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LINTRODUCTION

Atmospheric aerosols play an important role in the
Earth radiation budget directly by scattering and
absorbing solar and terrestrial radiation and
indirectly by changing cloud properties. Accurate
evaluation of their effects on the climate requires
global information on aerosol properties. Such
global information can only be acquired using
satellite remote sensing. It is advantageous to use
the polarization information for retrieving the
aerosol optical properties because the degree of
polarization can be determined without making
absolute measurements and it involves only
relative intensity components of the Stokes vector.
Masuda et al. (1999) investigated the feasibility of
using polarization measurements from ships to
retrieve aerosol optical properties over the ocean.
They retrieved aerosol optical thickness at
A=550nm (t,ss50) and the Angstrém exponent,
which is the index o when the relationship
between the wavelength (A) (um) and the aerosol
optical thickness (t,)) is expressed by T,,=Pr™
(Angstrém,1964), from polarization measurements
at A= 443nm and 865nm by referring to a look-up
table.

The Polarization and Directionality of the Earth’s
Reflectances (POLDER) instrument (Deschamps,
1994) on board the Advanced Earth Observing
Satellite (ADEOS) measured the degree and
direction of polarization as well as the intensity of
radiation from November 1996 to June 1997.
Masuda et al. (2000b) applied the algorithm
proposed by Masuda et al. (1999) to the
polarization measurements by ADEOS/POLDER.
In this paper, we describe a method to retrieve
T.sso and o using the radiance and degree of
polarization measurements from space.
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2.POLDER ON BOARD ADEOS SATELLITE
POLDER consists of wide-field-of-view tele-
centric optics, a rotating wheel with spectral and
polarizing filters, and a two-dimensional CCD
detector array  (Deschamps, 1994).  The
polarization measurements are done at three
wavelengths, 443, 670, and 865nm. Three
elements of the Stokes parameter, I, Q, and U are
obtained. The degree of polarization is obtained by
p(%)=100 X (Q*+U»"1. The CCD array is
composed of 242 X 274 independent sensitive
areas. The directional measurements cover up to
43° in the along-track direction and up to 51° in
the cross-track direction. The ground pixel size is
about 6km X 7km at nadir. Multiple angle viewing
is achieved by overriding successive images of the
same spectral band. Thus, in a single satellite pass,
any target within the instrument swath can be
observed quasi-simultaneously from up to 14
different viewing angles. The data used in this
study is a LEVEL 1 product acquired on April 26,
1997 over the ocean around Japan.

3.ATMOSPHERE-OCEAN SYSTEM MODEL
Upward radiation at the top of the atmosphere was
computed by the doubling-adding method for
wavelengths (A) of 670nm and 865nm. A plane-
parallel and vertically inhomogeneous atmosphere
is simulated by four homogeneous sublayers (0 to
2km, 2 to 5km, 5 to 13km, and 13 to 100km). The
optical thicknesses of molecular scattering and
absorbent constituents were obtained from
LOWTRAN?7 for the midlatitude summer model
(Kneizys et al, 1988). The depolarization factor of
atmospheric molecules is 0.0295 according to
Kneizys et al. (1980).

According to Radiation Commission - reports
(WCP-55, 1983, WCP-112, 1986), basic
components of the maritime aerosol model are
generally the “oceanic (OC)” model for the
particles generated at the sea surface and the
“water soluble (WS)” model for aerosols soluble
in water and consisting of a mixture of sulfate,
nitrate, and organic components. In this study, an
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externally mixed model of these aerosol
components is assumed. The size distribution for
each aerosol model is expressed by the log-normal
function. The median radius (r,) and o in the log
function are 0.3um and 2.51 for the OC model
(WCP-112, 1986), and 0.0285um and 2.015 for
the WS model (WCP-55, 1983). Note that the o
value of the WS model has been decreased by
10% from the original value of 2.239 reported by
WCP-55. The refractive indices at A=670nm and
865nm are 1.38-i3.22X 10" and 1.37-i1.20X 10
for the OC model, and 1.53-i6.59X 10" and 1.52-
i1.21 X 107 for the WS model. The scattering
matrices are computed by the Mie scattering
theory for radii ranging from 0.001um to 10.0pum
assuming the shape of aerosol particles to be
spherical. We define f,, as a ratio of the optical
thickness of the water soluble component to the
total aerosol optical thickness at A=550nm (1, s50).
Optical thickness T,ss0 is then expressed. T,ss0=
fu TassoH(1- fu)Tasso = Tasso' +lasso » Where
.50 is the optical thickness of the water soluble
component at A=550nm, and ta,ssooc, that of the
oceanic component. For the other wavelengths, the
optical thickness of aerosol is given by 1, = ra,st
+ ‘Ca,xoc, where Ta,st = Ta,ssows Bexx,st/ Bex:,ssows,
and Ta,xoc = Ta,ssooc Bexx,xoc/ Bexz,ssooc, where Bex
are the extinction coefficients. The Angstrém
exponent for the mixed aerosol model is obtained
from t,,. For the above model, the o value ranges
from —0.10 for £,=0 to 1.93 for f,=1. The radiative
transfer calculation was done for eight 1, 550 values
(0.0, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, and 1.28)
and six f,, values (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0).
The ocean surface is simulated by multiple facets
whose slopes vary according to the wind speed
over the ocean (Cox and Munk, 1954). The ocean
wind speed is assumed to be Sm/sec. The effect of
white caps is not taken into account. The ocean is
assumed to be homogeneous with an optical
thickness of 10. The ocean body is composed of
pure water without hydrosols.

A look-up table of the radiation at the top of the
atmosphere was created with five parameters: the
solar zenith angle (8,), the satellite viewing angle
(0), the azimuth difference between solar and
satellite viewing directions (¢—¢p), the aerosol
optical thickness at A=550nm (T,ss50), and the
Angstrém exponent (o).

4. ALGORITHM
The principle of the algorithm can be seen in

Figure 1. The relationships of the bi-directional
reflectance (Fig. 1 (a)) and the degree of
polarization (Fig. 1 (b)) between two wavelengths
(670nm and 865nm) are shown as functions of the
aerosol optical thickness at A=550nm (t,5s50) and
the Angstrém exponent (o) in the normal plane
(6—$o=90°) for a moderate scattering angle
(©=127°).
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Figure 1 Relationship of (a) the bi-directional
reflectance and (b) the degree of polarization
between two wavelengths (670 and 865nm) as
functions of the aerosol optical thickness at
A=550nm (t,ss50) and the Angstrom exponent
(o). The point for 1,550=0 is shown by open
circles. 0y, solar zenith angle; 6, satellite
viewing angle; ¢-¢o,azimuth difference angle;
0, scattering angle; and ¥, angle from the
specular direction.
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The bi-directional reflectance is defined as
nl/(Focos Bp), where I, Fy, and 6, are the intensity
of radiation, the extraterrestrial incident solar flux
density, and the solar zenith angle, respectively.
Note that curves labeled by 1.92 (-0.10)
correspond to the purely water soluble (oceanic)
model. The 1,550 and o values can be determined
from the measurements of the radiance and/or the
degree of polarization.
The outline of algorithm is as follows. First, the
calculated radiance and degree of polarization is
interpolated with respect to the cosine of the solar
zenith angle, cosine of the satellite viewing angle,
and azimuth difference. A two-dimensional table
is then created for 1,55c=0.0 to 1.28 (steps=0.004
for Ta,550:0~0 to 004, 0.008 for 'Ca’550=0.04 to 008,
0.016 for 1,550=0.08 to 0.16, 0.032 for 1,550=0.16
to 0.32, 0.064 for T, 55=0.32 to 0.64, and 0.128 for
Toss0=0.64 to 1.28), and for £,=0.0 to 1.0
(step=0.05) by interpolating the calculations for
eight 1,55 values and six f,, values described in
Section 3.
As mentioned previously, a target can be observed
from up to 14 different viewing angles. The
scattering angle (®) and the angle from the
specular direction (y) change with the viewing
direction. When the y value is small, the radiation
at the top of the atmosphere may be contaminated
by the radiation reflected by the ocean surface.
The magnitude of influence is dependent on the
surface wind velocity and direction. Even if the
surface wind field were known, the relationship of
the radiance between two wavelengths is not
simple with respect to the change of 1,550 and
(not shown). In the retrieval algorithm, the pixel
with  y<y, (=30°) is rejected. When the
scattering angle (®) is large, the T, 55 and o may
be retrieved from the radiance.” The viewing
direction preferable for the polarization method is,
however, limited by the scattering angle. The
maximum scattering angle is about 135°, beyond
which 1,550 and a may not uniquely be determined
(Masuda et al., 2000a). The most preferable image
for a target is then selected based on the scattering
angle (©,,<@<0,,,,) and the effective area of 2-
dimensional  bi-directional reflectance  and
polarization diagrams (for example, Fig. 1 (a) and
(b))
Finally, the (T,s50, &) pair which minimizes the
following equation is selected.  d(T,sso, 0L)2=

23 {[(Per(Tas50: ©)—Pma)/Opa ]+

[100%(r ¢ \(Ta 550, W)~ ms) Tmi/ O]’}

where the symbols p and r denote the degree of
polarization (%) and bi-directional reflectance.
Subscripts ¢ and m refer to the calculation and
measurement. A refers to the wavelengths which
are used for retrieval (670nm and 865nmm). (1/6)°
are weighting functions. It is reasonable to use
some characteristic lengths (o) in % for weighting
functions. ¢ may be determined by considering
measurement errors, possible retrieval errors
caused by aerosol model assumption and so on.
(I/op)=0and (1/oy)+ 0 corresponds to the
radiance method; (/o) #0, (/on) =0,
polarization method; (17 6,)#0 and
(1/63)#0, combined method.

5.RESULTS

Figure 2 shows (a) aerosol optical thickness at
A=550nm and (b) the Angstrém exponent
retrieved from the degree of polarization at
wavelengths of 670 and 865nm by ADEOS/
POLDER near Japan on April 26, 1997
[ (I/om) #0,(1/on)]=0. Cloud indicator
provided by CNES was used to distinguish cloud
and clear areas. We classified a pixel as “clear”
only if that pixel is indicated as “clear” from ail
viewing directions. Pixels with the scattering angle
less than 135° is considered. Figures 3 (a) and (b)
are the same as Figures 2 (a) and (b) except that

they are retrieved from the bi-directional
reflectance  measurements [(1/6,)=0  and
Mon)+0]

Figure 4 (a) shows frequency of occurrence (%) of
T,.ss0 differences between the polarization method
and the radiance method for the same scattering
angle (@<135°). Figure 4 (b) is the same as (a) but
for the a. To create the histogram, we used the
pixels which are located at least 2 pixels (about
25km) away from cloud or land areas.

From these figures, we can find that the T,559
retrieved from the bi-directional reflectance and
the degree of polarization show similar values. On
the other hand, the o values show some difference
between the radiance and the polarization methods,
where the o values retrieved from the degree of
polarization are generally larger than those from
the bi-directional reflectance.

Similar analysis was performed for the radiance
method to examine the effect of scattering angle
(Figure 5). The frequency of occurrence (%) of
difference of 1,550 and o retrieved using large
scattering angles (150°<®<180°) and moderate
scattering angles (75°<@<145°) is plotted. It is
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(a) Optical thickness at 550nm (t, 55)
0.0 0.1 0.2 0.3 0.4 0.5

(b) Angstrbm exponent (o)
0.0 0.5 1.0 1.5

(a) Optical thickness at 550nm (r, 55)
00 0.1 0.2 0.3 04 0.5

(b) Angstrém exponent (o)
0.0 0.5 1.0 1.6

Figure 2 (a) Aerosol optical thickness at
A=550nm and (b) the Angstrém exponent
retrieved from the degree of polarization
measurements at wavelengths of 670 and
865nm by ADEOS/ POLDER near Japan
on April 26, 1997. Cloud: light gray, land:
white, large scattering angle area: dark
gray. ©,,,,=135°. Results are displayed
every two pixels in column and line
directions; distance between pixels is about
13km.

interesting that the t,s550 values retrieved using
large scattering angles are systematically smaller

Figure 3 Same as Figure 2 but for retrieval from
the bi-directional reflectance.

than those retrieved using moderate scattering
angles for large optical thickness case (T,5s50>0.2).
One of the reason may be non-sphericity effect of
aerosol particles. It is well known that dust
particles (yellow sand) originated from desert
areas in China sometimes flow into east Asia
around Japan in spring. The phase function of
yellow dust particles is well simulated by semi-
empirical phase functions of non-spherical
particles (Nakajima et al., 1989), where the values
of phase function at large scattering angles
(150°<®) are much smaller (typically a factor of
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Figure 4 (a) Frequency of occurrence (%) of
T, 550 differences between the polarization
method and the radiance method for the
same scattering angle (©<135°). (b) Same as
(b) but for a. open bars: T, 550<0.2, solid
bars: T, 550>0.2.

three) than those by spherical model. The shape of
aerosol particles is assumed to be spherical in our
model calculation. Consequently, retrieved optical
thickness is underestimated for non-spherical
particles. The opposite trend is seen at moderate
scattering angle (Nakajima et al, 1989), which may
result in overestimation of optical thickness for
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Figure 5 (a) Frequency of occurrence (%) of 1T, 550
differences due to the scattering angle for the
radiance method. (b) Same as (b) but for a.
open bars: T,550<0.2, solid bars: T, 550>0.2.

non-spherical particles. Therefore, the 1,550 values
retrieved at large scattering angles are smaller than
those retrieved at moderate scattering angles.

6.SUMMARY

An algorithm is described to retrieve the optical
thickness at a wavelength of 550nm and Angstrdm
exponent of the aerosols over the ocean from the
radiance and the degree of polarization
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measurements by satellite. The algorithm is
flexible in which the weights for the radiance and
the degree of polarization are variable, by
considering the effects of measurement and
aerosol model assumption errors on retrieval.

The data acquired by ADEOS/POLDER on April
26, 1997 near Japan was investigated as a case
study.

The optical thickness at 550nm showed similar
values between the radiance and the polarization
methods. This result suggests that the degree of
polarization observed at moderate scattering angle
(©<135°) may be used for long term monitoring of
aerosol optical thickness over the ocean.

Retrievals of aerosol optical thickness using the
radiance with different scattering angles showed a
feasibility of detecting non-spherical particles.
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