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Abstract

A radiative transfer model for a coupled atmosphere-ocean system was developed for satellite remote
sensing of coastal pollution to estimate water-leaving radiance from poliuted sea surfaces. The optical
properties of suspended substances in the ocean such as phytoplankton (Skeletonema costatum and
Heterosigma akashiwo), detritus, submicron particles, and inorganic particles were measured or
estimated. The equation of radiative transfer in the coupled atmosphere-ocean system was solved by
using the invariance imbedding method. The water-leaving radiance in clear and Case II waters, turbid
waters with soil particles, and red tide waters, were calculated. It was possible to estimate the soil
particle concentration of water by using the ratio of the upward radiance at different wavelengths with
satellite remote sensing using the Landsat TM. However, estimating the red tide phytoplankton
concentration was difficult, because the water-leaving radiance varies little with phytoplankton
concentration for sensitivity of the TM, and is affected by assumed amounts of detritus.

KEYWORDS: equation of radiative transfer, coastal pollution, discharge of soil particle, red tide

1. Introduction

In the control of water pollution like red tides and soil discharges in coastal zones it is necessary to
make a quantitative determination of turbidity. Satellite remote sensing is considered to be able to
provide observation of extensive areas. The solar radiation penetrating to the ocean is affected by
Rayleigh scattering of seawater molecules, Mie scattering of suspended particles, and absorption of
dissolved and suspended substances before the radiation leaves the sea surface to return to the
atmosphere. The water-leaving radiance, i.e., the ocean color, varies with kind and quantity of
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relationship is then applied to estimate
Figure 1. Radiative transfer model for a coupled the pollutant concentrations at other
atmosphere-ocean system. places on the other days. In the optical
modeling method, the relationship
between pollutant concentration and water-leaving radiance is calculated theoretically by solving an
equation of radijative transfer with given optical properties of dissolved and suspended matter and
seawater. In the coastal zone, the kinds and concentration of phytoplankton, inorganic particles, and
dissolved organic matter in the ocean vary temporally and spatially and it is difficult to determine a
unique regression line.
This study uses the optical modeling method, a radiative transfer model for the coupled
atmosphere-ocean system, and discusses an algorithm for determining concentrations of soil particles
and red tide phytoplankton.

2. Radiative Transfer Model for a Coupled Atmosphere-Ocean
System

2.1 Radiative Transfer Model

Figure 1 considers a plane-paralle]l layer model of the atmosphere-ocean system where t is the
optical thickness. The equation for the transfer of solar radiation through a plane-parallel medium is,

dl (v 4, ) e , ,
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where I(t;u,q) is the intensity at the optical thickness 7 in the direction (u,@), p is the cosine
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Figure 2. Schematic diagram of scattering and Figure 3. Schematic diagram of connection with two
transmission functions different layeres on the imvariance imbedding method

of the nadir angle, and ¢ is the azimuthal angle. The incident solar radiation flux is wF, g is the
cosine of solar zenith angle, and ¢y is the solar azimuthal angle. The phase function
P(z; u,@; u',@") gives the portion of radiation scattered to (u, @) from (u',p’).

The invariance imbedding method (Chandrasekhar, 1960j was used to solve the radiative transfer
equation in the coupled atmosphere-ocean system. The basic concept of invariance imbedding is that
the scattering and diffuse transmittance properties of a layer are obtained by the scattering and diffuse
transmittance properties of the internal layers. Next a plane-parallel layer such as in Figure 2 is
considered, a parallel beam of solar radiation flux #F incident on the plane-parallel layer. The
intensities reflected and transmitted to the layer are given by

F
1(0,+u,¢)=—47S(rl;u,<p;uo,¢o), 2)
F
1@, -1, @) =$T(r1;u,(p;uo,%), 3

where S(ty; 1, @; g, @) and T(vy; 1, @; pg, @g) are the scattering and transmission functions. These
functions are determined from the optical properties of various components in the layer using the
discrete ordinates method (e.g. Stamnes, 1986) while accounting for multiple scattering processes. In
incident radiation with diffuse light of intensity I, (u',¢’), the reflected and the transmitted

intensities are given by
127
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Here two plane-parallel layers as in Figure 3 are considered. The upward intensity I(Q, +4, @) at the
top of the layers is given by

F
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F : -
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The three terms on the right-hand side represent, (1) the upper layer reflected radiation of the incident
solar flux, (2) the direct transmission of the diffusion intensity I(z;+u,@) in the direction (+u,q),
and (3) the diffuse transmission of the diffusion intensity on t from below.

In the same manner, the intensity I(z;;-u,p) in the downward direction at the bottom of the
layers is given by ‘

F
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The intensities at the boundary between two layers in the upward and downward directions are given
by '

F
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Equations (6)-(9) yield the scattering and transmission functions in the coupled layers.
The boundary condition on the sea surface is complex because light passing through the sea
surface is refracted by the seawater. The relationship between the nadir angle 6, of the radiation
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Figure 4. Single scattering albedo of seawater and phytoplankton.

penetrating the atmosphere and that of the ocean, 6, can be written by Snell’s law as

sinf, = msinf,, (10)

here m is the refractive index of seawater. )

The solid angle of the radiation shrinks when the radiation passes from the atmosphere to the
ocean, and it expands from the ocean to the atmosphere. Then, since radiance is represented by solid
angle units, the radiance passing the sea surface from the atmosphere to the ocean increases, and from
the ocean to the atmosphere it decreases. The increases and decreases in radiance passing the sea
surface are corrected by solid angle conversion factors (Tanaka and Nakajima, 1977).

In the radiative transfer model, the sea surface is regarded as one layer, it is assumed to be smooth,
and the reflectance and transmittance on the sea surface which varies with the nadir angle of the
incident radiation are derived from Fresnel’s law of reflection and refraction. The effect of refraction,
the shrinking of the solid angle, reflectance, and transmittance are included in reflection and
transmission functions in the sea surface layer.

2.2 Model Parameters

The atmosphere has three layers: a boundary layer (sea level-2km), the free troposphere (2-11km)
and the stratosphere (11-40km). The ocean has two layers: the surface (sea level-5m depth) and lower
layers (5Sm depth-seafloor). The optical properties of each layer are considered homogeneous; the
depth of the seafloor is considered 30m in the coastal zones and 1000m in the open ocean. As sea
depth is more than 30m in coastal zones or 1000m in the open ocean, it is possible to neglect the effect
of seafloor reflectance on the water-leaving radiance. The zenith angle of the sun is used 43.8° , which
is correspondent to the zenith angle of the sun of the Landsat Thematic Mapper image used in chapter
4. The equations of radiative transfer are calculated for the wavelengths 380nm to 780nm at 10nm
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Table 1. Optical properties of aerosols in the stratosphere and free troposphere

Aerosol type TeN OgN B m, m;
Stratosphere - 0.055 2.1 0.004 1.45 1.0E-08
Free troposphere 0.055 21 0.025 1.55 0.01

Tgn = Geometric number mean radius [ pm ]

O, = Geometric standard deviation

B = Atmospheric turbidity

m , = real part of refractive index in all calculated wavelength

m ; = imaginary part of refractive index in all calculated wavelength

Table 2. Optical properties of aerosols in a boundary layer

Aerosol type TN OgN m, m; Mass mixing ratio
Elemental carbon 0.055 2.10 1.750 0.550 0.114
Organic carbon 0.055 2.10 1.550 0.000 0.224
Ammonium sulfate 0.055 2.10 1.333 3.24E-09 0.170
Ammonium nitrate 0.055 2.10 1.333 3.24E-09 0.008
Sea solt 0.490 2.15 1.333 3.24E-09 0.403
Soil particles 0.490 2.15 1.550 0.008 0.081

1y = Geometric number mean radius [ pum ]

O,y = Geometric standard deviation

m , = real part of refractive index ( A = 550nm )

m ; = imaginary part of refractive index (A = 550nm )

intervals.

The optical properties of the components in each layer are necessary for the calculation of the
single scattering albedo, phase function, and optical thickness. The single scattering albedo w is
defined as the ratio of the volume scattering coefficient to the volume extinction coefficient. In
satellite remote sensing in the visible region, the radiation transfers through Rayleigh scattering by air
or seawater molecules, the Mie scattering by aerosols or suspended substances, and the absorption by
dissolved components in the ocean. The phase function of Rayleigh scattering is

B(©)= —3—(1 +cos’ @), (11

where © is the angle of scattering. The single scattering albedo of air molecules is 1.0 in the visible
region, and the optical thickness is given by Young (1981). The scattering by seawater molecules
differs slightly from the Rayleigh scattering (Mobley, 1994), but the phase function of seawater
molecules is similar to the phase function of air molecules. It was then assumed that seawater
molecules cause the Rayleigh scattering. The single scattering albedo of seawater was calculated by
using the volume scattering coefficient (Smith and Baker, 1981) and the volume absorption coefficient
(Pope and Fry, 1997; Smith and Baker, 1981), and the results are shown in Figure 4. The optical
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thickness of seawater is obtained by integrating the volume extinction coefficient from the sea surface
to arbitrary depth.

The optical properties of the Mie scattering by aerosols or suspended substances are calculated by
using the Mie theory with a complex refractive index and size distribution for these compounds. The
optical properties of suspended substances in the ocean are described in the next chapter. In the
stratosphere aerosols consist of sulfate particles (Wang et al., 1989) and the complex refractive index
of these acrosols are 1.45 - 1X10% at all calculated wavelengths. In the free troposphere the complex
refractive index of aerosols is 1.55 - 0.01i at all calculated wavelengths in the surface and airborne
observations of solar radiation flux by Asano (1989). In the boundary layer, aerosols consist of six
components: elemental carbon, organic carbon, ammonium sulfate, ammonium nitrate, sea salt, and
soil particles (Ohta and Okita, 1990). The fractions of components in aerosols are given by
measurements (Ohta et al., 1994; Ohta et al., 1998) and the size distribution of aerosols is presented as
log normal. These parameters for the atmosphere are shown in Tables 1 and 2. The optical thickness of
the Mie scattering in the atmosphere is given by

TuA)y=B/A, (12)

where g is the atmospheric turbidity coefficient. The values of g in each layer are assumed as
0.004 in the stratosphere, 0.025 in the free troposphere, and 0.15 in the boundary layer (Ohta et al.,
1997). .

Dissolved organic materials (DOM) in the ocean such as humic acid were considered, and the
volume absorption coefficient of DOM is given by

a,(A) = a,(Ao)exp[-0.014(A - Ay)].  (13)

where A is a reference wavelength and a,(4,) is the absorption coefficient (Mobley, 1994). These
values vary with ocean.

3. Optical Properties of Suspended Components in the Ocean

Suspended components in the ocean, phytoplankton, detritus, submicron particles, and inorganic

Table 3. Optical properties of suspended substances in the ocean

Suspended substance type IgN O,N m, m;
Skeletonema costatum 3.18 0.757 1.041 1.52E-03
Heterosigma akashiwo 5.72 0.905 1.068 2.82E-03
Detritus of S. costatum 0.566 0.637 1.047 0
Detritus of H. akashiwo 0.542 0.617 1.046 0
Submicron particles 0.21 1.49 1.045 0
Soil particles 0.49 2.15 1.163 0.006

I;x = Geometric number mean radius [ pm ]

OpN = Geometric standard deviation

m , = real part of refractive index ( A = 550nm )

m ; = imaginary part of refractive index (A = 550nm )
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Figure 5. Imaginary part of refractive index of phytoplankton and soil particles
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Figure 6. Phase functions of phytoplankton and its detritus at A=550nm

particles were also considered. The detritus is degraded fragments of phytoplankton, and
submicron particles are organic particles with diameters below 1 1t m, and the inorganic particles
include soil particles and suspended sediment. The complex refractive index and the size distribution
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Figure 7. Phase functions of inorganic and submicron particles at A = 550nm

of phytoplankton and detritus were measured by batch cultured phytoplankton (Skeletonema costatum,
strain number NIES-16 and Heterosigma akashiwo, strain number NIES-4) at NIES (National
Institute of Environmental Studies). The size distributions were measured by a microscope with an
image processor (Table 3). The real parts of the refractive indices of the phytoplankton and the
detritus were determined by immersion refractometry (Jonasz et al., 1997). Table 3 shows the values at
550nm. The imaginary part of the refractive indices of the phytoplankton were calculated with the size
distributions and the absorption coefficients measured by a spectrophotometer with a head-on
photomultiplier (Bricaud and Morel, 1986). These spectra are shown in Figure 5. The imaginary parts
of the refractive indices of the detritus were assumed to be zero. Figure 6 shows the phase functions
calculated for S. costatum and its detritus, and for H. akashiwo and its detritus at 550nm. They show
that the phytoplankton, i.e. S. costatum and H. akashiwo, has very strong forward scattering, and that
both kinds of detritus had the same phase function. The single scattering albedos of phytoplankton are
shown in Figure 4. They decrease around 450nm and 670nm corresponding to the chlorophyll
absorption bands.

It was considered that the submicron particles consist of bacteria and biogenous organic particles.
The size distribution of the submicron particles were from observations by Koike et al. (1990) and
Jonasz et al. (1997). The real part of the refractive index of the submicron particles was the average
of the observations by Jonasz et al. (1997) for bacteria and our measurements for the detritus, which
were similar values. The imaginary part of the refractive index of the submicron particles was assumed
to be zero. The optical properties of the inorganic particles was estimated from the measured results
for andosol particles by Meguro (1987). The optical parameters of the submicron particles and the
inorganic particles are shown in Table 3. The calculated phase functions at 550nm are shown in Figure
7. Back scattering (at scattering angles of 90-180deg) of these particles is grater than with

‘ phytoplankton.



22 Kobayashi et al.
Table 4. Species and concentrarions of suspended substances in each types of waters
Waters type Concentrations of each suspended substances DOM
Phytoplankton Detritus Submicronp.  Inorganic p. a,(440)
S. costatum ) 5 ) )
Clear waters 0.0 mg/m’ 1x10°number/ml
S. costatum 10%v/v 3 '
Casell waters Img/m’ of phytoplankton 1x10°number/ml 5mg/l 0.1m
Turbid waters S. costatum 10%v/v 3 i N
with soil particles Imgm®  of phytoplankton 1x10"number/ml  10-1000mg/l ~ 0.1m
. H. akashiwo 50, 200%v/v 1x10%-2x10° ¥
Red tide waters 1-100mg/m*  of phytoplankton number/ml Smg/l 0.1m

COptical propertties in the ocean>

Q)p’(ical properties in the atmosphere)

Concentrations of the

|

suspended substances

N

Discrete ordinates method

CScattering and transmission functions)
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Figure 8. Flowchart of the calculation
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Figure 9. Water-leaving radiance in clear and Case 1I waters.

4. Calculations of Water-leaving Radiance in Different Types
of Water

The spectra of the radiance leaving water and the top of the atmosphere were calculated for
different types of waters by using the radiative transfer model for a coupled atmosphere-ocean system.
Four types of surface water were considered, clear water, Case II water, turbid water with soil particles,
and red tide water. These waters are modeled by varying the species and concentrations as shown in
Table 4. The lower water layer is assumed to be Case II water except with clear water. Figure 8 shows
the model calculation process.

4.1 Clear and Case II Waters

Clear water, e.g. open ocean water and Kuroshio water, contains only small amounts of suspended
compounds such as phytoplankton. Case II water is coastal water, where the concentrations of
inorganic particles and dissolved organic matter change the ocean color significantly as well as
phytoplankton (Morel and Prieur, 1977). Clear water was assumed to consist of two components, S.
costatum (0.01mg/m®) and submicron particles (1X 10°number/ml). Case II water was assumed to
consist of five components: S. costatum, detritus, submicron particles, inorganic particles, and
dissolved organic matter. A typical value for the chlorophyll-a concentration of S. costatum was
1mg/m’ for typical Case II waters. The mass of detritus was assumed to be 10% of the phytoplankton.
The number of submicron particles observed by Koike et al. (1990) was 1X10°number/ml. The
concentration of inorganic particles was Smg/l. The absorptidn coefficient of the DOM at 440nm was
a,(440) = 0.1m™ (Nelson and Guarda, 1995). The calculated spectra of the water-leaving radiance are
shown in Figure 9. These spectra agree with the measurements of ocean color by Morel and Prieur
(1977). The spectra in clear waters have very strong radiance in the blue region. Because there is little
suspended matter in this part of the ocean, the seawater molecules which scatter strongly in the blue
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Figure 10. Water-leaving radiance in turbid waters with soil particles for three different mass concentrations.

region (wavelength A < 500nm) and have high absorptivity in the green and red regions (A >
500nm), play a major role in the ocean color here. In Case II waters, the spectra have strong radiance
in the green region. Since this kind of water contains the highly scattering inorganic particles, the
spectrum is strong at all wavelengths. Further, since phytoplankton has high absorptivity in the blue
region, the radiance is absorbed at wavelengths shorter than 550nm.

4.2 Tuarbid Waters with Soil Particles

In turbid waters with soil particles, the optical model parameters were given by the values for Case
IT waters, except with soil particle concentrations from 10mg/1 to 1'000mg/1. The optical properties of
soil particles are applied to inorganic particles. The calculated spectra of water-leaving radiance are
shown in Figure 10 for different soil particle concentrations. The radiance at wavelengths longer than
500nm increases with increases in soil particle concentration, when the ocean color becomes more
brown. Soil particles have a high scattering property, and the radiance increases. However, the
absorptivity of soil particles at shorter wavelengths is higher than that at longer wavelengths, and the
radiance does not increase so much at shorter wavelengths.

4.3 Red Tide Water

It was assumed that red tide water contained five components: red tide phytoplankton, detritus,
submicron particles, inorganic particles, and dissolved organic matter. The H. akashiwo was
considered to form the red tide phytoplankton.. The maximum cell number concentration of H.
akashiwo is 1.35 X 10°cells/ml observed by the Kagawa Institute of Red Tides (1994), equivalent to
111mg/m® of chlorophyll-a concentration. The red tide phytoplankton. concentration was then
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Figure 11. Water-leaving radiance in red tide water for three different phytoplankton concentrations with volume
ratios of detritus = 50% and 200%.

considered to range from 1mg/m’ to 100mg/m’. The volume of detritus varies with the growth stage of
the phytoplankton and was assumed to be 50% and 200% of the volume ratio to the phytoplankton.
Koike et al.(1990) and Longhurst et al.(1992) reported that the submicron particle concentration
varies with phytoplankton concentration. The submicron particle concentration then would vary from
1X10°number/ml to 2 X 10°number/ml. The concentration of the inorganic particles is 1mg/l. The
absorption coefficient of the DOM at 440nm is 4,(440) = 0.1m” (Nelson and Guarda, 1995).

The calculated spectra of water-leaving radiance are shown in Figure 11. With a volume ratio of
detritus of 50%, the radiance decreases with increases in the phytoplankton concentration, and the
ocean color changes to dark brown. With a volume ratio of detritus of 200%, the radiance increases at
wavelengths longer than 570nm with increases in the phytoplankton concentration, and the ocean
color of the water changes to light brown. The detritus scatters light more than the phytoplankton.
When the ratio of the concentrations of detritus to phytoplankton is low, the radiation penetrates
deeper, and is absorbed by the phytoplankton. When the ratio is high, the radiation at wavelengths
lIonger than 570nm, which are little absorbed by the phytoplankton, is scattered upwards by the
detritus. When the phytoplankton concentration increases above 100mg/m’ in both cases, the radiance
increases greatly at wavelengths longer than 700nm ( the near infrared region ), even though the
seawater has very high absorptivity in this wavelength region and the water-leaving radiance is usually
very weak. This indicates that the scattering effect of phytoplankton and detritus is greater than the
effect of absorption by the seawater, and suggests that it would be possible to estimate concentrations
of red tide phytoplankton by remote sensors which have high sensitivity in this region.
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Figure 12. Relationship between the ratio of upward radiance leaving the top of the atmosphere at bandl of the
Landsat TM to that at band3 and mass concentrations of soil particle.

5. Remote Sensing for Coastal Pollution

There are numerous sensors and satellites providing observation of the earth. This paper used the
Thematic Mapper (TM) of Landsat to evaluate the technique proposed in the paper, as TM has high
spatial resolution and sensitivity at blue, green, and red wavelengths. For ocean color remote sensing,
it is important to make atmospheric corrections, which derive the water-leaving radiance from the
radiance detected by the satellite sensors. The portion of the water-leaving radiance is only a few
percent‘the total observed radiance at the satellite with the rest of the radiance scattered by the
atmosphere. In global ocean color remote sensing, it is assumed that the water-leaving radiance in the
near infrared region is zero, the radiance detected by the satellite occurs due to atmospheric scattering
(e.g. Fukushima et al., 1998). Then, the optical thickness of acrosols is determined by the detected
radiance. The radiance scattered by the atmosphere in the visible region is calculated by the optical
thickness, and the water-leaving radiance is obtained by subtracting the radiance scattered by the
atmosphere from the total observed radiance. In the coastal zone, the water-leaving radiance in the
near infrared region is not zero, because there are more suspended substances, such as phytoplankton,
and inorganic particles, than in the open ocean. The atmospheric correction for the global ocean is not
applicable to the coastal zone. The optical thickness of the aerosols were assumed, and the upward
radiance leaving from the top of the atmosphere was used to estimate the suspended matter
concentration.

5.1 Algorithm to Estimate Soil Particle Concentrations by TM data

The ratio of the upward radiance leaving the top of the atmosphere at band1 of the TM to that at
band3 were calculated with varying the soil particle concentrations. The results are shown in Figure 12,
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Figure 13. Contour of soil particle concentrations around Osaka bay on September 4, 1989.

the ratio increases with soil particle concentration, and it is possible to determine the soil particle
concentration by using TM images.

Figure 13 shows the TM image recording turbid waters with soil particles around Osaka bay on
September 4, 1989 (path 110, row 36) from the Remote Sensing Technology Center of Japan
(RESTEC). Total precipitation on the day before the image, September 3, 1989, was 121.5mm
recorded by the Kobe marine observatory. Figure 13 shows soil pasticle concentrations calculated by
the relation in Figure 12. Figure 13 shows that there are regions where the concentration is over
1000mgﬂ around the estuaries of rivers and that the flow pattern is affected by tidal currents.

5.2 Algorithm to Estimate Red Tide Phytoplankton Concentrations
by TM data

The ratio of upward radiance leaving the top of the atmosphere at band1 of the TM to that at
band3 was calculated with varying red tide phytoplankton concentrations. The results are shown in
Figure 14. With large amounts of detritus (200%) the ratio increased with concentration, showing that
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Figure 14. Relationship between the ratio of upward radiances leaving the top of the atmosphere at band1 of the
Landsat TM to that at band3 and phytoplankton concentrations with three different detritus ratios.

it is possible to estimate the phytoplankton concentration. With small amounts of detritus, such as at
the beginning of red tides, the ratio of upward radiance varies less than with 200% detritus. It is, then,
difficult to determine the phytoplankton concentration for this condition.
The accuracy of the ratio between band1 and band3 of the TM was considered. This ratio, Ry3, is
given by
L

R]3 = _2—1—7 (14)

where L; is the radiance detected by the sensor and i is the band number. The error in this ratio is ' 6Rys,
and the total differential of the equation(14) is
L 1
= =25l +—0L;, (15)
6R13 L% 1+ L] 3
where dL,; is the error of the radiance detected by the sensors. Dividing equation(15) by equation(14),
the relative accuracy of the ratio is given by
OR;3 0L, 0L,

= - + ,  (16)
Ris Ly Ls

each of 8L, and L, are independent, and they may assume plus or minus signs. Next the magnitude of
the error of the ratio in estimating red tide phytoplankton concentration was estimated. If the red tide
phytoplankton concentration is 10mg/m® and the detritus ratio is 200%, L, = 2.64W/m’sr, 1; =
1.02W/m’sr, and R;3 = 0.385. The errors in the radiance detected by the sensor at each band are
assumed to the radiance equivalent to 1 digital count of the TM sensor. For example, the magnitude of
line noise of TM is 1 digital count or more. The errors of the radiance become SL; = 0.0398W/m’sr
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and 8L; = 0.0556W/m°sr , respectively, and the calculated relative accuracy of the ratio is 7.0%, and,
Ry3 = 0.385:£0.027, a range of 0.358 to 0.412. This range corresponds to the range of the ratio in
Figure 14 showing that it is difficult to estimate red tide phytoplankton concentrations using TM data.

6. Conclusions

A radiative transfer model for a coupled atmosphere-ocean system was developed for satellite
remote sensing of coastal pollution to estimate the water-leaving radiance from polluted sea surfaces.
The radiative transfer equation in the coupled atmosphere-ocean system was solved with the
invariance imbedding method. The calculations took account of suspended substances like
phytoplankion, detritus, submicron particles, and inorganic particles in the ocean. The optical
properties of phytoplankton (Skeletonema costatum and Heterosigma akashiwo) and its detritus were
measured by batch cultured phytoplankton measurements, showing that the phytoplankton has very
strong forward scattering. The optical properties of submicron particles and inorganic particles were
estimated and it was found that these particles have greater back scattering than phytoplankton.

The spectra of the water-leaving radiance were calculated for several types of waters by solving
the equations of radiative transfer in the coupled atmosphere-ocean system. The spectra in clear waters
had strong radiance in the blue region, because seawater molecules play the major role in ocean color.
In Case II waters, the spectra had strong radiance in the green region, because the water contained
inorganic particles that had high scattering in all wavelengths and phytoplankton that had high
absorptivity in the blue region. In the turbid waters with soil particles, the water-leaving radiance at
wavelengths longer than 500nm increased with increases in soil particle concentration, here the ocean
color becomes to browner. In red tide waters, with volume ratios of 50% detritus, the water-leaving
radiance decreased with increases of the phytoplankton concentration, here the ocean color becomes
to dark brown. With a volume ratio of 200% detritus, the water-leaving radiance at wavelengths longer
than 570nm increased with increases in the phytoplankton concentration, here the ocean color changes
to light brown. The ocean color in this kind of water thus strongly depends on the amount of detritus.

Algorithms to estimate concentrations of soil particles and red tide phytoplankton by using the
Landsat TM data were considered. For the soil particles the ratio of the upward radiance at the band1
wavelength of the TM to that at band3 increases with soil particle concentration, and it is possible to
determine the soil particle concentration in this manner. For red tide phytoplankton, the variation in
the ratio with concentration increases was very small, and it was difficult to determine the
phytoplankton concentration. In this case, two things are necessary. one to use a sensor with a fine
quantizing level and high signal to noise ratio to detect small changes of the upward radiance with
large increases in red tide phytoplankton concentrations. The' other is to use hyper spectral sensors to
estimate the phytoplankton concentration and also the detritus concentration. Determining these
concentrations in several bands changing independently is necessary. Future studies will develop the
algorithm for estimating red tide phytoplankton by hyper spectral sensors.
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