Chlorophyll-a Evaluation using Terra/Aster Data

- Algorithm Theoretical Analysis, Ver.1-

ABSTRACT

The high-resolution satellite data has been
utilized to monitoring water environments. However,
without appropriate digital transformation for
individual satellite band data, visualization of the
polluted scene and assessment of relative differences
in its concentration have been arduous.

Several digital transformation methods and
numerical digital processing were applied to the
multi-spectral satellite original set to minimize
atmospheric effects ("the window") and unwanted
sensor scan noise, which prevents the accurate
extraction of oil at the water region. As results,
detection of surface Chl-a and determination of its
relative  concentration were documented in
laboratory/field experiments and successfully
visualized by transformed Terra/ASTER and Landsat

TM image analysis.

1.Introduction
The algorithm to correct the original set of high
resolution satellite data, which has been analyzed and
developed through lab/filed experiments, is based on
a semi-analytical, bio-optical model of remote-
sensing reflectance, R, (1), where R (1) is defined
as the water-leaving radiance, L, (1), divided by the
downwelling irradiance just above the sea surface,
Ed(1,0"). The R, 1) model has two free variables,
the absorption coefficient due to phytoplankton at
675 nm, a,(675), and the absorption coefficient due
to Colored Dissolved Organic Matter (CDOM) or
gelbstoff at 400 nm, a,(400). The R, model has
several parameters that are fixed or can be specified
based on the region and season of the MODIS scene.
These control the spectral shapes of the optical
constituents of the model. R (1;) values from the
MODIS data processing system are placed into the
model, the model is inverted, and a ,(675), a, (400) ,
and chlorophyll a are computed.
The algorithm also outputs both the total
a( 1 ),
phytoplankton

absorption coefficients, and permits

calculation of the absorption
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coefficients, a,( A1) , based on a,(675) retrievals.
These are used in the calculation of the absorbed
radiation by phytoplankton for use in the calculation
of chlorophyll fluorescence efficiencies. Model is
also  dependent  upon  the instantaneous
photosynthetically available radiation.

Further, Algorithm development is initially
focused on tropical, subtropical, and summer

temperate environments, and the model is

parameterized .

2. Algorithm Basic Concepts
Morel and Gordon [1980] describe three
approaches to interpret ocean color data in terms of
the in situ optical constituents: empirical, semi-
empirical, and analytical. In the analytical approach,
radiative transfer theory provides a relationship
between upwelling irradiance or radiance and the in
situ inherent optical properties backscattering and
absorption [e.g., Sathyendranath and Platt, 1997].
Then, constituent concentrations are derived from
irradiance or radiance values measured at several
wavelengths by inversion of the resultant system of
equations. The algorithm for this project uses this
approach, with the term "semi-analytical" invoked
because bio-optical pieces of the radiative model are
expressed by empirical relationships.
2-1. Considerable Physical Problems
After light enters the ocean, some of it eventually
scatters back up through the surface. This light is
called the water-leaving radiance L,( 1), and it can
be deduced from space after removal of atmospheric
effects. The magnitude, spectral variation, and
angular distribution of this radiance depend on the
following factors: the absorption and backscattering
coefficients of the seawater, a( A ) and by( 1),
respectively (known as the inherent optical
properties); the downwelling irradiance incident on
the sea surface Ed( 1 ,0"); and the angular distribution
of the light within the ocean. To make things easier,
we divide seawater into three components, each one
having distinct optical properties of its own. These
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components are the seawater itself (water and salts),
the particle fraction, and the dissolved fraction.
Fortunately, a( 1) is simply equal to the sum of the
absorption coefficients for each component, and
by( 1) is equal to the sum of the backscattering
coefficients. If we can accurately describe or model
each spectrally distinct component of the absorption
then we can

and backscattering coefficients,

determine the magnitude of each one from
measurements of Ly(A) and Ed(0", 1), given some
assumptions about the angular distribution of light in
the water. The key here is to accurately model the
spectral behavior of a( A ) for each component. The

spectral behavior of b,( 4 ) is not as dynamic.

3. Mathematical of Algorithm

3.1 Ris Model

The Rrs model is given by the following general

equation, which is adapted from previous methods:

R, (A)=ft2/ Q(A) X by( A)/[a(A)+by(A)]  «.ce (1)
where f is an empirical factor averz;%in% about 0.32-0.33 [Gordon
et al., 1975; Morel and Prieur, 1977; Jerome et al., 1988; Kirk,
1991], t is the transmittance of the air-sea interface, Q( 1) is the
upwelling irradiance-to-radiance ratio Eu( A )/Lugt ), and n is the

real part of the index of refraction of seawater. By making three
approximations, (1) can be greatly simplified.

1) In general, f is a function of the solar zenith angle, 00
[Kirk, 1984; Jerome et al., 1988; Morel and Gentili,
1991]. However, Morel and Gentili [1993] have shown
that the ratio f/Q is relatively independent of 0 0 for
sun and satellite viewing angles expected for the
MODIS orbit. They estimate that f/Q = 0.0936, 0.0944,
0.0929, and 0.0881, (standard deviation " 0.005), for A
= 440, 500, 565, and 665 nm, respectively. Also,
Gordon et al., [1988] estimates that f/Q = 0.0949, at
least for 6 >20°
independent of A

. Thus, we assume that f/Q is
and 0 , for all Terra/ASTER

wavebands of interest, except perhaps for the band
centered at 667 nm, which we don=t use.

2) t*/n’ is approximately equal to 0.54, and although it can
change with sea-state (Austin, 1974), it is relatively
independent of wavelength.

3) Many studies have confirmed that b,( ) is usually
much smaller than a( 1 ) and can thus be safely removed
from the denominator of following (2) [Morel and
Prieur, 1977; references cited in Gordon and Morel,
1983], except for highly turbid waters.

These three approximations lead to a simplified

version of (1),

R, () =constant by(1)/a( 1) ...... )

where the "constant" is unchanging with respect to A and 0 .

The value of the constant is not relevant to the algorithm since the
algorithm uses spectral ratios of Ry(A) and the constant term
factors out.

In the following sections, both b,(A) and a( A ) will
be divided into several separate terms. Each term will
be described empirically. The equations are written in
a general fashion-i.e., the empirically derived
parameters that describe each term are written as
variables C and the actual values of the parameters
that are used in the algorithm are shown in Tables la
and 1b.

Table 1a Wavelength-Dependent Parameters for the
semi-analytical Chlorophyll Algorithm for lake

A 412(nm) | 443(nm) | 488(nm) | 551(nm)
a0 2.22 3.59 2.21 0.42
al 0.74 0.8 0.59 -0.22
al 0.5 0.5 -0.49 0.5
a3 0.0013 0.0111 0.0112 0.0111
bbw(m-1) 0.003339 0. 002459 0. 001561 0. 000929
aw(m-1) 0. 00478 0. 00744 0.01633 0. 0591

Table 1b  Wavelength-Independent Parameters for
the semi-analytical Chlorophyll Algorithm for lake

wavelength independent parameter
Xo | -0.00182 S| 0.0225 Co| 0.2818
X 2.058/ Pg L9 Cp| -2.783
Yo -1.13) Py 1] Cp|  1.863
Y 2.57 C3| -2.387

3.2 Back Scattering Term
The total backscattering coefficient, b,( 1) can be
expanded as

by(A)=bp (A )+ byy(A)....... 3)

[IN.T]

where the subscripts "w" and "p" refer to water and particles,
respectively. byy( A ) is constant and well known [Smith and Baker,
1981]. byy( A ) is modeled as

byp( A)=X[55/ AP .....c(d)

The magnitude of particle backscattering is
indicated by X, which is equal to by,(551nm), while
Y describes the spectral shape of the particle
backscattering.

Lee et al., [1994] empirically determined X and Y
values by model inversion using a formula similar to
(4). The X and Y values were compared to the R (1)
values measured at each station with the purpose of



finding empirical relationships for both X and Y as a
function of R;( 1) at one or more of the Terra/AQUA
wavelengths. Once this was done, X and Y could be
estimated from satellite data using following formula.

Expression for X;
X=X0+X;*R,(551)....... o)

where X0 and X1 are empirically derived constants. Linear
regression performed on the derived values of X vs. Rrs(551nm)
taken from six observation of the Lake Inbanuma & experimental
pond at Nihon University resulted in X0 and X1 values of
B0.00182 and 2.058 (n = 53, r2 = 0.96). Figure 1 shows the
regression graphically. If X is determined to be negative from =\ 5
it is set to zero.

Expression forY;

Y was found to covary in a rather general way
with the ratio R(443nm)/R(488nm). Variations in
numerator and denominator values of this ratio are
largely  determined by absorption due to
phytoplankton and CDOM. Absorption due to water
is about the same and low at both wavelengths. Thus,
to the extent that phytoplankton and CDOM
absorption covary, the spectral ratio of the absorption
a(443nm)/a(488nm), will be only

weakly dependent on pigment concentration, and the

coefficients,

spectral ratio of backscattering coefficients should
have a significant effect on the spectral ratio of Rrs.
Y is thus
represented as
Y=Y, +Y,*R,(443)/R,(488)....... (6)

a linear function of Rrs(443nm)/Rrs(488nm) where
Yoand Y, are empirically derived constants.

These empirical relationships are shown in Fig.1(a)
& (b).

3.3 Absorption Term
The total absorption coefficient can be expanded as
a(A)=a (1) +a,(A)+ ay A)+ay (1) ...... )

nen

where the subscripts "w", "¢ ," "d," and "g" refer to water,
phytoplankton, detritus, and CDOM ("g" stands for gelbstoff).
Here a,( 1) is taken from Pope and Fry, [1997]. Expressions for
a,(A),a4( 1), and ay( A ) are omitted for limited space.

3.4 Weighted Chl-a Pigment Algorithm

Another consideration is that there should be a
smooth transition in [chl a] values when the
algorithm switches from the semi-analytical to the
empirical method. This is achieved by using a
weighted average of the [chl a] values returned by the
two algorithms when near the transition border. When
the semi-analytical algorithm returns an a,(675nm)
value between 0.015 and 0.03 m™, [chl a] is

calculated as
[chl aj=w [chl a],,+(1-w) [chl a],,p....... ()]

where [chl a]s, is the semi-analytically-derived value and [chl a]em,
is the empirically derived value, and the weighting factor is ;
w =[0.03-a 4(675)]/0.015.
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Fig. 1a X versus Rrs(551nm; visible green), where X
is the magnitude of particle backscattering and Rrs is
the Terra/Aster L1b data reflectance at 551 nm. The
line is the linear regression quatioin;

X=-0.00182+2.058 Rrs(551nm) (n=53, r*=0.96)
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Fig. 1b Spectral shape of particle backscattering Y
versus Rrs(443nm)/Rrs(488nm). The line is the
linear regression ;

Y=-1.13+2.57Rrs(443nm)/Rrs(488nm)  (n=22, ’=0.59)
4. Algorithm Evaluation with Satellite Data Set
Several data sets within the low resolution
coverage wide area evaluation set were numerically
diagnosed as coming from waters where the pigments
were much more packaged than those from the warm,



tropical and subtropical data sets evaluated earlier.
The new packaged parameters are used to define a
slightly different, packaged algorithm for upwelling
and winter-spring temperate regions.

There are 326 points in an ensemble of multiyear,
multiseason data sets from the California Current
which we label as packaged. These consist of
historical CalCOFI (n=303) and recent Cal9704
(n=23) data which we recently collected with G.
Mitchell. The CalCOFI Rrs data were subsurface
measurements, while the Cal9704 data were above-
surface collections. Three hundred and three points
(93%) from this packaged data set passed the semi-
analytical portion of the new algorithm, yielding
RMS1 and RMS2 errors for [chl a] ieuievar Of 0.111
and 0.268, respectively. The type Il RMA slope was
0.999, the bias was -0.006, and the r* value was 0.917.
The scatter plot overlays the one-to-one line, and the
quantile plot is linear and overlies the one-to-one line
but has a slight discontinuity near a chlorophyll value
of 3. This
modifications for the packaged algorithm are needed

indicates that some parameter
in this transition region.

Using the blended algorithm on 326 data points,
the r* increased to 0.951 while the other statistics
remained about the same. The RMS2 error of about
28% for the packaged algorithm also is better than

our accuracy goal of 35% or less.
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