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Abstract

A cross calibration analysis between POLDER and OCTS sensors on board ADEOS

satellite in terms of the space re¯ectance was made. Space re¯ectance values, computed

from the POLDER and OCTS data (acquired simultaneously on 26 April 1997) for the

same ocean target, were examined and we found that they are in good agreement in all

bands, when the new in-¯ight calibration gain factors for each sensor are assumed.

Furthermore, we retrieved aerosol optical parameters (i.e., the optical thickness,
�Angstr�om exponent, and refractive index) by using several retrieving algorithms from

using ADEOS/POLDERÕs directional space re¯ectance and polarization data in infra-

red bands simultaneously. Retrieved results were presented by the form of distribution

maps. In addition, good and bad points of each retrieval algorithm were discussed.

Finally, we proposed an improved method for retrieving aerosol optical parameters,

which utilizes theoretical P±SR (polarization±space re¯ectance) diagrams at given

viewing angles in an 865 nm band. The estimated aerosol optical parameters by our

proposed method were compared with the simultaneously measured sky observation

data. We found an excellent agreement between them. Ó 2000 Elsevier Science Inc. All

rights reserved.
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1. Introduction

CNESÕs POLDER sensor, on board NASDAÕs ADEOS satellite, had col-
lected the global data sets for about eight months during the ADEOSÕs oper-
ational period (launched in August 1996 ± ended in June 1997). Since the
POLDER and OCTS are on the same ADEOS satellite and they have six
nearly identical spectral bands, centered at 443, 490, 565, 670, 765, and 865 nm,
it may be possible to make a cross calibration between two sensors. In the cross
calibration analysis the latest information on the calibration coe�cients for
POLDER and OCTS after launch [1,2] were used. Furthermore, it may be
possible to retrieve the aerosol optical parameters using ADEOS/POLDERÕs
directional re¯ectance and polarization data simultaneously in the 865 nm
band.

2. Theoretical background

The incident solar ¯ux vector in Stokes vector representation is given by
Eq. (1):

pF � p�f 000�t; �1�
where a superscript represents the matrix transposition. In this notation we
assume an incident solar ¯ux vector pF illuminates a plane parallel atmosphere
with the optical thickness of sat in the direction of �l0;/0� , where l0 and /0 are
the cosine of solar zenith angle h0 and the solar azimuth angle /0, respectively.
In the right side pf equals to the extraterrestrial irradiance per unit area normal
to the direction of solar rays, Es (W/m2). Then, the upwelling Stokes vector
at the top of the atmosphere (TOA) in the direction of (l, /),
I�sat; l; l0;/ÿ /0� � �I QU V �t can be expressed by Eq. (2) in terms of the
re¯ection matrix of the atmosphere±ocean system Rat�sf :

I�sat; l; l0;/ÿ /0� � l0Rat�sf�sat; l; l0;/ÿ /0�F: �2�
As for the components of Stokes vector, I is the radiance, Q related to the

linear polarization, U to the plane of polarization, and V to the circular po-
larization. In the EarthÕs atmosphere the circular polarization can be ignored.
By using the adding method [3], Rat�sf can be expressed in terms of the re-
¯ection matrix, the transmission matrix of the atmosphere and the re¯ection
matrix of the sea surface, Rat;Tat, and Rsf , respectively. For the basic formu-
lations of these matrices for a single atmospheric layer with a Gaussian type
ocean surface (Cox±Munk model [4]), refer to our previous paper [5].

The de®nitions of the space re¯ectance Rsp at TOA and degree of linear
polarization P in the re¯ected radiation are given by Eqs. (3) and (4), respec-
tively:
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Rsp � pI=l0Es � pI=l0�pf � � I=l0; �3�

P �
�����������������
Q2 � U 2

p
I

: �4�

For simplicity, we shall call it the polarization in this paper.

3. Cross calibration between POLDER and OCTS

We have made the cross calibration between POLDER and OCTS sensors,
using the re¯ected radiance data acquired simultaneously on 26 April 1997. A
target site (N37.5±N37.97; E142.0±E142.5) is shown by a parallelogram in both
OCTS and POLDER images (Fig. 1). We divided the target area into 16 small
blocks and computed the mean space re¯ectances for each blocked area from
measured re¯ected radiances by POLDER and OCTS, using their in-¯ight
calibration coe�cients. In the computation we adopted the latest in-¯ight
calibration gain factors for POLDER [1] and OCTS [2]. The observational
angular conditions at the target center were rather di�erent for POLDER and
OCTS, because we selected the target site in scene 43 which seemed without
the e�ect of specular re¯ection. The POLDER and OCTS cases were
�h0 � 26:81; h � 35:86; /ÿ /0 � 159:59� and �h0 � 26:79; h � 21:95; /ÿ /0

� 212:08�, respectively. We estimated the e�ects in all bands due to di�erent
angular conditions, by assuming a typical aerosol optical model with
�s500 � 0:2; a � 1:5; m � 1:40ÿ i0:0�, where s500, a, and m are the aerosol
optical thickness at 500 nm, �Angstr�om exponent, and the aerosol refractive
index, respectively. The adoption of this aerosol model for the target site was

Fig. 1. Location of the target area: (a) image by OCTS; (b) scene 43 by POLDER.
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based on the retrieved results by Method A with ®xed refractive index of
m � 1:40ÿ i0:0 (described in the next section). The in-¯ight gain factors for
POLDER and OCTS are listed in Table 1, together with the angular gain
factors for normalizing the angular condition of OCTS to that of POLDER.
The computed mean space re¯ectances at the target site for the cases of
POLDER and OCTS are shown in Fig. 2 and Table 2. Space re¯ectance be-
tween POLDER and OCTS is in good agreement with relative di�erences of
less than 10% in all bands (channels).

4. Estimation of aerosol parameters

We investigated several methods for estimating aerosol optical parameters,
using POLDERÕs directional re¯ectance and polarization data at 670 and

Table 1

In-¯ight calibration and angular gain factors

k (nm) POLDER gain OCTS gain Angular gain

443 0.9700 1.0300 1.1231

490 0.9900 0.9394 1.1234

565 1.0350 1.0400 1.1140

670 1.0300 1.0000 1:1035

765 1.0350 1.0200 1.0868

865 1.0500 0.8900 1.0800

Fig. 2. Correlation in space re¯ectance between POLDER and OCTS. Spectral channel (band)

numbers are in the ®gure.
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865 nm acquired on 26 April 1997 (pass no. 55; level-1, non-validated). The
methods which we consider in this paper are as follows:
1. Method A (A most simple estimation method to minimize the absolute

di�erence between the observed and theoretical values in either re¯ectance
(polarization), or both by assuming refractive index.)

2. Method B (The same as Method A, but without assuming refractive index.)
3. Method C (Estimation method using two channel re¯ectance data, originally

proposed by Stowe et al. [7].)
4. Method D (Estimation method using two channel polarization data, origi-

nally proposed by Masuda and Takashima [8].)
5. Method E (Estimation method using both re¯ectance and polarization data

in single channel, proposed by us in this paper.)
As for aerosol size distribution models, we adopted Junge type power law

models [6] with the index of m � 2:5; 3:0; 3:5; 4:0 and 4:5. In this study we
shall use s500 as a measure of the aerosol optical thickness, because the aerosol
optical thickness sk at wavelength k (nm) can be given by Eq. (5) with given
s500:

sk � s500

k
500

� �ÿa

; �5�

where a is �Angstr�om exponent and it is related to JungeÕs index m as follows:
a � mÿ 2. Since �Angstr�om exponent is commonly used, we shall use a instead
of m, hereafter. In other words, we considered here ®ve di�erent cases of a,
namely, a � 0:5; 1:0; 1:5; 2:0 and 2:5. The small and large values of a corre-
spond to large and small aerosol particle size cases, respectively. As for aerosol
refractive index, we considered six cases of refractive index, i.e., m � 1:35ÿ
i0:0, 1:40ÿ i0:0, 1:45ÿ i0:0, 1:5ÿ i0:0, 1:55ÿ i0:0 and 1:60ÿ i0:0, where we
ignored absorbing aerosol cases. In addition, we used the optical thicknesses of
Rayleigh molecules, computed by the formulae in Hansen and TravisÕs paper
[3]. We computed Look Up Tables (LUTs) of the space re¯ectance and po-
larization for a given aerosol model with 11 di�erent parameterized aerosol
optical thicknesses of s500 from s500 � 0:0 to 1:0 with an increment of

Table 2

Space re¯ectances of ocean target by POLDER and OCTS and their relative di�erences

Ch. k (nm) POLDER (IF) OCTS (IF) Ref. di�. (IF) (%)

1 443 0.1283 0.1338 ÿ4.29

2 490 0.0955 0.0982 ÿ2.83

3 565 0.0599 0.0540 9.85

4 670 0.0318 0.0318 0.00

5 765 0.0185 0.0201 ÿ8.65

6 865 0.0146 0.0158 ÿ8.22
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Ds500 � 0:1; for 33 di�erent zenith angles of the incident and viewing direction
and 72 di�erent azimuthal angles of /ÿ /0. The LUTs were computed at 670
and 865 nm by the adding and doubling radiative transfer code, including
polarization, for 30 aerosol models (5 cases of a� 6 cases of m). In the com-
putation, we assumed a homogeneous atmosphere (mixture of aerosol and
Rayleigh particles) bounded by an isotropic Gaussian type ocean surface with
a wind speed of V� 5.0 m/s. The adoption of such an ocean wind speed is
based on the fact that European Center for Medium-Range Weather Forecasts
(ECMWF) database indicates the wind speeds for the study scene at near
ADEOS observation time in the range of 4.5 < V < 5.7 (m/s).

Let us de®ne Dr and Dp by Eqs. (6) and (7), respectively:

Dr � 1

2

1

n

Xn

i�1

R670
obs�i�

��"
ÿ R670

m �i�
��� 1

n

Xn

i�1

R865
obs�i�

�� ÿ R865
m �i�

��#; �6�

Dp � 1

2

1

n

Xn

i�1

P 670
obs �i�

��"
ÿ P 670

m �i�
��� 1

n

Xn

i�1

P 865
obs �i�

�� ÿ P 865
m �i�

��#; �7�

where n is the total number of viewing directions; i the ith viewing direction;
R670

obs�i�; R670
m �i� and R865

obs�i�; R865
obs�i� are the observed and theoretical space re-

¯ectances in the ith direction at 670 and 865 nm; P 670
obs �i�; P 670

m �i� and
P 865

obs �i�; P 865
m �i� are observed and theoretical polarization values in the ith di-

rection at 670 and 865 nm. For the center of each pixel area incident and
viewing directions were searched from POLDERÕs successive scenes and the
total number of viewing directions is n � 12±14; depending on the pixel area
and cloud mask. As for the validation of aerosol optical parameter retrieval,
the simultaneous sky observation experiment was made by the skyradiometer
(POM-01: PREDE) with six wavelength channels of 315, 400, 500, 870, 940
and 1040 nm at Uchinada Agricultural Experiment Center in Ishikawa Pre-
fecture in Japan, very close to the study site A in Fig. 3. Interpolated aerosol
optical thicknesses at 500, 670, and 865 nm were s500�obs� � 0:2635; s670�obs� �
0:1680; s865�obs� � 0:1135, respectively. �Angstr�om exponent deduced from
these measurements was a�obs� � 1:54 at ADEOS observation time.

4.1. Results by Method A

We retrieved appropriate aerosol optical parameters (the aerosol optical
thickness s500 and �Angstr�om exponent a for each �3� 3 pixels� area in the
POLDER scene by assuming a ®xed m with the aid of the LUTs. In the re-
trieval scheme, we considered the following algorithm alone: selecting an
aerosol model with a set of �s500; a; m � pre-fixed value� which minimizes
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�Dr � Dp�=2 among all aerosol models, with the aid of the LUT for each pixel
area.

For the case of m � 1:40ÿ i0:0, we present the retrieved distribution maps
for s500 and a in Fig. 4(a) and (b), respectively. Fig. 4(a) shows that we have
smaller aerosol optical thickness �s500 � 0:1±0:2� in the Paci®c Ocean than that
�s500 � 0:2±0:5� in the Japan Sea. As for a, we have large regions with a � 0:5
(corresponds to large size particles: oceanic particles) in the Paci®c Ocean and
we have regions with a � 2:0 (corresponds to small size particles: land parti-
cles) along JapanÕs main island from Fig. 4(b). The features in Fig. 4 agree
generally well with our knowledge about the local atmospheric movement. We
have strong Yellow dusts from Asian continent (China) in spring. The retrieved
aerosol parameters at the study site A are s500 � 0:2 and a � 1:0 and they seem
to be underestimated, compared with the measured ones, such as
s500�obs� � 0:2635, and a�obs� � 1:54. When we assume a di�erent refractive
index value, results would be di�erent. In addition, it is di�cult to believe that
the refractive index of aerosols is constant for all over the area. Therefore,
Method A is not recommended for the retrieval. We should note here that we
used two viewing directions only with the smallest and largest viewing zenith
angles in the retrieval computations by the methods, A and B. This approach
using such two viewing directions can be justi®ed by retrieval results using all
viewing directions. But they do not show any appreciable di�erence.

4.2. Results by Method B

This is essentially the same method as Method A, but without assuming
®xed refractive index. The following three algorithms were considered here:

Fig. 3. Location of the study site A, marked by X near the west coast of Japanese main island.
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(a) Selecting an aerosol model with a set (s500, a, m) which minimizes Dr

among all aerosol models, with the aid of LUTs for each pixel area.
(b) The same as in (a), except for minimizing Dp.
(c) The same as in (a), except for minimizing �Dr � Dp�=2:
We present the retrieved distribution maps (based on algorithm (a)) for

s500, a, and m in Fig. 5(a)±(c), respectively. These are based on space re-
¯ectance data alone. The retrieved aerosol parameters at the study site A
are s500 � 0:2; a � 1:5; m � 1:55. The retrieved �Angstr�om exponent is very
close to the measured value �s500�obs� � 1:54�, where as aerosol optical
thickness is underestimated, compared with the measured one
�s500�obs� � 0:2633�. The similar distribution maps, based on algorithm (b),
are shown in Fig. 6. These results are based on the polarization data alone.
We can notice signi®cant changes in all three parameters between Figs. 5
and 6. The retrieval based on the polarization data tends to increase the
values of s500 and a signi®cantly. Accordingly, the values of retrieved aerosol

Fig. 4. Retrieved distribution maps from POLDER data on 26 April 1997 by assuming refractive

index, m � 1:40ÿ i0:0: (a) aerosol optical thickness at 500 nm; (b) �Angstr�om exponent.
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parameters at the study site A increase to a set of s500 � 0:3; a � 2:0, and
m � 1:50. These retrieved values of s500 and a are overestimated, compared
with the measured ones, such as s500[obs]� 0.2635, and a�obs� � 1:54.

Fig. 5. Retrieved distribution maps from POLDERÕs space re¯ectance data on 26 April 1997:

(a) aerosol optical thickness at 500 nm; (b) �Angstr�om exponent; (c) refractive index.
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Finally, the distribution maps, (based on algorithm (c)) are shown in Fig. 7.
These are based on both polarization and space re¯ectance data. The
aerosol optical thickness depends more strongly on the space re¯ectance
than on the polarization, by comparing among Figs. 5(a), 6(a) and 7(a). On

Fig. 6. The same as in Fig. 5, except from POLDERÕs polarization data.

206 Y. Kawata et al. / Appl. Math. Comput. 116 (2000) 197±215



the contrary, the polarization has more in¯uence on distribution patterns of
a and m than the space re¯ectance, since patterns of a and m in Fig. 7(b)
and (c) are very similar to those in Fig. 6(b) and (c). The retrieved

Fig. 7. The same as in Fig. 5, except from both space re¯ectance and polarization data of

POLDER.

Y. Kawata et al. / Appl. Math. Comput. 116 (2000) 197±215 207



parameter values of the study site A are s500 � 0:2; a � 1:5; m � 1:50; these
are very similar to the case of algorithm (a). In the LUT approach, we did
not make an interpolation to ®nd the exact values of aerosol optical pa-
rameters. In addition, we con®rmed that the retrieved results based on the
minimum absolute di�erence between the measured and theoretical values
are unstable at some places, because the signi®cant scale di�erence exists in
the space re¯ectance and polarization unit. Judging from the above limita-
tions, alternative methods by which we can make an interpolation more
easily, like Method C±E, seem to give reliable results. We have not com-
pleted making aerosol optical parameter maps by Methods C, D, and E.
Nevertheless, we present the estimated results by these methods at the study
site A and they are described in below.

4.3. Results by Method C

This is a method for estimating aerosol optical parameters, using two
channel re¯ectance values. This method was originally proposed in the retrieval
analysis of NOAA/AVHRR data by Stowe et al. [7]. By using a diagram of
theoretical space re¯ectances in 670 and 865 nm channels, parameterized by sa

and a, for a given angular condition, we can estimate an appropriate set of (sa,
a) which satis®es the observed space re¯ectances at 670 and 865 nm. We pre-
sent the viewing conditions at the study site A in Table 3. Fig. 8(a)±(c) are such
space re¯ectance diagrams at A under the viewing condition of (scene 35:
h0 � 29:14; h � 55:87; /ÿ /0 � 88:25� for m � 1:35ÿ i0:0; m � 1:40ÿ i0:0,
and m � 1:50ÿ i0:0; respectively. We can obtain easily three appropriate pa-
rameter solutions from a location point (marked by X) with observed space

Table 3

Angular conditions at the study site A in successive scenes from no. 35 to 46, measured by

POLDER

Scene no. h /ÿ /0 h0 H

35 55.87 88.25 29.14 118.54

36 52.25 93.41 29.09 123.91

37 48.57 99.91 29.05 129.88

38 45.05 108.07 29.01 136.42

39 42.06 118.14 28.96 143.38

40 40.06 130.00 28.92 150.45

41 39.47 142.93 28.88 157.06

42 40.43 155.72 28.83 162.16

43 42.72 167.20 28.79 164.25

44 45.89 176.81 28.75 162.75

45 49.50 184.55 28.70 159.02

46 53.20 190.70 28.66 154.55
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re¯ectance values in the diagrams, i.e., �s500 � 0:27; a � 1:10� when m � 1:35
ÿi0:0; �s500�0:26; a�1:10� when m�1:40ÿ i0:0; and �s500�0:22; a�1:20�
when m�1:50ÿ i0:0.

Fig. 8. Two channels space re¯ectance diagrams under the same angular condition in scene 35:

´ ± location with measured values at the study site A; (a) the case of m � 1:35ÿ i0:0, (b) that of

m � 1:40ÿ i0:0, and (c) that of m � 1:50ÿ i0:0.
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4.4. Results by Method D

This is essentially the same method as Method C, except for using two
channel polarization values. This method was originally proposed in the
analysis of sky polarization data by Masuda and Takashima [8]. The detail
analysed results based on the di�erent aerosol size distribution model are given
by Masuda et al. [9] in the same issue. The theoretical polarization diagrams
are similarily plotted in Fig. 9(a)±(c) for m � 1:35ÿ i0:0; m � 1:40ÿ i0:0,
and m � 1:50ÿ i0:0, respectively. We can also obtain three appropriate para-
meter solutions from diagrams in Fig. 9, i.e., �s500 � 0:41; a � 1:37� when
m � 1:35ÿ i0:0, �s500 � 0:36; a � 1:20� when m � 1:40ÿ i0:0, and �s500 �
0:34; a � 0:80� when m � 1:50ÿ i0:0. These results by Method D are very
much di�erent from those found by Method C. Again, the estimated value of
s500 derived from the polarization data tends to be larger than that derived
from the space re¯ectance data. The di�erent results by both Methods C and D
suggest strongly that the parameter estimation should be made by using the
space re¯ectance and polarization information simultaneously.

4.5. Results by Method E

This is our proposed single channel method, using a P±SR (polarization±
space re¯ectance) diagram. By this method, we cannot only solve the above
mentioned contradiction, but also make a discrimination of refractive index
value. We show three theoretical P±SP diagrams in 865 nm under the same
viewing condition in scene 35 for m � 1:35ÿ i0:0, m � 1:40ÿ i0:0, and
m � 1:50ÿ i0:0 in Fig. 10(a), (b) and (c), respectively. From the diagrams in
Fig. 10, we ®nd easily three appropriate solutions, i.e. �s500 � 0:29; a � 1:35�
when m � 1:35ÿ i0:0 �s500 � 0:26; a � 1:61� when m � 1:40ÿ i0:0, and
�s500a

� 0:26; a � 2:00� when m � 1:50ÿ i0:0. Another three diagrams in
Fig. 11 are made at the study site A under di�erent viewing conditions of
(scene 39: h0 � 28:96; h � 42:06; /ÿ /0 � 118:14�. In this case, we have
only one solution of �s500 � 0:28; a � 1:83� when m � 1:40ÿ i0:0. No solu-
tion exists when m � 1:35ÿ i0:0 and m � 1:50ÿ i0:0, because X is outside of
the parameter diagram in both m � 1:35ÿ i0:0 and m � 1:50ÿ i0:0 cases.
We can, therefore, reject the cases of m � 1:35ÿ i0:0 and m � 1:50ÿ i0:0 by
including additional viewing conditions. As an appropriate aerosol parame-
ters at the study site A, we ®nd a parameter set of �s500 � 0:27;
a � 1:72; m � 1:40ÿ i0:0� by taking an average of two results found in two
viewing directions. These values are in good agreement with the measured
ones �s500�obs� � 0:2635; a�obs� � 1:54�. We should point out here that the
simultaneous consideration on both space re¯ectance and polarization is
essential in the retrieval algorithm. From this point of view, our Method E
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seems to be one of the best candidates for retrieving aerosol optical
parameters. The implementation of Method E in computer code will come
very soon by us.

Fig. 9. Two channels polarization diagrams under the same angular condition in scene 35:

´ ± location with measured values at the study site A; (a) the case of m � 1:35ÿ i0:0, (b) that of

m � 1:40ÿ i0:0, and (c) that of m � 1:50ÿ i0:0.
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Fig. 10. P±SR diagrams in 865 nm under the same angular condition in scene 35: ´ ± location with

measured values at the study site A; (a) the case of m � 1:35ÿ i0:0, (b) that of m � 1:40ÿ i0:0, and

(c) that of m � 1:50ÿ i0:0.
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5. Conclusions

Conclusions of this study can be summarized as follows:
1. We made cross calibration between POLDER and OCTS sensors on board

ADEOS satellite, by comparing space re¯ectances of the same ocean target

Fig. 11. The same P±SR diagrams, except under the same angular condition in scene 39.
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from two sensorsÕ data acquired simultaneously on 26 April 1997. We found
that the in-¯ight calibration gain factors for both POLDER and OCTS are
in good agreement with relative di�erences of less than 10% in all bands.

2. Then, we retrieved the local aerosolÕs optical parameters over the Japan Sea
and the Paci®c Ocean from ADEOS/POLDERÕs directional re¯ectance and
polarization data, by several retrieval algorithms. The resulting distribution
maps for aerosol optical parameters were also presented.

3. We pointed out that the simultaneous consideration on both space re¯ec-
tance and polarization is essential in the retrieval algorithm. Otherwise, there
is a strong possibility that the results by using either re¯ectance or polariza-
tion data are misleading.

4. We proposed a new and good method for retrieving aerosol optical param-
eters, based on parameterized P±SR diagram. The validity of this method
was demonstrated by using simultaneously measured sky observation data.

5. The implementation of our proposed method in computer code is left as our
future work.
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