M80 aerosol model with ta~865! 5 0.2, in the presence of polarization
sensitivity, for viewing at the edge of the scan with ~a! m12 5 ~0.10, 0.10, 0.10!; ~b! m12 5 ~0.05, 0.05, 0.05!; ~c! m12 5 ~0.05, 0.03, 0.03!;
~d! m12 5 ~0.02, 0.02, 0.02!; ~e! m12 5 ~0.05, 20.05, 20.05!; ~f ! m12 5 ~0.02, 20.02, 20.02!.
m13
2!1y2; it only reallocates polarization sensitivity

between m12 and m13, i.e., it simply changes the def-
inition of the angle a. Thus, for simplicity, we set
m13 equal to 0 and present the results of our study as
a function of a.

The Gordon and Wang algorithm18 uses the SeaW-
iFS bands at 765 and 865 nm ~where rw 5 0, except
in turbid coastal water! to provide atmospheric cor-
rection for the visible. Here we examine the error in
the water-leaving reflectance, tDrw [ Dr, at 443 nm.
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To demonstrate the effect of the polarization sensi-
tivity, we examined six sets of values of m12 in the
three wave bands of 443, 765, and 865 nm. The six
sets of m12 $written @m12~443!, m12~765!, m12~865!#%
were m12 5 ~0.10,0.10,0.10!, m12 5 ~0.05,0.05,0.05!,
m12 5 ~0.05,0.03,0.03!, m12 5 ~0.02,0.02,0.02!, m12 5
~0.05, 20.05, 20.05!, and m12 5 ~0.02, 20.02, 20.02!.
As mentioned in the preceding paragraph, m13 5 ~0,
0, 0! for each set. Note that setting m13 to 0 at all
three wave bands implies that when the plane of



polarization of radiation ~of constant radiance! enter-
ing the sensor is rotated through 360°, the sinusoidal
responses ~in 23 the rotation angle! of the detectors
for the three bands will be either in phase or exactly
out of phase with each other. This is not a necessity
for the development we present; it is used only to
simplify the analysis.

Sample results for the errors in the retrieved
water-leaving reflectance at 443 nm are presented in
Fig. 3 for viewing at the scan edge with f 5 90°, as a
function of a. For this fixed viewing geometry, a
would be constant; however, here varying a is iden-

Fig. 4. Ratios QyI and UyI for Rayleigh scattering and total scat-
tering as a function of viewing zenith angle uv for the M80 aerosol
model with ta~865! 5 0.2 and u0 5 60°: ~a! l 5 443 nm; ~b! l 5 765
nm; ~c! l 5 865 nm.
tical to varying the fraction of the polarization sensi-
tivity allocated to m12 and m13. The solid curve that
connects the solid dots on Fig. 3 provides the error in
trw in the absence of polarization sensitivity, i.e., the
result of operating the algorithm with the correct
input, It not Im. The simulation results in Fig. 3
suggest that ~1! large instrument m12 causes large
errors when polarization state is considered; ~2! for
m12 as small as 0.02, the polarization sensitivity ef-
fects are not a problem in most Sun-viewing geome-
tries ~error , 60.002! as long as the m12 has the same
sign in all bands; ~3! retrieval errors for m12 5 ~0.05,
0.05, 0.05! are approximately same as that for m12 5
~0.05, 0.03, 0.03!, and retrieval errors for m12 5 ~0.05,
20.05, 20.05! are approximately the same as that for
m12 5 ~0.10, 0.10, 0.10!, suggesting that when m12
are wavelength dependent, the retrieval errors are
larger than those when they are wavelength indepen-
dent.

It is clear that the performance of the Gordon and
Wang algorithm is degraded in the presence of sensor
polarization sensitivity. Thus a method to remove
the errors induced by the instrument polarization
sensitivity is required.

4. Removal of Instrument Polarization Sensitivity

To completely remove the instrument polarization
sensitivity, one needs the polarization properties of
the upwelling radiance vector It. Because aerosol
scattering is highly variable, measuring only the up-
welling radiance It cannot provide any information
regarding its polarization characteristics. It is for-
tunate that the polarization state of the upwelling
radiance It is determined mainly by Rayleigh scatter-
ing ~Fig. 1!. Figure 4 provides a comparison of QyI
and UyI between Rayleigh scattering ~without aero-
sols! and total scattering ~Rayleigh plus aerosols! for
u0 5 60°. When associated with QyI and UyI, the
subscripts r and t refer to Rayleigh scattering and
total scattering, respectively. Figure 4 shows that,
generally in the blue, QryIr is close to QtyIt and UryIr
is close to UtyIt, with uQryIr . uQtyItu and uUryIru .
uUtyItu. This can be explained by the aerosol-
scattering contribution to Qt and Ut being generally
smaller than its contribution to It, which means the
existence of the aerosol reduces the degree of polar-
ization attributed to pure Rayleigh scattering in the
upwelling radiance vector It. For the short wave-
length @Fig. 4~a!# the Rayleigh scattering dominates,
and there is little difference between QryIr and QtyIt
and between UryIr and UtyIt. For the long wave-
lengths @Figs. 4~b! and 4~c!# aerosol scattering re-
duces significantly the degree of polarization of the
upwelling radiance.

Observing that a significant portion of qt and ut is
contributed by Rayleigh scattering and noting that
the Rayleigh-scattering properties of the air are well
known, we would expect that a significant amount of
the polarization-induced error in trw~443! could be
removed by replacing qt and ut in Eq. ~7! with their
Rayleigh-scattering counterparts, QryIr and UryIr.
When qr is close to qt and ur is close to ut, the cor-
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Fig. 5. Retrieved error tDrw at 443 nm as a function of u0 for the M80 aerosol model with ta~865! 5 0.2, after applying the removal
algorithm, for viewing at the edge of the scan with ~a! m12 5 ~0.10, 0.10, 0.10!; ~b! m12 5 ~0.05, 0.05, 0.05!; ~c! m12 5 ~0.05, 0.03, 0.03!;
~d! m12 5 ~0.02, 0.02, 0.02!; ~e! m12 5 ~0.05, 20.05, 20.05!; ~f ! m12 5 ~0.02, 20.02, 20.02!.
rected radiance should be close to the true radiance It.
With the upwelling radiance at the TOA corrected in
this manner, instead of applying the biased Im we
applied the Gordon and Wang atmospheric correction
algorithm to the same pseudodata used in Fig. 3.
The retrieved errors in water-leaving reflectance at
443 nm are presented in Fig. 5. Observe from the
simulations that ~1! generally, the polarization cor-
rection works better for smaller m12; ~2! when m12 is
not dependent on wavelength, it works well even for
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m12 as large as ~0.1, 0.1, 0.1!; ~3! when m12 is depen-
dent on wavelength, it does not work as well as in
observation ~1!; and ~4! when values of m12 have dif-
ferent signs in different wave bands, even for m12 as
small as 2%, it cannot perform well @Figs. 5~e! and
5~f !#. Similar results were obtained for the T80
aerosol model with ta 5 0.2, although the residual
error in trw was larger. For the purpose of removing
the effects of polarization sensitivity, these simula-
tions show the importance of designing instruments



in which m12 does not significantly depend on wave-
length.

We tried to improve on this polarization-sensitivity
correction by accounting for the presence of aerosols,
which cause the difference between the qr–ur pair
and the qt–ut pair ~Fig. 4!. However, because the
polarization properties of the aerosol cannot be
known prior to atmospheric correction, some assump-
tion must be made in this regard. Figure 1 suggests
that a reasonable assumption would be that aerosol
single scattering depolarizes completely the incident
radiance, i.e., that the only nonzero element of Pa~Q!
is at the top left of the matrix. In the single-
scattering approximation to the TOA radiance, this
would correspond to the replacement of the actual qt
with QryIt and ut with UryIt. Such a replacement
would effect a first-order correction for the depolar-
ization by aerosols. Because It is unknown, we tried
replacing It with Im, the radiance measured without
regard for the polarization sensitivity, i.e., in Eq. ~7!
we replaced qt and ut with QryIm and UryIm, respec-
tively. The results were disappointing; there was no
improvement in the polarization correction, and in
many cases the error after correction was larger than
that shown in Fig. 5 ~but less than that in Fig. 3!.
Thus we rejected this method in favor of replacing qt
and ut in Eq. ~7! with qr and ur, respectively.

In all of the simulations presented here, we took rw
to be 0, so the error in trw was just the value of trw
retrieved by the atmospheric correction algorithm.
Of course, rw Þ 0 in the visible, and in fact the light
that exits the ocean will have its own polarization
properties.23,24 Thus, if rw Þ 0, the polarization
properties of It will change, which will produce a
concomitant change in Im. Although there have
been no thorough studies of the polarization proper-
ties of the water-leaving reflectance, it is easy to see
that the error induced by the polarization of rw will be
small. In very clear waters in the blue, Iw typically
contributes at most 10% of It. Thus if Iw is fully
polarized ~P 5 1! or fully depolarized ~P 5 0!, the
degree of polarization of It will change by at most 0.1.
An analysis similar to that presented at the end of
Subsection 2.B shows that such a change in the po-
larization state of It will induce a change in Im of at
most m12y10. Because m12 is expected to be small,
e.g., ,0.05, the maximum additional error in It will
be ,0.5% in the blue in clear water. For longer
wavelengths Iw is an even smaller component of It, so
the error there will be even less. In reality, the po-
larization state of Iw is likely to be similar to It, in
which case there would be no additional error result-
ing from nonzero values of rw. Thus we believe our
simulations with rw 5 0 provide an adequate esti-
mate of the performance of the correction algorithm
in the presence of an instrument with a relatively
small polarization sensitivity.

5. Concluding Remarks

We present simulations that demonstrate the effect
of sensor polarization sensitivity on the atmospheric
correction of ocean color sensors ~Fig. 3!. In addi-
tion, we provide a simple method—substituting the
polarization properties of It with those of a pure
Rayleigh-scattering atmosphere—for partially cor-
recting the error induced by polarization sensitivity.
This correction method is shown to be effective ~even
for relatively large polarization sensitivities! as long
as the polarization sensitivity of the instrument does
not vary strongly from band to band @Fig. 5~a!–5~d!#.
An attractive feature of this polarization correction is
the simplicity of its implementation as part of the
overall atmospheric correction algorithm. The pos-
sible error in the retrieved values of trw without po-
larization correction ~Fig. 3! underscores the
importance of a complete characterization of the po-
larization sensitivity of an ocean color sensor prior to
launch so that the polarization-sensitivity correction
can be applied.
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