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1. Objective
Generate a comprehensive data set for algorithm test/comparison. This data set
contains both inherent optical properties (IOPs) and apparent optical properties (AOPs).
The focus will be just on the derivation of IOPs from AOPs, such as absorption
coefficient of the total and individual components, particle backscattering, etc.
2. Approach
IOPs are generated with various available/reasonable optical/bio-optical
parameters/models, while AOPs are generated using HydroLight with the available IOPs.
3. Optical and bio-optical models/parameters for IOP
As earlier studies [Bukata et al., 1995; Carder et al., 1991; Doerffer et al., 2002;
Fischer and Fell, 1999; Prieur and Sathyendranath, 1981; Roesler et al., 1989], a fourcomponent model is used to generate IOPs of the bulk water. Specifically, absorption (a)
and backscattering (bb) coefficients are described as
a( λ ) = aw ( λ ) + a ph ( λ ) + adm ( λ ) + ag ( λ )
bb( λ ) = bbw ( λ ) + bbph ( λ ) + bbdm ( λ )

.

(1)

aw(λ) from Pope and Fry [Pope and Fry, 1997] and bbw(λ) from Morel [Morel, 1974]
at defined temperature and salinity are used.
Phytoplankton concentration, [C], will be used as the free parameter to define
different waters. [C] is set in a range of 0.03 – 30.0 µg/l with 20 steps (see Table 1), and
for each step there are 25 [C] values to create different absorption and backscattering
values. In total, there are 500 IOP data points.
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3.1

absorption term

3.1.1

Phytoplankton pigment absorption, aph(λ)

aph(λ) is expressed as

a ph ( λ ) = a ph ( 440) a +ph ( λ ) ,

(2)

with a +ph ( λ ) the aph(440)-normalized spectral shape. For each [C] value, aph(440) is
created [Bricaud et al., 1995; Fischer and Fell, 1999] with
aph(440) = 0.05 [C]0.626.

(3)

Note that the parameters 0.05 and 0.626 can vary a lot from place to place. These values
here are merely to get the reasonable values and range of aph(440). Since the focus of this
data set is to test the inversion of IOPs, how aph(440) exactly vary with [C] is not that
important, as long as aph(440) values are reasonable.
a +ph ( λ ) spectrum comes from the extensive measurements of Bricaud et al. [Bricaud

et al., 1995; Bricaud et al., 1998] and Carder et al. [Carder et al., 1999]. This a +ph ( λ )
data bank (600 spectra) is divided into nine groups, separated by the measured aph(440)
values. For a given aph(440), a +ph ( λ ) is selected randomly [Doerffer, personal
communication] from the corresponding group.
3.1.2 Detritus/mineral (non-algae colored particulate matter) absorption, adm(λ)
adm(λ) spectrum is modeled as Roesler et al. [Roesler et al., 1989] and Bricaud et al.
[Bricaud et al., 1995], i.e.,
adm ( λ ) = adm ( 440) exp( − S dm ( λ − 440)),

(4)

with Sdm randomly valued between 0.007 and 0.015 nm-1 [Babin et al., 2003; Roesler et
al., 1989] for each [C].
adm(440), the detritus absorption at the reference wavelength, is randomly determined
for each [C]. This randomness, however, is constrained based on observations. Define p1
as the ratio of adm(440)/aph(440), then
adm(440) = p1 aph(440),
with p1 generated from

(5)
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p1 = 0.1 +

0.5 ℜ1 a ph ( 440)
0.05 + a ph ( 440)

.

(6)

Here ℜ1 is a random value between 0 and 1 (makes p1 in a range of 0.1 – 0.6). This way
there will be no extremely large adm(440) values when aph(440) values are small. Also, as
ℜ1 is a random value, the relationship between adm(440) and aph(440) is not fixed, as
observed in the field. Figure 1 presents the distribution of p1 values, which shows wider
p1 range for larger aph(440) values (higher concentration).
3.1.3 Gelbstoff (colored dissolved organic matter) absorption, ag(λ)
ag(λ) spectrum is modeled as Bricaud et al. [Bricaud et al., 1981],

ag ( λ ) = ag ( 440) exp( − S g ( λ − 440)) ,

(7)

with Sg randomly valued between 0.01 – 0.02 nm-1 [Babin et al., 2003; Kirk, 1994] for
each [C] value.
ag(440), the gelbstoff absorption at the reference wavelength, is also randomly
determined for each [C] value. This randomness is also constrained based on
observations. Define p2 as the ratio of ag(440)/aph(440), then
ag(440) = p2 aph(440),

(8)

with p2 generated from
p2 = 0.3 +

5.7 ℜ2 a ph ( 440)
.
0.02 + a ph ( 440)

(9)

Again, ℜ2 is a random value between 0 and 1 (makes p2 in a range of 0.3 – 6.0). This way
there will be no extremely large ag(440) values when aph(440) values are small. Also, as
ℜ2 is a random value, the relationship between ag(440) and aph(440) is not fixed, as
observed in the field. The upper limit of 6.0 may not cover extreme cases, but should be
large enough to cover most sea waters. Figure 2 presents the distribution of p2 values.
Note the wider range of p2 values for higher aph(440) values.
Since p2 is in a random range of 0.3 – 6.0, the dominant absorber in the short
wavelengths could be either aph or ag, especially for water with higher concentrations. For
lower concentrations, values of p1 and p2 are in the lower-narrower range, consistent with
open-ocean waters.
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Figure 3 shows the values of a(440) of the data set. Since p1 and p2 are wide range
random values, multiple a(440) values are obtained for the same [C] values, as observed
in the field.
3.2

backscattering term

3.2.1 backscattering of phytoplankton, bbph(λ)
Following Bukata et al. [Bukata et al., 1995], Stramski et al. [Stramski et al., 2001]
and Roesler and Boss [Roesler and Boss, 2003], bbph(λ) is modeled as
~
bbph ( λ ) = bph bph ( λ )
bph ( λ ) = c ph ( λ ) − a ph ( λ ) .
 550 
c ph ( λ ) = c ph (550) 

 λ 

(10)

n1

~
Values of bph depends on the phase function of phytoplankton, here a 1% bb/b FournierForand function is selected, which is consistent with the recent measurements of Oishi et
al. [Oishi et al., 2002]. cph(550) and n1 for a given [C] need to be determined. cph(550) is
modeled as [Voss, 1992]
c ph (550) = p3 [C ]0.57 ,

(11)

with p3 randomly valued between 0.06 and 0.6 for a given [C] value.
n1 is generated with
n1 = −0.4 +

1.6 + 1.2 ℜ3
.
1 + [C ]0.5

(12)

Here ℜ3 is a random value between 0 and 1. n1 is in a range of -0.1 to 2.0
[Sathyendranath et al., 1989], but varies randomly for each [C]. Basically Eq.12 allows
n1 decreases with increase of [C] but in a random fashion. And for a given [C] value, the
generated n1 value varies in a factor of 2. Figure 4 presents the distribution of n1, lower
for higher concentrations (presumably coastal waters), and higher for lower
concentrations (presumably open-ocean waters), but varies randomly for a given [C]
value.
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3.2.2 backscattering of detritus, mineral and others, bbdm(λ)
~
bbdm ( λ ) = bdm bdm ( λ )
n2
(13)
 550  .
bdm ( λ ) = bdm (550) 

 λ 
~
Value of bdm depends on the selected phase function, and is 0.0183 when Petzold average
particle phase function [Mobley, 1994; Morel and Gentili, 1991] is used. As above,
bdm(550) and n2 are created as follow,

bdm (550) = p4 [C ]0.766 ,

(14)

with p4 randomly valued between 0.06 and 0.6 for any [C] value. So values of bdm(550)
are not fixed for a given [C].
n2 is generated with
n2 = −0.5 +

2.0 + 1.2 ℜ4
,
1 + [C ]0.5

(15)

and ℜ4 is another random number between 0 and 1. n2 is in a range of -0.2 to 2.2, but
varies randomly for each [C]. Since ℜ3 and ℜ4 are independent random values, n1 does
not necessarily equal to n2 for a given [C] value. Figure 5 presents the values and
distribution of particulate backscattering coefficient at 550 nm (bbch(550) + bbdm(550)) of
the data set. Note the wide variation for each [C] value, generally consistent with the
observations of Gordon and Morel [Gordon and Morel, 1983] and Loisel and Morel
[Loisel and Morel, 1998].
With the above models and parameterizations, absorption and scattering coefficients
for the given [C] values are created.
4. HydroLight simulation of AOP

The HydroLight [Mobley, 1995] numerical simulation code is used for the generation
of AOPs, which include the remote-sensing reflectance (Rrs, ratio of water-leaving
radiance to downwelling irradiance just above the surface), sub-surface remote-sensing
reflectance (rrs, ratio of upwelling radiance to downwelling irradiance just below the
surface), and irradiance reflectance (R, ratio of upwelling irradiance to downwelling
irradiance just below the surface). In the HydroLight runs, solar input is simulated with
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the Gregg and Carder [Gregg and Carder, 1990] model, and the sky is assumed cloud
free. A wind speed of 5 m/s is applied, and the water body is assumed homogeneous.
Spectral bands are set from 400 nm to 700 nm, with a spacing of 10 nm. Initially,
inelastic scatterings (such as Raman scattering, chlorophyll fluorescence, etc.) are
excluded. These contributions, however, could be added in the future runs. Table 1
summarizes the above settings that used for the HydroLight runs.
Note that, the HydroLight generated reflectance spectra are not simply a
function of [C], but a function of the IOPs, and the IOPs are determined by the
combined effects of the values of [C], p1-4, and n1-2. This indicates, for two waters with

the same [C] value, the synthesized reflectance may or may not be the same, as generally
observed in the field.
However, the above simulated data certainly does not cover all possible natural
waters, and not necessarily match all natural situations. Nevertheless, as the models and
parameters are based on extensive field measurements, the IOP-AOP data should be
consistent with a wide range of field observations. More importantly, this IOP-AOP data
set has no errors from measurement mismatch or processing, which are common among
in situ data.
5. Data files

Two IOP_AOP data files in Microsoft Excel format are created, with
IOP_AOP_Sun30.xls for the Sun at 30o from zenith, and IOP_AOP_Sun60.xls for the
Sun at 60o from zenith. Each page is pretty much self-descriptive. For questions
regarding quantity definitions, please refer to Kirk [Kirk, 1994], Mobley [Mobley, 1994],
and Bukata et al. [Bukata et al., 1995].
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Table 1. Parameters for IOP creation and HydroLight simulation.
Parameter

Values or Ranges

Sun angle (from zenith)

30o; 60o

Sensor viewing direction

nadir

Wind (m/s)

5

Wavelength (nm)

400 – 700, every 10 nm

[C] (µg/l) --- phytoplankton concentration

0.03; 0.05; 0.07; 0.1; 0.15; 0.2;
0.3; 0.5; 0.7; 1.0; 1.5; 2.0; 3.0; 5.0;
7.0; 10.0; 15.0; 20.0; 25.0; 30.0.
(500 points)

aph(λ) --- phytoplankton absorption spectrum

based on measurements

adm(440) --- detritus/mineral absorption at 440 nm

modeled

Sdm --- spectral slop of detritus/mineral absorption

0.007 – 0.015 nm-1

ag(440) --- gelbstoff absorption at 440 nm

modeled

Sg --- spectral slop of gelbstoff absorption

0.010 – 0.020 nm-1

cph(555) --- phytoplankton beam-attenuation

modeled

coefficient at 555 nm
n1 --- exponential exponent of cph(λ)

-0.1 – 2.0

phytoplankton scattering phase function

1% bb/b Fournier-Forand

bbdm(555) --- detritus/mineral backscattering at 555

modeled

n2 --- exponential exponent of bbdm(λ)

-0.2 – 2.2

detritus/mineral phase function

Petzold particle average

Inelastic scattering

without

10

0.6

6

0.5

5

p2 (= ag(440)/aph(440))

p1 (= adm(440)/aph(440))
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Figure 2. Values and distribution of p2.

Figure 1. Values and distribution of p1.
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Figure 4. Values and distribution of n1.
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