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Chlorophyll-based model of seawater optical properties

Vladimir I. Haltrin

A one-parameter model of the inherent optical properties of biologically stable waters is proposed. The
model is based on the results of in situ measurements of inherent optical properties that have been
conducted at different seas and oceans by a number of researchers. The results of these investigations
are processed to force this model to agree satisfactorily with an established regression model that
connects the color index with the chlorophyll concentration. The model couples two concentrations of
colored dissolved organic matter ~concentrations of humic and fulvic acids! and two concentrations of
suspended scattering particles ~concentrations of terrigenic and biogenic particles! with the chlorophyll
concentration. As a result, this model expresses all inherent properties of seawater by a single param-
eter, the concentration of chlorophyll.

OCIS codes: 010.000, 010.160, 010.200, 060.210, 060.220, 290.150.
9,10
1. Introduction

I describe a one-parameter model of inherent optical
properties for biologically stable ~BioSt! seawater.1,2

The working definition for biologically stable waters
includes all case 1 and those case 2 waters in which
clay, quartz, and detritus are absent. The idea of
deriving a one-parameter model arose from the ob-
servation that the majority of in situ measurements
f inherent optical properties have significant cross
orrelations for waters that fit the BioSt criterion.
s a consequence of the cross correlation of all the

nherent optical properties, we can choose any pa-
ameter as a measure for all the optical properties.
his fact was utilized by the remote-sensing commu-
ity by use of color indices ~or ratios of upwelling

rradiances! to estimate subsurface chlorophyll con-
ent.

The model is based on the results of in situ mea-
urements of inherent optical properties that were
onducted on different seas and oceans by Carder et
l.,3 Clark et al.,4 Kopelevich,5 and Prieur and Sathy-

endranath.6 The pure water optical properties are
taken from Pope and Fry7 and Morel and Prieur.8
The results of these investigations are processed with
radiative-transfer simulations to force this model to
agree satisfactorily with a regression between the
color index and the chlorophyll concentration pro-
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posed by Morel and Gordon. The resulting model
couples two concentrations of colored dissolved or-
ganic matter ~concentrations of humic and fulvic ac-
ids! and two concentrations of suspended scattering
particles ~concentrations of terrigenic and biogenic
suspensions! with the chlorophyll content in the
0–12-mgym3 range.

The model is tested on the independently derived
regression, based on experimental data by Ti-
mofeyeva,11 that connects the diffuse attenuation co-
efficient with the single-scattering albedo. For the
range of chlorophyll concentrations between 0 and 12
mgym3 considered here, the match is in the range of
experimental error, i.e., ;10%.

2. Model of Seawater Optical Properties

From an optical point of view, seawater is an absorb-
ing and scattering medium. Light energy that prop-
agates in water is absorbed by water molecules and
dissolved organic matter ~DOM! or a yellow sub-
stance or gelbstoff. Propagating light is also elasti-
cally scattered by thermal fluctuations in water
~Rayleigh scattering! and by hydrosol particles sus-
pended in water.12,13 The major portion of absorbed
energy is transformed into heat. The rest of the
absorbed energy is reemitted as Raman scattering
and fluorescence.14–17 Elastic scattering occurs
without a change in energy; only the direction of
propagation changes.

All the optical properties of seawater are divided
into two groups: inherent and apparent. Inherent
optical properties depend only on the processes of
absorption and single scattering in seawater.18,19

Apparent optical properties depend on inherent opti-
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cal properties, geometry of illumination, and pro-
cesses of transmission and reflection by the sea
surface and sea bottom.12

There are only two principal inherent optical prop-
erties: an absorption coefficient a and an angular
scattering coefficient b~q! ~here q is a scattering an-
gle!.20 All other inherent optical properties are func-
ions of a and b~q! including the phase function of
cattering, p~q! [ b~q!yb; the scattering coefficient

b 5 0.5 *
0

p

b~q!sin qdq;

he beam attenuation coefficient, c 5 a 1 b; the
single-scattering albedo, v0 5 byc; the probability of
backscattering,

B 5 0.5 *
py2

p

p~q!sin qdq ; bByb;

he backscattering coefficient, bB 5 bB; and Gordon’s
arameter,

g 5 v0 By~1 2 v0 1 v0 B! ; bBy~a 1 bB!.

The model presented here has been constructed
and tested for more than a decade.12,13,15,17 It rep-
resents a unified representation of time-proved re-
sults that have been published by several
researchers.3–15,21–29

A. Model of Absorption

The absorption model is based on chlorophyll concen-
tration and two components of a yellow substance:
fulvic and humic acids. The splitting of the yellow
substance on two components is practically justified
for two reasons. First, it makes this model universal
for all biologically stable ~i.e., case 1 and parts of case
2! waters. Second, it permits models in the future to
include effects of fluorescence by DOM in a more
consistent manner.

The absorption coefficient a~l! ~m21! of seawater is
taken to be30,31

a~l! 5 aw~l! 1 ac
0~l!~CcyCc

0!0.602 1 af
0Cf exp~2kfl!

1 ah
0Ch exp~2khl!, (1)

where aw~l! is the pure water absorption coefficient
in inverse meters, l is the vacuum wavelength of
light in nanometers, ac

0~l! is the specific absorption
coefficient of chlorophyll in inverse meters, Cc is the
total concentration of chlorophyll in milligrams per
cubic meter ~Cc

0 5 1 mgym3!, af
0 5 35.959 m2ymg is

the specific absorption coefficient of fulvic acid ~the
rst component of DOM!; kf 5 0.0189 nm21; ah

0 5
8.828 m2ymg is the specific absorption coefficient of

humic acid ~the second component of DOM!; kh 5
.01105 nm21; Cf and Ch are concentrations of fulvic

and humic acids, respectively, in milligrams per cubic
meter. The values for aw~l! and ac

0~l! are in Refs. 6
and 7, and the values for DOM components are in
Refs. 3 and 14.
2

B. Model of Scattering

The scattering model is adopted from the research of
Kopelevich.5 ~This important research has never
een translated into English.! Some fragments of
his scattering model may be found in Refs. 12, 15–
7, and 32. The Kopelevich scattering model is a
esult of extensive optical measurements taken in the
tlantic, Pacific, and Indian oceans and surrounding
eas by researchers at the Shirshov Institute of
ceanology. This model couples an angular scatter-

ng coefficient of seawater with concentrations of two
ractions of marine hydrosol. The first fraction con-
ists of large organic particles with a refractive index
qual to 1.03 and density rl 5 1 gycm3. The second

fraction consists of small terrigenic particles33 with a
refractive index equal to 1.15 and density rs 5 2
gycm3.

The scattering b~l! and backscattering bB~l! coef-
ficients are calculated according to Refs. 5, 12, and
15–17:

b~l! 5 bw~l! 1 bs
0~l!Cs 1 bl

0~l!Cl, (2)

bB~l! 5 0.5bw~l! 1 Bs bs
0~l!Cs 1 Bl bl

0~l!Cl, (3)

here

Bs 5 0.5 *
py2

p

ps~q!sin qdq 5 0.039,

Bl 5 0.5 *
py2

p

pl~q!sin qdq 5 6.4 3 1024, (4)

Bs is the probability of backscattering by small par-
ticles, Bl is the probability of backscattering by large
particles, bw~l! is the scattering coefficient by pure

ater in inverse meters, bs
0~l! and bl

0~l! are, respec-
ively, the specific scattering coefficients in square
eters per gram for small and large particulate mat-

er; Cs and Cl are, respectively, concentrations in
grams per cubic meters of small and large particles.
The equation for bw~l! is derived by interpolating the

ata published by Morel and Prieur8:

bw~l! 5 0.005826~m21!S400
l D4.322

. (5)

The spectral dependencies for scattering coefficients
of small and large particulate matter are given by5,12

bs
0~l! 5 1.151302 ~m2yg! S400

l D1.7

, (6)

bl
0~l! 5 0.341074 ~m2yg! S400

l D0.3

. (7)

Expressions for the phase functions of scattering by
small and large particles, ps~q! and pl~q!, are given
below.

The phase function of scattering was derived ear-
lier by Kopelevich5 from results of in situ measure-

ents and modeling calculations. This phase
0 November 1999 y Vol. 38, No. 33 y APPLIED OPTICS 6827
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Table 1. Coefficients of Eqs. ~9! for the Two Basic Phase Functions p and p

6

function was proposed in tabular form5 as part of a
physical model of light scattering in seawater. The
Kopelevich model expresses the total hydrosol scat-
tering function as a linear combination of two phase
functions, ps and pl. The phase function ps describes
scattering by a small terrigenic fraction of particles
The phase function pl describes scattering by large
particles associated with a biogenic fraction of marine
hydrosol ~phytoplankton!. The total hydrosol angu-
lar scattering coefficient is expressed as

bH~l, q! 5 bs
0~l!ps~q!Cs 1 bl

0~l!pl~q!Cl. (8)

he small- and large-component phase functions in
q. ~8! can be expressed by the following regressions

derived in Ref. 21: (corrected 8/14/00)

pS~q! 5 52.39389 expS(
n51

5

sn q3ny4D ,

pL~q! 5 7653.704 expS(
n51

5

lnq
3ny4D , (9)

where q is the scattering angle in degrees. The co-
efficients sn and ln are given in Table 1.

The seawater angular scattering coefficient is a
linear combination of a Rayleigh phase function of
scattering pR and hydrosol phase functions ps and pl:

b~l, q! 5 bw~l!pR~q! 1 bs
0~l!ps~q!Cs 1 bl

0~l!pl~q!Cl,

(10)
pR~q! 5 0.7823 1 0.6531 cos2 q. (11)

Equations ~1!–~11! permit us to compute inherent
optical properties of seawater a, b, bB, and b~l, q! as
functions of wavelength and five concentrations, Cc,
Ch, Cf, Cs, Cl, of dissolved and suspended matter.

3. Relationships between Concentrations

Results of in situ measurements of BioSt seawater
optical properties show that in a majority of cases any
two formally independent optical properties correlate
with each other. In laboratory experiments and in
situ measurements by Timofeyeva,11,22–25 the diffuse
attenuation coefficient correlates with the single-
scattering albedo and the diffuse reflection coeffi-
cient. Processing all Petzold phase functions21,26

shows that the parameters of these phase functions
correlate with a scattering coefficient and a single-
scattering albedo. In Morel and Gordon9,10 the fol-
lowing correlation is proposed to estimate the
chlorophyll concentration Cr in the upper ocean layer:

Cr 5 1.92Ic
1.8, Ic 5

R~550!

R~440!
, (12)

n 1 2

sn 22.957089 3 1022 22.782943 3 1022 1
ln 21.604327 8.157686 3 1022 22
828 APPLIED OPTICS y Vol. 38, No. 33 y 20 November 1999
where R~l! is a diffuse reflectance at wavelength l.
All these dependencies indicate that we can choose a
single parameter to characterize all inherent optical
properties. The optical model given by Eqs. ~1!–~11!
depends on five parameters: Cc, Ch, Cf, Cs, Cl. A
one-parameter model implies that we can express
any four of these concentrations through a chosen
fifth one. It is convenient to choose the chlorophyll
concentration Cc as our main parameter. To derive
four dependencies that express four concentrations,
Ch, Cf, Cs, Cl, through a chlorophyll concentration Cc
we minimized the following five-dimensional func-
tional:

D~Cc, Cf, Ch, Cs, Cl! 5 uCc 2 Cru

; UCc 2 1.92FR`~550!

R`~440!G
1.8U . (13)

The dependence of R 5 R` on a and bB in Eq. ~13! is
aken from Eq. ~64! of Ref. 13. Two stabilizing rela-
ionships, Chy~Ch 1 Cf ! 5 0.1 ~Refs. 3 and 14! and
s 1 Cl 5 0.5Cc

0.75 ~Ref. 4!, were used to restrict a
number of solutions. The statistical software pack-
age Data Desk was used to solve this problem. For
chlorophyll concentrations in the range of 0 # Cc # 12
mgym3 a number of solutions have been found. The
nonphysical solutions were discarded @see Figs. 1~b!–
~d!#. The single physically meaningful solution

s l

3 4 5

06 3 1023 22.155880 3 1025 1.356632 3 1027

89 3 1023 2.419323 3 1025 26.578550 3 1028

Fig. 1. Cases of ~a! physical and ~b!–~d! nonphysical solutions to
Eq. ~13!. The physical solution should be monotonous, and its
derivative should not have infinitely large spikes.
.2554

.1503
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@Fig. 1~a!# to this problem is presented in the form of
four dependencies:

Cf 5 1.74098Cc exp@0.12327~CcyCc
0!#,

Ch 5 0.19334Cc exp@0.12343~CcyCc
0!#,

Cs 5 0.01739~gymg!Cc exp@0.11631~CcyCc
0!#,

Cl 5 0.76284~gymg!Cc exp@0.03092~CcyCc
0!#, (14)

where Cc
0 5 1 mgym3; Cc, Cf, and Ch are measured in

milligrams per cubic meters; and Cs and Cl are mea-
ured in grams per cubic meter. Equations ~14! al-
ow us to calculate concentrations of dissolved organic

atter ~Cf, Ch! and concentration of particles ~Cs, Cl!
through the concentration of chlorophyll Cc. Equa-
tions ~14! with Eqs. ~1!–~11! constitute a one-
parameter model of seawater optical properties.

It is possible to explain why components of yellow
substance, Cf, Ch, and concentration of large phyto-
plankton particles Cl, correlate with the chlorophyll
concentration Cc. It is not clear why the concentra-
tion of small particles Cs should correlate with chlo-
rophyll concentration. In fact, Cs is more likely to be
independent of Cc, but its values are so small that its
inclusion in the form of Eqs. ~14! will cause minor
effects on values of inherent optical properties.

To check a consistency of a model the dependence
between a color index Ic~R! and chlorophyll concen-
tration Cc was calculated. For the calculation of the
color index Ic the following more general equation for
diffuse reflectance under combined illumination by
Sun and sky have been used13,27:

R 5
R` 1 ms qRs

1 1 ms q
, (15)

where

R` 5 S1 2 m#

1 1 m# D
2

, Rs 5
~1 2 m# !2

1 1 m# ms~4 2 m# 2!
,

m# 5 H a
a 1 3bB 1 @bB~4a 1 9bB!#1y2J1y2

, (16)

ms 5 @1 2 ~cos hsynw!2#1y2,

where 0 # q # 10 is a ratio of illumination by the Sun
to the illumination by the sky,19,27 hs is a solar ele-
vation angle, nw ' 4y3 is the water refractive index.
The computations have been made for all ranges of q;
chlorophyll concentrations, 0 # Cc # 12 mgym3; and
solar elevation angles, 5° # hs # 90°. The computed
regression ideally coincides with the left-hand side of
Eqs. ~12! and is shown in Fig. 2.

4. Validation

To validate a one-parameter model of seawater opti-
cal properties, the following tests have been done:

By use of the presented model and the theory of
Ref. 13, linked arrays of a single-scattering albedo
and asymptotic diffuse attenuation coefficients were
calculated for the range of chlorophyll concentra-
tions, 0 # Cc # 12 mgym3. The computed depen-
2

dence between the diffuse attenuation coefficient and
single-scattering albedo and the similar experimen-
tal dependence published by Timofeyeva11 are shown
n Fig. 3. These dependencies are close and lie in the
ange of experimental error.

Fig. 2. Regression between the color index, Ic 5 R~550!yR~440!,
and the chlorophyll concentration Cc computed for different types
of illuminations ~each symbol represents 324 close values! com-
pared with the regression Cc 5 1.92Ic

1.8 ~solid curve!.

Fig. 3. Relationship between the normalized to the beam atten-
uation coefficient c asymptotic diffuse attenuation coefficient a`y

5 ~1 2 v0!ym# and the single-scattering albedo v0. The displayed
data were computed with the model given by Eqs. ~1!–~11! and ~14!
~14,520 values! and plotted with the experimental data from Ref.
11.
0 November 1999 y Vol. 38, No. 33 y APPLIED OPTICS 6829
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Table 2. Coefficients of Eqs. ~19!–~21!

6

It is possible to conclude now that the presented
one-parameter optical model of seawater inherent op-
tical properties gives a good description of optical
properties for chlorophyll concentrations as high as
12 mgym3. It is applicable to the open ocean waters
nd to the biologically pure coastal waters where in-
rganic components correlate with chlorophyll con-
ent.

5. Relationships between Inherent Optical Properties

A set of coupling equations @Eqs. ~14!# between con-
centrations of seawater species gives a one-
parameter model of seawater optical properties.
The one-parameter model implies that any fixed in-
herent optical property may be used as a parameter.
For example, if we were to choose a scattering coef-
ficient as such a parameter, we could formulate a
one-parameter model of sea optical properties based
on a scattering coefficient b~l! at a certain wave-
length l. Let us use Db, DbB, the differences be-
tween scattering and backscattering coefficients of
seawater and pure water,

Db~l! 5 b~l! 2 bw~l!, (17)

DbB~l! 5 bB~l! 2 0.5bw~l!, (18)

s regression parameters, where bw~l! is given by Eq.
5!. In this case the following relationships can be
erived:

Cc 5 Db@s1 1 Db~s2 1 s3Db!#,

sj 5 (
n50

3

sjnSl 2 500
500 Dn

, j 5 1, 2, 3, (19)

bB 5 0.5bw 1 Db@g1 1 Db~g2 1 g3Db!#,

gj 5 (
n50

3

gjnSl 2 500
500 Dn

, j 5 1, 2, 3, (20)

b 5 bw 1 DbB$x1 1 DbB@x2 1 DbB~x3 1 x4DbB!#%,

xj 5 (
n50

3

xjnSl 2 500
500 Dn

, j 5 1, 2, 3, 4. (21)

Equations ~19!–~21! are derived and valid for the
wavelengths in the interval 380 # l # 720 nm. Co-
fficients sjn, gjn, xjn are in Table 2. Equations ~19!–

Coefficients\n 3 2

s1n 1.172611 3 1023 22.29629
s2n 23.948394 3 1022 7.33017
s3n 1.172611 3 1023 22.29629
g1n 22.511954 3 1023 3.25056
g2n 21.542883 3 1024 3.89216
g3n 1.537038 3 1025 23.16965
x1n 22.350740 3 101 22.55000
x2n 7.296629 3 103 22.31744
x3n 8.962474 3 105 2.98375
x4n 29.223731 3 107 29.27446
830 APPLIED OPTICS y Vol. 38, No. 33 y 20 November 1999
21! allow us to derive a chlorophyll concentration Cc
and backscattering coefficient bB for the same wave-
lengths l that correspond to the value of b used to
derive parameter Db 5 b 2 bw. To restore the whole
set of spectral and angular optical properties, a~l!,
c~l!, and b~l, q!, we should use the approach in Sec-
tion 2.

Figures 4 and 5 show an example of the restoration
of seawater optical properties for c 5 0.2 m21 and l 5

Fig. 4. Example of restored spectral inherent optical properties.

Fig. 5. Example of restored seawater scattering phase functions.

1 0

023 2.819422 3 1022 2.742180 3 1022

022 22.627266 3 1021 24.134296 3 1021

023 2.819422 3 1022 2.742180 3 1022

023 22.737673 3 1023 2.669329 3 1023

024 25.757622 3 1024 6.662409 3 1024

025 3.058527 3 1025 23.712882 3 1026

01 3.648087 3 102 3.480213 3 102

04 23.961915 3 104 21.592526 3 104

06 2.247155 3 106 5.654713 3 105

07 24.293989 3 107 27.874445 3 106
2 3 1
5 3 1
2 3 1
0 3 1
8 3 1
4 3 1
0 3 1
1 3 1
1 3 1
4 3 1
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radiance distribution in relation to particular matter in water,”
450 nm. The algorithm and Fortran code used to
compute the whole set of spectral and angular optical
properties with one optical property at one wave-
length are in Ref. 34.

6. Conclusion

A one-parameter model of the inherent optical prop-
erties of biologically stable waters has been proposed.
The model expresses spectral absorption, spectral
scattering, and spectral angular scattering coeffi-
cients of seawater through the concentration of chlo-
rophyll. The model is based on the results of in situ

easurements of inherent optical properties that
ere conducted at different seas and oceans by a
umber of researchers. The results of these inves-
igations are processed to force this model to agree
atisfactorily with the well-known regression Cc 5

1.92Ic
1.8 between the color index Ic and the chloro-

phyll concentration Cc. The resulting model couples
two concentrations of colored dissolved organic mat-
ter ~concentrations of humic and fulvic acids! and two
oncentrations of suspended scattering particles ~con-
entrations of terrigenic and biogenic suspensions!
ith the concentration of chlorophyll.
The model is tested on the independently derived

xperimental regression, which connects the asymp-
otic diffuse attenuation coefficient with the single-
cattering albedo. For the range of chlorophyll
oncentrations ~0 # Cc # 12 mgym3! the match is in
he range of experimental error. This one-parameter
odel of seawater optical properties is applicable to

he open ocean waters and to the biologically pure
oastal waters where organic and inorganic compo-
ents correlate with chlorophyll content.
This model may be applicable for case 1 waters and

art of case 2 waters with optical properties in stable
iological equilibrium ~BioSt waters!. This model is
ot applicable for case 2 ~coastal! waters with a sandy
ndyor a dirty bottom, especially during several days
fter stormy weather conditions. To describe such
aters some modifications, such as inclusion of scat-

ering by quartz particles,35 should be made.

The author is grateful to Albert W. Green for help
and Howard R. Gordon for his suggestion in 1993 to
develop such a model. The author also thanks the
Naval Research Laboratory ~NRL! for continuing
support through the programs Littoral Optical Envi-
ronment 6640-09 and Optical Oceanography 73-
5051-09. This paper represents NRL contribution
JAy7331-99-0003.
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Vladimir I. Haltrin

Chlorophyll based model of seawater optical properties:
Erratum & Addendum

to Applied Optics, 38, pp. 6826-6832, (1999).

1. Erratum

The scattering angle ϑ  in Eq. (4) and Eq. (9) in Ref. [1] is, correspondingly, regarded as
measured in radians and degrees. This may lead to a confusion during integrations. The correctly
normalizable version of Eqs. (9) should be:
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here sn  and ln  are given in Tab. 1 of Ref. [1]. Equations (1) differs from Eqs. (9) of Ref. [1] by
numerical coefficients before exponents. Both phase functions (1) are normalized according to the
formula:
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where θ  is in radians. The backscattering probabilities for phase functions given by Eq. (1) are
calculated through the following relationship:
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This erratum causes no changes in the conclusions made in Ref. [1]. In the FORTRAN code
given in Ref. [2] the following two lines should be corrected: in the function fpsmall the line
“fpsmall = 5.61746*EXP(x)” should be replaced by the line: “fpsmall = EXP(3.95879 + x),” and
in the function fplarge the line “fplarge = 188.371*EXP(x)” should be replaced by the line “fplarge
= EXP(8.942945 + x)”.
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2. Comparison with independently measured experimental data

The code presented in Ref. [2] was used to compare predictions given by the model proposed
in Ref. [1] with the experimental values of optical properties measured by Petzold [3] and
Mankovsky [4]. The code in Ref. [2] uses as input values of the beam attenuation coefficient c( )λ
and wavelength of light λ  at which it was measured. Figure 1 shows a comparison of restored and
actual values of scattering coefficient. The correlation between measured and restored values of
scattering coefficient b  is strikingly high with the correlation coefficient r2 0 9941= . .

The comparison between restored and measured values of absorption coefficient (See Figure
2) is linear with the correlation coefficient r2 0 728= . . The relatively low regression coefficient
here is a result of ignoring absorption by detritus and using specific absorption coefficients by
chlorophyll and yellow substances averaged over species.

The comparison of restored and originally calculated values of backscattering probability (see
Fig. 3) shows a linear dependence with the proportionality coefficient different from unity:

B k B k rrestored B original B =  , 0.337,= =2 0 699. . (4)

Provided that the chlorophyll based model gives excellent predictions for scattering
coefficient and acceptable predictions for absorption coefficient and knowing computational
methods behind Brestored  and Boriginal  it is possible to explain why kB  in Eq. (4) is not equal to 1.

The phase functions (1) used in chlorophyll-based model [1] are results of Mie calculations
of light scattering on a two fractions of scattering particles. The size distributions of these fractions
were obtained from analysis of vast experimental data measured by Shirshov Institute of
Oceanology. The integration of computed phase functions (1) is done correctly. By integrating
experimental phase functions [3, 4] at small angles of scattering both authors used cubic
polynomial extrapolation. The Mie scattering calculations show that the realistic phase function
may be represented as:

Figure 1. Comparison of measured and predicted scattering coefficiens.
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p f p f meas( ) ( ) ( ) ˜( ), ( ) ,θ α θ α θ θ θ θδ δ= + − = >{ }1 0 , (5)

where fδ θ( )  is a very narrow highly elongated function, and ˜( )p θ  is a measured phase function.
The nephelometers used by Petzold and Mankovsky, due to insufficient angular resolution, failed
to measure a phase function fraction proportional to fδ θ( ) . The consequence of this resulted in
overestimation of backscattering probability.

Equation (4) may be used to fix experimental phase functions obtained with probes that have
insufficient angular resolution. The ‘corrected’ phase function may be represented as:

p f p( ) . ( ) . ˜ ( )θ θ θδ= +0 663 0 337 ,   0 5 1
0

. sinf dδ

π

θ θ θ( ) =∫ ,   0 5 1
0

. ˜ sinp dθ θ θ
π

( ) =∫ , (6)

where p̃ θ( ) is an experimental phase function (like those in Refs. [3-4]) and fδ θ( )  is an unknown

highly anisotropic phase function. For many practical application it is possible to replace fδ θ( )  by

2δ θ( ) [5], where δ θ( ) is a Dirac’s delta function. In this case we have the following correction to

the experimental phase function p̃ θ( ):

p p( ) . ( ) . ˜ ( )θ δ θ θ= +1 326 0 337 . (7)

By correcting experimental data [3,4] with Eq. (7), we obtain:

B B rrestored original =  , 2 0 7≈ . . (8)

Figure 2. Comparison of experimental and predicted absorption coefficiens.
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Figure 3. Comparison of estimated from experimental data and predicted probabilities of scattering.
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