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Atmospheric Correction for Ocean Color

A. Algorithm Outline

(1) Algorithm name: Atmospheric Correction for Ocean Color

(2) Product Code: NWLR

(3) PI names: G-0065 Hajime Fukushima

(4) Overview of the algorithm (Status: Operational level)

This algorithm is an extension of the OCTS atmospheric correction algorithm (Fukushima et al., 1998). It treated
multiple scattering among the aerosol particles and gas molecules, as well as the effects of variable ozone
concentration, surface pressure, surface wind speed, and water vapor amount. The atmospheric correction with
iterative procedure was developed to avoid the black pixel assumption, and to consider absorptive aerosol. Due to
saturation problems of the GLI nominal band16 (749nm) and band18 (865nm), alternative bands (band13:678nm and
band19:865nm) are used to estimate base aerosol type. In addition, 380nm and 865nm bands are used to estimate
aerosol absorption. In the iteration, the water reflectance at near infrared and 380nm bands are estimated by an
in-water model for chlorophyll a (chl) and inorganic suspended matter (ism) concentrations as well as absorption
coefficient of colored dissolved organic matter (cdom). These parameter values are estimated by using a neural
network in-water algorithm for further iteration. The final output values for chl, ism, and cdom are generated via an

empirical algorithm

B. Theoretical Description
(1) Methodology and Logic flow
1-1 Radiative transfer model

The satellite-observed reflectance, pr, is modeled as follows.

Pr(A) = Py (M) + p(A) + P, (A) + T (D) P (A) + 1(A) Py (A) +1(AD) oy (A) (1)
where A is wavelength, pu is reflectance due to gas molecules, pa is aerosol reflectance, pua is reflectance due to the
interaction between molecules and aerosol particles, pg is the reflectance resulting from the specular reflection of direct
sun light, pwc is the reflectance resulting from the whitecap, pw is reflectance of the ocean, T is the direct transmittance
of the atmosphere, and t is the diffuse transmittance of the atmosphere.
The purpose of atmospheric correction is to retrieve pw in the equation above where pat+pua and t are estimated by

the satellite data with a help of aerosol lookup tables while pu is calculated by a Rayleigh lookup table.

1-2 Aerosol models

We obtain the aerosol reflectance for 678nm and 865nm bands including the interaction part as follows,

P+ Py, (A) = pr(A) = Py (A) =T(A) pg (A) =t(A) Py (A) —t (M) py () @)

We need to estimate pa+tpuma for band 1 to 12 and 14 but it is not straight forward since the spectral relation of pa+pma
over the whole visible and near IR region is dependent oné, 6, the satellite zenith angle, and 4¢ the relative azimuth
angle between the sun and the satellite, in addition to the type and optical thickness of aerosol. Similar to the method
proposed by Gordon and Wang (1994), we introduce the tables that store the relation between the aerosol reflectance

patpma and aerosol optical thickness 74 for each band and use them to determine the magnitude of pa+pwma in the
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shorter wavelengths bands based on the estimated spectral ratio of aerosol reflectance € between two NIR bands.
Since the relation between pa+pua and 74 is dependent on aerosol type, GLI algorithm has the following nine candidate
aerosol models:

- Tropospheric aerosol with R.H. of 70% (Model 1)

- Oceanic1600 aerosol with R.H. of 70% (Model 2)

- Oceanic800 aerosol with R.H. of 70% (Model 3)

- Oceanic400 aerosol with R.H. of 70% (Model 4)

- Oceanic200 aerosol with R.H. of 60 and 73% (Models 5 and 6)

- Oceanic100 aerosol with R.H. of 70% (Model 7)

- Oceanic50 aerosol with R.H. of 70 and 83% (Model 8 and 9)

The definition of these models are based on Shettle and Fenn (1979). The “Oceanic1600 type” consists of 99.9375%
(one 1600th) of tropospheric and 0.0625% of oceanic aerosols, in terms of number of particles. RH means the

assumed relative humidity. Other models through Model 9 are defined similarly.

1-3 Lookup tables
The following lookup tables were prepared beforehand to speed up processing of atmospheric correction.
- pum table that gives pm(A) for the given &, 6 and 4@

- “patpua — 14" table that contains coefficients ay, as, a2, as and a4 in the equation,

r,(N)=a,+a, (XA +a, KA +a, KA +a, KA’

®)
X(A)=p, D)+ p,, (A
for all (&, 6, A¢), aerosol types and atmospheric correction bands such as 678nm (ch13) and 865nm (ch19, denoted as
865A band).

-“Ta - patpwma” table that contains coefficients ay, as, a2, as and a4 in the equation,
— 2 3 4
PN+ py (A =a,+a r, (D) +a, T, (D) +a, T, (A) +a, [T,(A) 4)
for all (&, 6, A¢), aerosol types and channels except atmospheric correction bands.

The entries for these tables were all generated by rstar5b code developed by T. Nakajima and his group.

1-3 consideration with absorptive aerosol

The standard GLI atmospheric correction algorithm (ver.1.5) has good performance, but it sometimes doesn’t work well
in East Asian region, when ocean is covered with absorptive aerosol like a forest fire smoke or anthropogenic black
carbon. Hence, we added the following scheme for version 2 atmospheric correction.

We first define magnitude of aerosol absorption (aalb) as

A+ A
Py (A + 0y, (A)
where pa(A)+puma(A) is calculated from selected model based on the NIR bands.
We obtain the aalb at 380nm from [04(380)+0oma(380)] and 04(380)+0oua(380). [0a(380)+0ma(380)] is calculated from

eq.(2) by estimating water reflectance. When the absorption is significantly large, the [0a(380)+ouma(380)] becomes

much different from pa(380)+oma(380). In other words, the absorptive aerosol is detected from the difference, and is
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corrected by a spectral absorption model.

aalb for other bands is estimated by the following expression.

aalb(A) = w(A) Chalb(380) )
where w(A) is weight of absorption. It is given empirically from
scenes with an absorptive aerosol.
Initial values of
[ chl, ism, cdom )
1-4 Atmospheric correction with iteration %
We developed an iterative procedure that corrects NIR pyy model

| NIR p,, correction

atmospheric effect to avoid the black pixel assumption where

near-infrared (NIR) water-leaving radiances are assumed to ‘
be zero or negligible (Siegel et al., 2000). As shown in Figure Atmospheric correction I
3-1, the water reflectance at NIR bands are first estimated by
neural network
using in-water model assuming initial values for chlorophyll a l in-water algorithm

(chl) and inorganic suspended matter (ism) concentrations as New chl, ism, cdom, and py in VIS I

well as absorption coefficient of colored dissolved organic

matter (cdom). First atmospheric correction is executed, and

new chl, ism and cdom are estimated by using neural network

in-water algorithm. After the first atmospheric correction, new

water-leaving reflectance is estimated from obtained chl, and

the second stage atmospheric correction is conducted. This Fig. 3-1 A simplified flow diagram of the
process is repeated until chl, ism and cdom estimates pixel-wise GLI atmospheric correction with

iteration. In the diagram, NIR and VIS stand for
converge. the near-infrared and visible bands, respectively.

1-4-1. In-water model at near infrared region

The in-water model for NIR water-leaving radiance is defined as follows

[0, (D)]y =0.5337mR(1)/Q )
by Lee et al. (1994) where A is wavelength, and Q = 4.5 (Morel and Gentili, 1991). [p,,(A)]y is normalized water-
reflectance (Gordon, 1997) given by

[0 D]y =p,, (D) /1, (8)
where to is the transmittance between sun and ocean surface. R is the reflectance just below surface and is defined
by Joseph (1950) as
1+2b,(A)/a(A) -1

AN =
REA) A1+2by(A)/a(A) +1 ®

where a and by, is absorption and backward scattering coefficient, respectively. a(A) and by(A) are defined by

a(A)=a, (A +a, (A,chl)+a,(Aism)+a,(A), (10)
and

By (A) = by, (A) + by (A,chl) +2.7 By, (A, ism) (1)
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where subscript w, c, s, y represents water, chlorophyll-a, inorganic suspended matter and yellow substance (cdom)
respectively. Absorption coefficient values are given as follows.
a,,(678)=0.42829, a,,(865)=4.6416 (12)

by Pope and Fry (1997)
a.(A)=a.(A)dhl (13)
where chl is chlorophyll a concentration in mg/m3
a.,(678)=0.01968, a_(865)=0 by Kishino (personal comm.) (14)
a,(A)=a,(440) [exp{—0.014 [{A — 440} by Bricaud et al. (1981) (15)

The back scattering coefficients are given as follows:

—4.32
by, (A)=0.5%0.00288 [ﬁ%} by Morel (1974) (16)
by, (1) =0.0811B,(A) by Oishi et al. (2002) (17)
2 0
b.(N)= 0.27.ch1*%% (ﬁj by Kishino (personal comm..) (18)
by (A)=b, (1) [0.01478 by Babin and Doerffer (1996) (19)
A —0.812
by(A)=0.125[sm Eﬁﬁj by Kronfeld (1988) (20)

3-2. Neural network-based in-water algorithm

A neural network is used for the iteration process to derive estimates of the chlorophyll-a concentration (chl), inorganic
suspended solid concentration (ism) and absorption coefficient of colored dissolved organic matter (cdom) at 440nm
(Tanaka et al., 1998)11. The inputs for the neural net are the normalized water-leaving radiances at 412, 443, 460,

520, and 545 nm bands. These bands are chosen because they have high saturation radiances.

R (412) [

R (443) [ | N\ chl
R.(460) [ ) - | ism
R (520) [} [ ) cdom
R (545) [

Figure 3-2 Neural network-based in-water algorithm
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3-3. Alternative bands

Due to saturation problems of the GLI nominal band16 (749nm) and band18 (865nm) even in non-cloudy ocean areas,
GLI band13 (678nm) and band19 (865nm), were used for atmospheric correction. An iteration scheme is needed since
these bands may be influenced by upward radiance from the sea. These near-infrared (NIR) water-leaving radiance

should be corrected before atmospheric correction by using specific in-water model.

(2) Physical and Mathematical aspects of the algorithm
This algorithm is originated from the OCTS atmospheric correction algorithm. An extension of the algorithm was made
to improve the processing accuracies by taking use of many additional and new GLI bands. The OCTS algorithm, in
turn, was initially developed based on an atmospheric correction method used to handle SeaWiFS data (Gordon and
Wang, 1994), in taking the following effects into consideration:

+ Polarized Rayleigh scattering (including the multiple scattering)

+ Aerosol scattering

+ Aerosol absorption

+ Scattering among aerosol particles and gas molecules

+ Reflection of sky light from sea surface

+ Absorption effect by ozone

- Transmittance along the path sun-to-sea surface-to-satellite

+ Sun glint

+ Influence of white cap

+ Absorbing effect of water vapor

+ Absorbing effects of carbon dioxide gas and others

Corrections of the light components due to Rayleigh scattering, aerosol scattering, aerosol transmittance etc. are made
by using lookup tables prepared beforehand. In addition to the atmospheric pressure, ozone concentration, wind speed

etc., the atmospheric correction requires also other kinds of analysis data made available by Meteorological Agency.
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