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Abstract : The present study aims to derive and compare narrow and broad bandwidths of ocean
color sensor’s algorithms for the study of monitoring highly dynamic coastal oceanic environmental
parameters using high-resolution imagery acquired from Multi-spectral Camera (MSC) on KOMPSAT-2.
These algorithms are derived based on a large data set of remote sensing reflectances (Rys) generated by
using numerical model that relates by/{a + by) to Rys as functions of inherent optical properties, such as
absorption and backscattering coefficients of six water components including water, phytoplankton (chl),
dissolved organic matter (DOM), suspended sediment (SS) concentration, heterotropic organism (he) and
an unknown component, possibly represented by bubbles or other particulates unrelated to the first five
components. The modeled Rys spectra appear to be consistent with in-situ spectra collected from Korean
waters. As Kompsat-2 MSC has similar spectral characteristics with Landsat-5 Thematic Mapper (TM), the
model generated Rrs values at 2 nm interval are converted to the equivalent remote sensing reflectances at
MSC and TM bands. The empirical relationships between the spectral ratios of modeled Rys and
chlorophyll concentrations are established in order to derive <cht> algorithms for both TM and MSC.
Similarly, <SS> algorithms are obtained by relating a single band reflectance (band 2) to the suspended
sediment concentrations. These algorithms derived by taking into account the narrow and broad spectral
bandwidths are compared and assessed. Findings suggest that there was less difference between the broad
and narrow band relationships, and the determination coefficient 9 for log-transformed data [<chl> N =
500] was interestingly found to be r? = 0.90 for both TM and MSC. Similarly, the determination
coefficient for log-transformed data [<SS> N = 500] was 0.93 and 0.92 for TM and MSC respectively.
The algorithms presented here are expected to make significant contribution to the enhanced
understanding of coastal oceanic environmental parameters using Multi-spectral Camera.

Key Words : Ocean color, Multi-Spectral Camera, Landsat-TM, Case-1 and Case-ll waters, Rrs Model
and Spectral Band Model.

1. Introduction can be determined by the reflectance ratio of upwelling

The color of the ocean measured from space, which (Ey) to downwelling irradiance (Eq) just beneath the
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surface, provides information on the abundance of the
coastal and open oceanic water constituents such as
phytoplankton, dissolved organic matter and suspendad
particulate materials. These informations can have
immense value to investigate the optical properties of
upper ocean layers, biological productivity, global carbon
and biogeochemical cycle in the oceans. The launch of
Coastal Zone Color Scanner (CZCS) by National
Aeronautics and Space Administration (NASA) on the
Nimbus-7 satellite in 1978 has made a significant
contribution to the ocean color community to study the
spatial and temporal evolution of phytoplankton
distribution in the open oceanic waters, characterizing the
highly dynamic features such as eddies, meanders and
variability of ocean circulation patterns at local and
regional scales (Gordon et al., 1980; Barale and Trees,
1987; Abbott and Chelton, 1991). The end of CZCS in
1986 has resulted many other ocean observation
radiometers of improved spatial and spectral
characteristics, which have been deployed on space borne
satellites abroad to study more precisely these aspects in
the oceans. These ocean color instruments include Sea-
viewing Wide Field-of-View Sensor (SeaWiFS), Ocean
Color and Temperature Scanner (OCTS), Modular
Optoelectronic Scanner (MOS), Polarization and
Directionality of Earth Reflectances (POLDER),
Moderate Resolution Imaging Spectrometer (MODIS),
Medium Resolution Imaging Spectrometer (MERIS),
Ocean Scanning Multispectral Imager (OSMI), Ocean
Color Monitor (OCM) and Global Line Imager (GLI). In
order to acquire high temporal ocean color imagery, the
first Geostationary Ocean Color Imager (GOSI) on
Communication Ocean Meteorological Satellite (COMS)
by KARI (Korea) is planned to be launched on
geostationary orbit in 2008 (KORDI report, 2003). Along
with these instruments, the high-resolution sensors that
are specifically developed for land applications are also
used for deriving ocean parameters (Alfoldi, 1978;
Collins and Pattiaratchi, 1984; Doxaran et al., 2002).

Retrieval of ocean color information from these
imageries is based on three different approaches:
empirical, semi-empirical or semi-analytic and purely
analytical. The empirical algorithms relay on statistical
relationships between the upward radiance at the sea
surface and the quantity of interest, while the later two
cases are purely or partially relaying on optical
properties in the water (Gordon and Morel, 1983; Ahn,
1999). Since the last two and half decades, many
algorithms were derived empirically to estimate
chlorophyll-a concentrations in Case-I waters (Morel
and Prieur, 1977; Morel; 1988; Mitchell and Kiefer,
1988; Lee et al., 1998). However, the accuracy of these
algorithms is largely depending on the precise in-situ
measurements, which are often caused by several factors
including the abnormal sky light dispersion and sea
surface reflection during the measurements.

Recently, the improvements in understanding the
relationship between remote sensing reflectance (Ryg)
and inherent optical properties (IOP) such as
baékscattering to absorption coefficients ratio [by/(a +
by)] (Morel and Prieur, 1977) has resulted in the
development of semi-empirical or semi-analytical
algorithms to derive the constituents’ concentrations
from the oceanic waters (Carder et al., 1999; Ahn, 1999;
Bricaud et al., 1'998; Sathyendranath et al., 2001; Loisel
et al., 2001; Garver and Siegel, 1997; McClain 1998).
Compared to the purely empirical algorithms, semi-
analytical algorithms are more accurate and reliable (Lee
et al., 1998). To derive pigment concentrations from the
ocean, the blue/green ratio of radiances or remote
reflectances is generally used in most of the bio-optical
algorithms because chlorophyll absorbs more blue light
than green and thus the ratio at these two wave bands
decreases when the chlorophyll concentration increases.
For instance, the phytoplankton pigment concentration
in the open oceanic waters was derived from the

empirical algorithms in which the relationship between
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the ratios of radiances at CZCS shorter wave bands
(Lyn443/LyNS50) to chlorophyil concentrations was
established (Gordon et al. 1983). However, this ratio
often yields more errors for high chlorophyll
concentrations because of the low sensitivity of the blue
wavelength (443nm) at higher concentrations (Bricaud
et al., 1999; Esaias et al., 1998). To over come such
errors, SeaWiFS Ocean Chlorophyll-2 and Ocean
Chlorophyll-4 algorithms use the ratios of remote
reflectances, R(490)/R5(555) and Ry(443)/ R(555),
Ris(490)/R5(555) and R(510)/R4(555) respectively
(Reilly er al., 1998). For the retrieval of suspended
sediment concentrations, algorithms are based on the use
of green waveband, which is highly sensitive to
suspended particulate matter (Ahn ez al., 2001).

The Multi-spectral Camera (MSC) on Kompsat-2
satellite is expected to make significant contributions to
the enhanced understanding of the complex interactions
between physical, chemical, biological and geological
processes in the coastal oceans. The present study aims
to (1) the derivation and comparison of broad and
narrow band algorithms for the retrieval of” ocean color
information from MSC on KOMPSAT-2 satellite, (2)
the comparison of MSC algorithms with Landsat-5 TM
(Thematic Mapper) algorithms because of having
similar spectral characteristics, and (3) the
implementation of Case-2 water algorithm on TM
imagery for mapping the distribution of suspended

sediments in the southwest sea of Korea.

2. Materials and Methods

1) Data

The data are from the in-situ and laboratory
measurements consisting of remote sensing reflectance,
chlorophyll (chl), suspended sediments (SS), and
dissolved organic matter (DOM). The optical

measurements were carried out by using a portable
hyperspectral radiometer (Analytical Spectral Devices,
ASD Inc.) with the spectral range of 350-1050nm. The
five water leaving radiance spectra [Ly1(A)] are
averaged and corrected for the sky light reflection and
the air-sea effects [Ly(4) = Lyr(4) - F{A)*Lyqy(4)]. The
values of Lg(A4) were obtained from the sky radiometer
and F; value was assumed to be constant 0.025 (Austin,
1974). In fact, F; varies with viewing geometry, sky
conditions (clear, partially and densely cloudy), sea
surface roughness due to wind, and is wavelength-
dependent under a cloudy sky (Mobley, 1999). The
chlorophyll and suspended sediment concentrations
were determined from the water samples collected
simultaneously with the optical measurements. The
remote sensing reflectance spectra from these
measurements are used for the purpose of comparing
with model-generated reflectances of Case-I and Case-II
waters. Two models presented here include the Rrs
model developed by Ahn (1999), which generates the
R;s values from 400nm to 700nm for different
chlorophyll and suspended sediment concentrations, and
spectral band model that converts the model generated
Ry values to the equivalent Ry spectra at MSC and TM
spectral bands. The theoretical background of these

models is described in the following sections.

2) Conceptual Background of Remote
Sensing Reflectance Model

A remote sensing model [Rs] was developed by Ahn
(1999) in order to extract the constituents’
concentrations of interest in seawater. The ‘R, model’
works as functions of inherent optical properties such as
absorption [a(4)] and backscattering [by(4)] coefficients
of six water components including water, phytoplankton
(chl), dissolved organic matter (DOM), suspended
mineral particles (SS) heterotropic organism (he) and an
unknown component, possibly represented by bubbles

or other particulates unrelated to the first five
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components. For the simplicity of the model, we assurme
clear skies, the sun position always at noon, satellite-
viewing angle within 20 degree from nadir and no sun
glint. According to Morel and Prieur (1977), the
irradiance reflectance (R) can be related to inherent
optical properties of seawater such as total beam
absorption (X, and total backscattering coefficients
(Zp;) as follows

2by;

RO)= i sh,

(1
The function f is dependent on the radiance distribution
within the subsurface light field and on the volume
scattering function, B(0), of particles in seawater. The
irradiance reflectance, R(07), just beneath the surface

can be defined as;
E0)  0dul07,0,0)

ROY= g = (= pEa0)

(2)

where, Ly(07, 0, ) is the upwelling radiance in the
direction of zenith (f) and azimuth (@) angles just
beneath the surface. E,(07) and E4(07) are the upwelling

and downwelling irradiances at null depth denoted by

0". L, denotes the upwelling radiance and the bi-
directional factor Q is not a constant but a function of
depth and direction (6, ¢). According to Austin (1980),
7 must be replaced by a factor close to 5 if L, is in the
nadir direction. Under the above assumptions, L, is then
no longer a function of zenith and azimuth angles. To
convert E4 (07) to Eg (0"), the following relationship is
used [Eq (07) = (1 - p) Eq (0"). where p is averaged
Fresnel reflectance at the air-sea interface and it will
vary with sky conditions, sun elevation and sea surface
state (wind speed). According to Morel and Gentili
(1996), p values occur within the range of 4-5%. But our
in situ measurements reveal that it varies from 5% under
clear sky to 15% under cloudy conditions. In the present
study, we adopt a p value of 5% for clear sky. In a strict
sense, the Ry cannot be called “reflectance” because of

having the units of pf sr™! to link the irradiance

reflectance to the remote sensing reflectance by the

following relation,
- L, Lw ;
rs = Ed(O:F) - Fg ( )

Where L, is the water leaving radiance [= Lu(0+-)] and
Ly is the normalized water leaving radiance. F, is the
extraterrestrial solar irradiance. Using the radiance
transmitted through the air-sea interface [Fresnel n’
Law; and n = 1.34 according to Gordon and Morel
(1983)], the L, is expressed as follows,

Ly =0.545 Ly(07) (or) Ly(07) = 1.83 Ly, @

By assembling the equations (1), (2), (3) and (4), we can
obtain the remote sensing reflectance by the following
expression,

1 f by
"7 Ou (Za; + Zby)

R &)

Where £/Q, is a non-constant environmental factor and f
is directly proportional to Q, (Zaneveld, 1995). These
two quantities follow similar trends with changing sun-
angle. The range of variability of f/Qy is less than that of
the two individual parameters f and Q (Morel and
Gentili, 1996). According to their results, f/Q, ranges
from 0.075 to 0.095 for the various optical properties. In
considering the sensor-viewing angle (10-20 degree
from nadir), a value of 0.085 can be adopted and thus

the equation (5) becomes,
Lbyi

R=0044 ———7—
(Zai + bei)

©)

The model demonstrated here is primarily used in the
present study to generate Ry spectra, which will later be
used in the MSC and TM band models. The Ry
spectrum values are generated from 400nm to 700nm at
2nm intervals using only three components; chlorophyll
{chl), non-chlorophyllous particles (NC), and dissolved
organic matter (DOM). To generate the R spectrum
from equation (6), the total backscattering and
absorption coefficients are decomposed into six in-water

components as follows,
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bytppirtbysstbunetbpgomthe
Dby DrphitDss ot Dpdom Dt Mo it igom

R=0044 @)

Where, the subscripts denote absorption and
backscattering coefficients of seawater (w),
phytoplankton (ph), suspended sediment matter (SS),
heterotropes (he), dissolved organic matter (DOM) and
unknown components (?), which are possibly
represented by pubbles, or other particulates unrelated to
the first five components (Stramski, 1994; Ahn, 2000).
In the model, the backscattering coefficient of unknown
components was estimated using Ahn’s (2000) method.
Since the optical properties of suspended mineral
particles in the seawater are poorly understood, we
followed the optical properties of loess from previous
work carried out by Ahn (1990). The backscattering
coefficients of DOM and absorption coefficients of
unknown components are not included in this study, as
they are considered negligible for purposes of these
computations. In addition, the absorption and
backscattering coefficients for components are separated
to their specific absorption (a*) and backscattering
coefficients (by*), and concentration [<i>] [i.e. a; = a;*
X <i> and by; = bpi* X <i>] (Ahn, 1999). Table 1
shows the Case-I and Case-II water component criteria
adopted to generate the remote sensing reflectance for

this study purpose.

3) Spectral Band Model

The spectral band model is developed for converting
the model generated Ry values to the equivalent remote

sensing reflectances at the MSC and TM bands. These

Table 1. Criteria adopted for modeling remote sensing
reflectances for Case-l and Case-Il waters.

Water components Case-I water Case-II water
<chl> (mg/m?) 0.1~30 0.5~10
<SS> (g/m3) 0.1~4 2~100
DOM (m™ 0.01~03 0.1~1.0

reflectances are used in the empirical relationships to
derive the <chl> and <SS> algorithms, which will
retrieve the concentrations of chlorophyll [mg/m?} and
suspended particulate matter [g/m?] from the spectral
ratios of remote sensing reflectances or a single band
reflectances in the visible wavebands of the TM and
MSC. The general expressions of the Case-I
(chlorophyll) and Case-II (suspended sediment) water
algorithms are given as follows,

<chl> [mghm®] = a[X)P 4 8)

<585 [g/m’] = R) )

where o and 3 are regression coefficients and X is the
spectral ratio of remote sensing reflectance [Ry(4;)/
Ris(4)] in the blue and green wave bands respectively. R
is the remote sensing reflectance at TM or MSC band?2.
Since the MSC and TM wave bandwidths are much
greater than the available ocean color sensors, the R,
spectral values generated at 2nm intervals by Ahn’s
model are converted to the equivalent MSC and TM
band reflectances, [R(MSC bandl), R(MSC band?),
Rs(MSC band3)] and [R(TM bandl), R(TM band2),
R(TM band3)] and to the center wavelengths (2nm
interval), [R;s(MSC bandl-centre), R, (MSC band2-
centre), R(MSC band3-centre)] and [R.(TM bandl-
centre), R(TM band2-centre), Rrs(TM' band3-centre)].
The normalized spectral responsivity (unit less) values of
the MSC and TM wavebands are used in the spectral
band model for the purpose of this conversion (Figs. 1a-d
and Table 2). These spectral responsivities were
determined by the combined responses of all path mirrors
(primary, secondary, scan line corrector, scanning etc.),
the spectral filters, and the individual detectors. Thus, the
equations (8) and (9) can be changed according to the
TM and MSC band reflectances as follows,

<chl> [mgim’] = B Y (10)
By(d)
<55 (gl = a{B3) (11)
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Figs. 1a-d. Normalized spectral responsivity (unitless) of the KOMSAT-2 Multi-Spectral Camera and Landsat-5 Thematic Mapper bands.

Table 2. Characteristic features of the Landsat-5 TM and Kompsat-2 MSC bands and their advantages for monitoring the
highly dynamic coastal oceanic environmental parameters.

Spectral Wavelength SpaF fal Description Characteristics
Band (pm) Resolution (m)
1 TM]\;COQTL;?,SZS ) 32 Blue Pigment absorption
2 %COSZS;?(?% 0 32 Green Pigment and particles scattering
3 P;Ah;[cogi;?gi 9 32 Red Pigment absorption
4 E\;Coggg(igg 0 32 Near infrared Atmospheric correction

where B|(A) and B,(1) are the weighted Ry values of the
TM or MSC wavebands, Bj(4) and By(1) respectively. It
can be modeled by the following equation,

B

)=

ils@j) X R(A)
=

3 5(%)
=

(12)

where S(/;) and Rys(4;) are the spectral responsivity and
remote sensing reflectance at a given wavelength
interval (lj) in each TM or MSC wavebands. The
empirical algorithms are then established from the
relationships between the weighted Ry and the

constituents’ concentrations. Doxaran er al. (2002)
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adopted a similar approach to analyze SPOT data for
quantifying suspended particulate matter concentrations
in the turbid estuarine waters of Gironde estuary,

southwest France.

3. Results and Discussion

1) Comparison of Model-Derived and In-
Situ Remote Sensing Reflectances

Using equation (6), a large number of remote sensing
reflectances were generated for a diverse range of
constituents’ concentrations present in Case-I and Case-
I waters. Fig. 2a shows model-derived remote sensing
reflectance spectra for high chlorophyll concentrations
[<chi> = 22 - 100 mg/m?; <SS> = 0.7 - 2 g/m?; DOM
(400) = 0.03 - 0.15 m’']. The shape of these spectra is
nearly in good agreement with that of in-situ spectra
from the Jin-hae bay [<chl> =43 - 71 mg/m3; <S8S> =
6.7 - 11 g/m* 0.1 - 0.7 m'"] (Fig. 2b). In both spectra,
the increased reflectance in the green region between
515nm and 600nm can be attributed to the
phytoplankton, which, being refractive particles,
increase scattering at these wavelengths. A progressive
decrease in the measured R values between 490nm and
540nm results from both high concentrations of DOM
and pigments, which tend to increase absorption, and
therefore reduced reflectance, at the blue and lower part
of the green spectrum (Fig. 2b) (Morel and Prieur,
1977). Thus for estimating pigment concentrations,
ocean color algorithms take advantage of the decreased
reflectance in the blue (440-490nm) and the increased
reflectance in the green region (545-560nm), by
working in terms of the ratios in these two wave bands
(Kirk, 1983; Gordon and Morel, 1983). The values of
these two bands ratio decreases as the chlorophyll
concentration increases. In contrast, the absorption

feature between 440-490nm is not distinct at low

chlorophyll concentrations [<chl> = 0.5 -3 mg/m3;
<S$S> = 0.2- 1.5 g/m*; DOM (400) = 0.02 - 0.06 m'']
(Fig. 2¢). However, a small deflection at 443 nm allows
the reflectance ratio at 443 and 555nm [R(443)/
R,5(555)] that can be effectively used for estimating
chlorophyll concentration in the ocean waters. It is
interesting to see another peak around 685nm that arises
from the sun-induced chlorophyl! fluorescence signal
from the ocean (Neville and Gower, 1977; Doerffer,
1981) (Figs. 2a and b). Previous studies have shown that
the position and magnitude of this peak changes with
respect to increasing chlorophyll concentrations
(Kishino et al., 1986; Gitelson, 1992). At low
chiorophyll concentrations, the remote sensing
reflectance spectra do not exhibit this peak around
685nm (Fig. 2¢).

Similarly, a large number of remote sensing
reflectance spectra (N=500) were also generated for a
diverse range of suspended sediment concentrations
[<chl> = 0.5 - 10 mg/m’; <SS> = 10 - 100 g/m*; DOM
(400) = 0.1 - 1 m'] (Fig. 2d). It is apparent that the
model-derived reflectance spectra compare very well
with in-situ spectra collected around the Jin-do and
Wan-do coastal waters during September and October
1998 (Fig. 2e). The in-situ spectra correspond to the
suspended sediment concentrations from 3 - 120 g/m’.
These areas are always subject to high turbidity resulting
from the process of sediment resuspension due to strong
tidal currents (Ahn er al., 2004). The suspended
sediment particulate matters increase the backscattering
more than the absorption coefficient towards longer
wavelengths (Ahn, 1990), and therefore the reflectance
values above the water surface increased with increasing
SS concentrations at all wavelengths from 400 to 700nm
(Figs. 2d and ¢).

2) Derivation of Empirical Algorithms for
™

Equation (12) transformed the model-derived R to
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Figs. 2a-e. Comparison of modeled and in-situ remote sensing reflectance (Rrs) spectra in the spectral range between 400 and
700nm. (a) Modeled Ry spectra of Case-| waters [<chl> = 22 -100 mg/m%; <8S> = 0.7- 2 g/m®; DOM (400) = 0.03 -
0.15m™), (b) In-situ Rys spectra of rec-tide waters of the Jin-Hai bay during 8 Aug. 1999 [<chl> = 43 -71 mg/m®; <§S>
=6.7-11 g/ms], (c) Modeled Rys spectra for low chlorophyll concentrations [<chl> = 0.5 -3 mg/m3; <8S>=02-15
g/m® DOM (400) = 0.02 - 0.06 m™"], (d) Modeled R spectra of highly turbid waters [<chi> = 0.5 -10 mg/m®; <SS> =
10- 100 g/m>; DOM (400) = 0.1 - 1 m™", (e) In-situ Rys spectra from the Jin-do and Wan-do coastal waters during Sep.
and Oct. 1998 [<chi> 0.7-1.2 mg/ m%; <SS> = 3- 120 g/m”].

the equivalent remote reflectances at the three TM wave function of TM wavebands for different chlorophyll
bands [R(TM1), R(TM2) and R,(TM3)]. Fig. 3a concentrations from 4.1 to 31 mg/m3. It is observed that
represents spectral variation of remote reflectances as a the R values decrease progressively toward the blue
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and red wavebands that correspond to the maximum
absorption by chlorophyll concentrations. The
reflectance maxima occur in the green waveband
centered at 560nm, where high backscattering by
pigments is evident in this waveband (Morel and Prieur,
1977). On the other hand, Fig. 3b shows the remote
sensing reflectance spectra for different concentrations
of suspended sediment matter (18.8~88.7 g/m®). One
should note that the band 2 is highly sensitive to changes
in backscattering by suspended sediment particles than
the blue and red wavebands. Ahn et al. (2001) pointed
out that the longer part of the green and lower part of the

red wavebands are highly useful to derive SS
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Fig. 3. Comparison of the modeled remote sensing
reflectance spectra [(Rrs (4))] of TM and MSC
wavebands for different chlorophyll concentrations
[<chl> (mg/m®)]. (b) Comparison of the modeled
remote sensing reflectance spectra [(Rys (1))] of TM
and MSC wavebands for different suspended
sediment concentrations [<SS> (¢/m%)).

concentrations in a highly turbid waters. Similarly,
Doxaran ef al. (2002) noticed that the R values increase
progressively from green to red (500-700nm) and
become stable between 750 and 950nm for high SS
concentrations.

In this study, statistical regression analysis of remote
reflectance data was performed against the chlorophyll
and suspended sediment concentration to derive <chl>
and <SS> algorithms for ocean color interpretation of
the TM and MSC imageries. The empirical relationship
between the spectral ratio of remote sensing reflectance
[Ris(TM1)/R5(TM2)] and chlorophyll concentrations
allows us to derive the equation for estimating the
chlorophyll concentration from the TM broad
wavebands (Fig. 4a). The regression formula can be

expressed as follows,

<chl> [mg/m’] = 4.36x 463 (13)

where x is the broadband ratio R (TM1)/R(TM2). The
determination coefficient for log-transformed data, r> =
0.90 and the number of observations, n = 500. The
center waveband relationship, R(TM Band1-centre)/
Rys(TM Band2-centre) verses chlorophyll concentrations
is almost similar with the broadband relationship,
though a small discrepancy may be attributed to the fact
of the bandwidth (Fig. 4a). The regression equation

obtained for center wavelength ratio is given as follows

<chl> [mg/m’] = 2.34x°4%2 (14)

where x is the center band ratio of TM band 1 and 2.
The determination coefficient is r* = 0.91. The statistical
comparison based on log-transformed data is due to the
fact that the log-transformed data is normally distributed
than the untransformed data (O’Reilly er al. 1998). The
regression slope and intercept and the determination
coefficient (r2) provided a numerical index of model
performance. A good correlation occurred in both cases,
with a small discrepancy between the broad and narrow
wavebands (centre) relationships.

Similarly, statistical regression analysis of the single
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Figs. 4a-d. Relationships between remote sensing reflectances and constituents concentrations. (a) Rs(TM Band1-centre)/
R.s(TM Band2-centre) and Rs(TM Band1)/R;s(TM Band2) verses chlorophyll concentrations [<chi> (mg/m®)], (b)
R<(TM Band2-centre) and R,s(TM band2) verses suspended sediment concentrations [<SS> (g/ma)], (c) Rs(MSC
Band1-centre)/Rs(MSC Band2-centre) and R(MSC Band1)/Rs(MSC Band2), verses chlorophyll concentrations
[<chi> (mg/md)], (d) Ris(MSC Band2-centre) and Ris(MSC band?2) verses suspended sediment concentrations [<SS>
{g/m°)]. Here, Band1 or Band2-centre denotes narrowband, and Band1 or Band2 stands for broadband.

band raflectances was performed against the suspended
sediment concentration (Fig. 4b). The regression
equation for the broadband relationship [Ry(TM band2

verses <SS> concentrations) is expressed as follows
<SS> (g/m’) = 0.99¢!%9% (15)

with the determination coefficient, r* = 0.93. The term
‘x’ refers to Rs(TM band2). The equation for the center
band relationship [R(TM Band3-centre) verses <SS>

concentrations] is defined as
<8S> (g/m’) = 0.85¢19%-7 (16)

with the determination coefficient, 12 = 0.91, where x is
the Rs(TM Band2-centre). For both cases, the total

number of observations, n = 500. The exponential form
is due to the fact that the total suspended sediment
concentration corresponds best with an exponential,
rather than linear function of radiance or reflectance in
this system (Klemas et al., 1974). It is worth noting that
the broadband relationship gave the best fit with r =
0.93 compared to the center band relationship [r* =
0.91]. To estimate the SS concentration, we used a
single band reflectance rather than the spectral ratio of
remote sensing reflectances at two wavebands (Doxaran
et al., 2002) because the two-band ratio algorithm makes
very poor performance in coastal waters, where the

DOM absorption is inevitably intermingled with blue
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waveband (Ahn er al., 2001). The single band approach
is consistent with the previous studies carried out by
Klemas et al. (1974) and Munday and Alfoldi (1979).

3) Derivation and Comparison of
Empirical Algorithms for MSC

Fig. 3a compares TM and MSC band reflectances for
various chlorophyll concentrations 4.2~31 mg/m’. Tt is
seen that having a high sensitivity of MSC bands
resulted in slightly increased values of remote sensing
reflectance than TM. In both spectra, the absorption by
pigments is very distinct in blue and red wavebands
while scattering by organic particles is representative of
green band of these sensors. Therefore, the decreased
reflectance in the blue and increased reflectance in the
green can be effectively adopted in the empirical
algorithms by taking the ratio of these two wavebands.
A similar trend can be observed in Ry spectra of TM
and MSC that increase with increasing suspended
sediment concentrations 18.8~88.7g/m? as shown in Fig.
3b. Note that there exists a small difference in R
spectra of case-II waters comparéd to Case-1 water
reflectances. Fig. 4c shows the relationship between the
spectral ratios remote reflectances, [R(MSC Bandl)/
Rs(MSC Band2)] and [R,s(MSC Bandl-centre)/
RisMSC Band2-centre)] and chlorophyll concentrations
[<chl> (mg/m)]. It appears that the scatters of the broad
and narrow wavebands of MSC as a function of
chlorophyll concentrations become closer than that of
TM, suggesting that MSC bands reflectances are more
sensitive to varying constituent’s concentrations than
TM band reflectances. The regression equation for

broadband relationship is given as follows,
<chl> [mg/m?] = 2.93x74% (17)

The determination coefficient for the log-transformed
data is % = 0.90. Similarly, the empirical formula for the

narrow (centre) waveband derived is as

<chl> [mg/m?] = 2.37x4% (18)

with 2 = 0.91, where x defines the spectral ratios of
broad and narrow wavebands respectively, [RrS(MSC
Band1)/ Rs(MSC Band2)] and [R;s(MSC Bandl1-
centre)/R(MSC Band2-centre)]. For each case, the total
number of observations, N = 500. The equations are
representative of power law functions used to relate Ry
ratios to chlorophyll concentration due to the relative
ease of derivation of model parameters using a simple
linear regression of log-transformed data (Smith and
Baker, 1982). Similarly, <SS> algorithms were derived
from the relationships between [R(MSC Band2)] and
[Rs(MSC Band2-centre)] and SS concentrations (Fig.
4d). The followings are the empirical equations for
R, (MSC Band2) and R (MSC Band2-centre)

respectively.
<SS> (g/m?) = 0.89¢?"7% [12 = 0.92] (19)

<8S> (g/m’) = 0.81e22% [12 = 0.91] (20)

where X is the broad or narrow band reflectance at MSC
band 2. The performance of broadband SS algorithm is
seemingly better than the centerband algorithm that has
low correlation coefficient value r% = 0.91.

Since these algorithms relay on model parameters,
they may have several advantages over purely embirical
ones because the empirical algorithms derived from
statistical regression of radiance verses chlorophyll
require large set of in situ data (Reilly et al., 1998) to
relate the ratios of remote sensing reflectances [Ry (4)]
or normalized water leaving radiance [Ly,n ()] (Gordon,
1983), to chlorophyll concentration. The accuracy of
these algorithms is largely depending on the precise data
from in situ and laboratory measurements that are often
caused by several factors as mentioned earlier. In view of
band combinations, the ratio Rys443/Rs550 will be very
useful at low chlorophyll concentrations, <chl>
<3mg/m?. At higher concentrations, 443nm band is
essentially influenced by both pigment and DOM
absorptions, leading to produce large errors in highly

productive waters. To over come this problem, NASA
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OC?2 algorithm uses the band ratio, Rs(490)/R(555) for
a diverse range of waters (Reilly er al. 1998). Crucially,
this algorithm yields large errors at low chlorophyll
concentrations (Lee et al., 1998; Sathyendranath et al.,
2001; Yoo et al., 2000; Burenkov et al., 2000).

Thus to improve the accuracy of <chl> estimates,
many algorithms rely on more than two bands. For
example, OC4 is a four band algorithm using
R;5(443)/R5(555), R5(490)/R(555), or R(510)/
R5(555), the OCTS-C model is a power-law
formulation using the sum of Lyn(520)+Lyn(565) over
LwnN(490), the CalCOFT a three band multiple regression
algorithm using band ratios R5(490)/R5(555) and
R(510)/R(555), the functional form of CalCOFI four-
band algorithm is using Rys(443)/R5(555) and Ry(412)/
R(510) (Reilly er al., 1998). Analyzing the
performance of these algorithms implies that more
number of bands results in accurate estimates of
chlorophyll concentrations in ocean waters. Thus, the
broadband algorithm having a small difference with the
narrowband algorithm improves the signal to noise ratio
and covers the spectral range of the aforementioned
algorithms. Moreover, the effect of DOM absorption at
MSC bandl could be comparatively lesser than that at
narrow waveband. In case of the SS retrieval, the single
and broadband algorithm could be more powerful than
the band ratio and narrow band algorithms. The
potential use of single band algorithms has already been
demonstrated in different waters (Klemas et al., 1974,
Munday and Alfoldi; 1979; Ahn et al., 2001).

4) Application

The application of broadband SS algorithm is
demonstrated in highly turbid waters around the
southwestern part of the Korean peninsula using
Landsat-5 TM imagery acquired on 7 May 2000. Prior to
the implementation of this algorithm, the TM image was
corrected for the atmospheric effects with the Spectral
Shape Matching Method (SSMM) developed by Ahn

and Shanmugam (2004). Fig. 5 shows dynamic patterns
of SS distributions around the Jin-do and Wan-do areas.
SS concentration varies from 1~120 <SS> (g/m3).
Intricate and striking patterns of sediments that result
from the process of sediment resuspension owing to
strong tidal currents and bottom circulations are not
interpretable with low spatial resolution imagery such as,
SeaWiFS and AVHRR. The prediction of such highly
dynamic SS patterns in the coastal regions can help in the
determination of the rate and magnitude of sediment
transport that impedes navigational and submarine
practices in the southern Yellow Sea. From this study, it
was found that application of SSMM and SS algorithm
to the Landsat VIS/NIR imagery has proven highly
useful in bringing out a clear picture about water column

dynamics in the southwest coastal sea.

1 ’ <88> (gm™) 120

Fig. 5. The high resolution suspended sediment map
obtained from the Landsat-5 TM imagery (7 May
2000) over southwest coastal waters of Korea by the
implementation of SSMM and TM SS algorithm.
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4. Conclusion

Multi-Spectral Camera (MSC) on Kompsat-2 satellite
is expected to provide an enhanced understanding of the
dynamics of small-scale coastal oceanic features such as
red tide blooms, suspended sediments, eddies, meanders
and other circulation patterns. Interpretation of these
features is not feasible with the currently available coarse
spatial resolution ocean color sensors that can only show
some unpredictable signatures. To map and monitor such
highly dynamic features in the coastal oceanic waters,
broad and narrow band algorithms were derived from the
statistical relationships established using a large data set
generated by Ry and spectral band models. These
algorithms will be capable of deriving accurate
information about the ocean color from MSC or TM
imagery. The difference between the spectral ratios of
remote sensing reflectances at narrow waveband
[Rx(MSC Band1-centre)/R;(MSC Band2-centre)] and
broad waveband [R(MSC Band1)/ R;(MSC Band2)] as
functions of chlorophyll concentrations was significantly
low. Thus, the broadband algorithm derived from the
relationship between R(MSC Band1)/R(MSC Band2)
and chlorophyll concentrations may have certain
similarities with OC4, CalCOFI, OCTS-C because these
algorithms rely on more than two wavebands. In contrast,
the single band SS algorithms for TM and MSC appear
to perform’better than narrow band algorithms that have
relatively low correlation with SS concentrations =
0.91). The previous study indicated that the use of band
ratio algorithms does not seem to be potential for the
accurate retrieval of SS concentrations in the ocean
waters. The model-derived remote sensing reflectance
spectra were shown to be consistent with the in-situ data
from turbid and other coastal waters. The potential use of
the developed algorithms was also explored and
demonstrated in highly turbid waters around the Jin-do
and Wan-do bays using Landsat-TM imagery. The

results suggest that these algorithms combined with
SSMM can be very useful for mapping and monitoring
coastal ocean environmental parameters using MSC and
TM imageries. The applicability of these algorithms for
various water types is not assessed in this study,
therefore, we will plan in the future to evaluate the model
and in-situ algorithms using TM and MSC images.
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