
10 Absorption and scattering of light
in natural waters

Vladimir I. Haltrin

10.1 Introduction

In this chapter we restrict ourselves to the problems of absorptionabsorption
[1–13], elastic [1, 4, 5, 10, 14–22] and inelastic Raman [23–44] scattering of light,
and fluorescence [45–62] in natural waters. Owing to the lack of clear and simple
numerical procedures that connect scattering with easily measurable environ-
mental parameters, scattering by air bubbles in water [63–65], Brillouin scat-
tering [37, 66–69], and amplification of forward scattering by water turbulence
[70, 71] are omitted from consideration. All conclusions of this chapter will be
obtained mostly from analysis of experimental data with some additions de-
rived from theory and from analysis of numerical computations. We will discuss
in detail two basic inherent optical properties of natural water, the absorption
coefficient, a, the angular scattering coefficient, β, and inelastic parameters of
Raman scattering and fluorescence that are included as input parameters in a
scalar radiative transfer equation:

[
1
v

∂

∂t
+ n∇+ c(λ,x)

]
L(λ,x,Ω) = QE(λ,x,Ω) +QI(λ,x,Ω), (10.1)

here L(λ,x,Ω) is a total radiance of light in water that depends on spatial
coordinates r and time t (here x = (r, t) is a combination of spatial coordinates
and time), and solid angle Ω = Ω(θ, ϕ); v is the speed of light in water; n is a
unit vector in the direction of propagation of light; λ is a wavelength of light;
c(λ,x) is an attenuation (or extinction) coefficient which is a sum of absorption
a and beam scattering b coefficients,

c(λ,x) = a(λ,x) + b(λ,x), (10.2)

with the scattering coefficient expressed through the angular elastic scattering
coefficient β(λ,x, cosϑ) as follows:

b(λ,x) =
∫

4π

dΩ′β(λ,x, cosϑ) ≡ 2π
∫ π

0
β(λ,x, cosϑ) sinϑ dϑ, (10.3)
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where cosϑ = nn′, n′ is a unit vector in the direction of initial propagation of
light.

The right part of eq. (10.1) consists of two source parts, elastic QE and
inelastic QI .

The elastic source

QE(λ, r,Ω) =
∫

4π

dΩ′β(λ, r, cosϑ)L(λ, r,Ω′), (10.4)

describes elastic scattering of light, i.e. scattering without change in wavelength.
The inelastic source

QI(λ,x,Ω) =
∑

j=R,C,Y

∫

λ′<λ

dλ′
∫

4π

dΩ′σj(λ′, λ,x, cosϑ)L(λ,x,Ω′), (10.5)

describes an input of energy to wavelength λ from lower wavelengths λ′ due to
inelastic processes of Raman scattering, red fluorescence by chlorophyll, and blue
fluorescence by yellow substance. Here σj (j = R,C, Y ) corresponds to Raman
scattering, and chlorophyll and yellow substance emission coefficients. We ignore
here anti–Stokes (blue–shifted) components that are significantly weaker than
Stokes (red–shifted) components.

The previous eqs (10.1)–(10.5) introduce the following basic inherent optical
properties of water:

a(λ,x) – absorption coefficient;
β(λ,x, cosϑ) – elastic angular scattering coefficient (or volume scattering func-

tion);
σR(λ′, λ, cosϑ) – Raman scattering differential emission coefficient;
σC(λ′, λ,x, cosϑ) – chlorophyll fluorescence differential emission coefficient;
σY (λ′, λ,x, cosϑ) – yellow substance fluorescence differential emission coeffi-

cient.

The dependence on x of all these inherent properties (except Raman scatter-
ing emission coefficient) is due to their dependence on concentrations of dissolved
and suspended matter in water. Knowledge of these five basic inherent properties
is enough to solve any scalar radiative transfer problem in a body of water.

Let us introduce additional four auxiliary inherent optical properties that are
widely used in optics of natural waters:

elastic light scattering phase function,

p(λ,x, cosϑ) =
β(λ,x, cosϑ)
b(λ,x)

, (10.6)

2π
∫ π

0
p(λ,x, cosϑ) sinϑ dϑ = 1; (10.7)
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single–scattering albedo (= probability of elastic scattering),

ω0 =
b

c
≡ b

a+ b
; (10.8)

backscattering coefficient,

bB(λ,x) = 2π
∫ π

π/2
β(λ,x, cosϑ) sinϑ dϑ; (10.9)

probability of backscattering, or ratio of backscattering to scattering

B(λ,x) =
bB(λ,x)
b(λ,x)

= 2π
∫ π

π/2
p(λ,x cosϑ) sinϑ dϑ; (10.10)

and Gordon’s parameter,

xG =
bB

a+ bB
≡ Bω0

1− ω0 +Bω0
. (10.11)

Parameters ω0, B, and xG are dimensionless and vary in the following range
for any possible type of absorbing and scattering media in natural water:

0 ≤ ω0 ≤ 1, 0 ≤ B ≤ 0.5, 0 ≤ xG ≤ 1. (10.12)

Solutions to eq. (10.1) are the basis of deriving various apparent optical
properties such as diffuse attenuation coefficient, diffuse reflection coefficient,
remote sensing reflection coefficient, average cosines over radiance distribution
L, lidar equation, and others. In the following sections we consider inherent
optical properties of natural, and mostly oceanic, water, in detail.

10.2 Absorption of light in natural water

Natural oceanic, marine or lake water consists of water molecules and impurities
dissolved and suspended in water. Absorption of light occurs in water molecules,
molecules of yellow substance, also known as ‘Gelbstoff’, dissolved organic matter
(DOM), or colored dissolved organic matter (CDOM), and different kinds of
chlorophyll molecules that present in phytoplankton cells that grow in natural
waters. The composition of natural water is very complex and varies from region
to region. In this section we restrict ourselves to a simplistic model that takes
into account four major ingredients of absorption: pure water, two components
of yellow substance and an average type of chlorophyll. In this approximation
the absorption coefficient of natural water at wavelength of light λ at any fixed
depth can be written as:

a(λ) = aW (λ) + 0.06a0
C(λ)C0.65 + a0

FCF exp(−kFλ) + a0
HCH exp(−kHλ),

(10.13)
here aW is an absorption coefficient of pure water in m−1; a0

C is a specific ab-
sorption coefficient of chlorophyll in 1/m, and C is dimensionless concentra-
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tion of chlorophyll, C = CC/C0, where CC is a concentration of chlorophyll in
mg/m3, and C0 = 1 mg/m3. The absorption by yellow substance or DOM is
split into two parts: absorption by fulvic acid and absorption by humic acid.
Both components of DOM, fulvic and humic acids, have similar optical prop-
erties with different absorption and fluorescence coefficients. For typical marine
water the composition of fulvic and humic acids is, approximately, constant with
ζ = CH/(CF + CH) = 0.1. By introducing the total concentration of DOM

CY = CF + CH , (10.14)

we can rewrite eq. (10.13) in the following simplified form:

a(λ) = aW (λ) + 0.06a0
C(λ)C0.65 + a0

Y CY exp(−kY λ). (10.15)

The numerical values of aW and a0
C are given in Table 10.1, and coefficients

a0
j and kj for j = F,H, Y are given in Table 10.2. The spectral behavior of all

absorption components is shown in Fig. 10.1.
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Table 10.1. Spectral absorption coefficient of pure water and specific spectral absorp-
tion coefficient of chlorophyll [8, 9]

λ, nm aw, m−1, a0
C , m−1 λ, nm aw, m−1 a0

C , m−1 λ, nm aw, m−1 a0
C , m−1

380.0 0.01137 0.538 497.5 0.01910 0.693 615.0 0.26780 0.268
382.5 0.01044 0.557 500.0 0.02040 0.668 617.5 0.27070 0.272
385.0 0.00941 0.576 502.5 0.02280 0.657 620.0 0.27550 0.276
387.5 0.00917 0.597 505.0 0.02560 0.645 622.5 0.28100 0.287
390.0 0.00851 0.618 507.5 0.02800 0.631 625.0 0.28340 0.299
392.5 0.00829 0.639 510.0 0.03250 0.618 627.5 0.29040 0.308
395.0 0.00813 0.662 512.5 0.03720 0.600 630.0 0.29160 0.317
397.5 0.00775 0.685 515.0 0.03960 0.582 632.5 0.29950 0.325
400.0 0.00663 0.687 517.5 0.03990 0.555 635.0 0.30120 0.333
402.5 0.00579 0.734 520.0 0.04090 0.528 637.5 0.30770 0.334
405.0 0.00530 0.781 522.5 0.04160 0.516 640.0 0.31080 0.334
407.5 0.00503 0.804 525.0 0.04170 0.504 642.5 0.32200 0.330
410.0 0.00473 0.828 527.5 0.04280 0.489 645.0 0.32500 0.326
412.5 0.00452 0.855 530.0 0.04340 0.474 647.5 0.33500 0.341
415.0 0.00444 0.883 532.5 0.04470 0.459 650.0 0.34000 0.356
417.5 0.00442 0.898 535.0 0.04520 0.444 652.5 0.35800 0.372
420.0 0.00454 0.913 537.5 0.04660 0.430 655.0 0.37100 0.389
422.5 0.00474 0.926 540.0 0.04740 0.416 657.5 0.39300 0.415
425.0 0.00478 0.939 542.5 0.04890 0.400 660.0 0.41000 0.441
427.5 0.00482 0.956 545.0 0.05110 0.384 662.5 0.42400 0.488
430.0 0.00495 0.973 547.5 0.05370 0.370 665.0 0.42900 0.534
432.5 0.00504 0.987 550.0 0.05650 0.357 667.5 0.43600 0.565
435.0 0.00530 1.001 552.5 0.05930 0.339 670.0 0.43900 0.595
437.5 0.00580 1.000 555.0 0.05960 0.321 672.5 0.44800 0.570
440.0 0.00635 1.000 557.5 0.06060 0.307 675.0 0.44800 0.544
442.5 0.00696 0.986 560.0 0.06190 0.294 677.5 0.46100 0.523
445.0 0.00751 0.971 562.5 0.06400 0.283 680.0 0.46500 0.502
447.5 0.00830 0.958 565.0 0.06420 0.273 682.5 0.47800 0.461
450.0 0.00922 0.944 567.5 0.06720 0.275 685.0 0.48600 0.420
452.5 0.00969 0.936 570.0 0.06950 0.276 687.5 0.50200 0.374
455.0 0.00962 0.928 572.5 0.07330 0.272 690.0 0.51600 0.329
457.5 0.00957 0.923 575.0 0.07720 0.268 692.5 0.53800 0.295
460.0 0.00979 0.917 577.5 0.08360 0.279 695.0 0.55900 0.262
462.5 0.01005 0.909 580.0 0.08960 0.291 697.5 0.59200 0.238
465.0 0.01011 0.902 582.5 0.09890 0.282 700.0 0.62400 0.215
467.5 0.01020 0.886 585.0 0.11000 0.274 702.5 0.66300 0.208
470.0 0.01060 0.870 587.5 0.12200 0.278 705.0 0.70400 0.190
472.5 0.01090 0.855 590.0 0.13510 0.282 707.5 0.75600 0.174
475.0 0.01140 0.839 592.5 0.15160 0.265 710.0 0.82700 0.160
477.5 0.01210 0.819 595.0 0.16720 0.249 712.5 0.91400 0.146
480.0 0.01270 0.798 597.5 0.19250 0.242 715.0 1.00700 0.134
482.5 0.01310 0.786 600.0 0.22240 0.236 717.5 1.11900 0.123
485.0 0.01360 0.773 602.5 0.24700 0.258 720.0 1.23100 0.112
487.5 0.01440 0.762 605.0 0.25770 0.279 722.5 1.35600 0.103
490.0 0.01500 0.750 607.5 0.26290 0.266 725.0 1.48900 0.094
492.5 0.01620 0.734 610.0 0.26440 0.252 727.5 1.67800 0.086
495.0 0.01730 0.717 612.5 0.26650 0.260
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Table 10.2. Parameters of yellow substance (‘Gelbstoff’ or DOM) absorption [2]

j → F (ζ = 0) H(ζ = 1) Y (ζ = 0.01) Y (ζ = 0.025) Y (ζ = 0.05) Y (ζ = 0.1)

a0
j , m2 mg 35.959 18.828 14.547 8.5472 6.2777 5.6797

kj , nm−1 0.0189 0.011 05 0.016 58 0.014 96 0.013 69 0.012 62

10.3 Elastic scattering of light in natural water

The light propagating in natural water elastically scatters on density fluctuations
of water molecules (Rayleigh scattering) and any kind of physical inhomogeneity
that is larger than the water molecule (Mie scattering). Such inhomogeneities
consist of any kind of suspended organic and terrigenic living or dead particles.
Terrigenic particles consist of small fractions of mineral origin that can be found
in any region of open ocean as well as in coastal areas of seas and in lakes; shallow
coastal areas also contain terrigenic fractions related to clays and suspended
quartz particles. Organic particles consist of living particles such as bacteria
[72–74], zooplankton and phytoplankton, and dead particles such as detritus and
zooplankton feces with predominant abundance of phytoplankton cells. In this
paragraph we consider Rayleigh scattering by pure water, and experimentally
measured volume scattering functions.

The elastic angular scattering coefficient and total elastic scattering coef-
ficient can be expressed as a sum of coefficients due to water molecules and
particular matter that consists of phytoplankton cells, detritus, bacteria, sus-
pended terrigenic particles of mineral origin, suspended clay particles, quartz
particles, etc.,

β(λ, cosϑ) = βW (λ, cosϑ) + βP (λ, cosϑ), b(λ) = bW (λ) + bP (λ). (10.16)

The particulate part depends on the concentration of suspended particles and
will be presented here in the tabular form of experimentally measured data and
in the form of experimentally derived optical models.

10.3.1 Rayleigh scattering in pure water

According to Morel [15] the pure water angular scattering coefficient may be
represented as:

βW (λ, ϑ) = bW (λ)pW (cosϑ), (10.17)

where

bW (λ) = (0.001 458 4 m−1)
(

550
λ

)4.34

, (10.18)

is a total natural base scattering coefficient of pure marine water with aver-
age salinity, temperature T = 20◦C, and depolarization factor δ = 0.09. The
wavelength λ in eq. (10.18) is in nm.
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The normalized according to eq. (10.7) phase function of scattering of pure
water that takes into account the depolarization effects with δ = 0.09 is:

pW (cosϑ) = 0.062 253 2 + 0.051 972 8 cos2ϑ (10.19)

10.3.2 Petzold experimental volume scattering functions

For almost three decades of the last century the experimental database of 15
angular scattering coefficients (ASC) β published by Petzold [75] was used by
ocean optics scientific community. These VSF have been measured with the
angular scattering meter with maximum sensitivity centered at 515 nm and with
the half-width of sensitivity about 60 nm. The waters that were used to measure
these angular scattering coefficients were taken in the coastal areas of the Pacific
Ocean near the shares of Southern California. The ranges of variability of integral
inherent optical properties were: 0.093 m−1 ≤ c ≤ 2.19 m−1; 0.008 m−1 ≤ b ≤
1.824 m−1; 0.082 m−1 ≤ a ≤ 0.764 m−1; 0.091 ≤ ω0 ≤ 0.906; 0.013 ≤ B ≤ 0.146.
The actual values of Petzold angular scattering coefficients with corresponding
inherent optical properties are given in Tables 10.3 and 10.4.

10.3.3 Mankovsky experimental volume scattering functions

More recently another 41 volume scattering functions with associated attenua-
tion and beam scattering coefficients that have been measured in natural wa-
ters of the Atlantic, Indian and Southern Oceans, the Mediterranean and Black
Seas, and Lake Baikal were published by Mankovsky and Haltrin [76, 77]. These
phase functions have been measured with a nephelometer (an angular scattering
meter) that has a maximum of sensitivity at 520 nm with the half-width of sen-
sitivity band about 40 nm. The ranges of variability of integral inherent optical
properties were: 0.115 m−1 ≤ c ≤ 1.105 m−1; 0.000 143 m−1 ≤ b ≤ 0.0103 m−1;
0.021 m−1 ≤ a ≤ 0.163 m−1; 0.435 ≤ ω0 ≤ 0.867; 0.0078 ≤ B ≤ 0.037. The
angular scattering coefficients and corresponding inherent optical properties are
given in Tables 10.5 and 10.6.

10.3.4 Lee experimental volume scattering functions

During the period between 2000 and 2004 more than a thousand high-resolution
angular light scattering coefficients of marine water have been measured with the
polar nephelometer that was developed and assembled by Michael E. Lee. The
maximum intensity of this nephelometer was centered at 550 nm. The complete
set of technical parameters of this probe was published in Haltrin et al., [78] and
Lee and Lewis [79]. The modified version of this nephelometer that has the ability
to measure angular scattering coefficients at six wavelengths (443, 490, 510, 555,
590, and 620 nm) was developed and tested in 2003 by M. E. Lee in waters of
Mobile Bay in the Gulf of Mexico. Some of the results of these measurements
are presented in this section.

The measurements of more than 60 angular scattering coefficients [80] have
been accomplished in 2000 in coastal waters near the shores of New Jersey in
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Table 10.5a. Mankovsky [76, 77] seawater angular scattering coefficients in m−1 ster−1

(cases 1–7). Values in parentheses represent extrapolated and interpolated values

ang, ◦ β01 β02 β03 β04 β05 β06 β07

(0.25) 146.29 56.691 32.871 57.838 23.036 43.313 22.265
(0.75) 85.333 36.418 20.961 28.243 12.411 32.249 16.673
(1.25) 50.982 23.884 13.640 14.313 6.9058 24.278 12.630
(1.50) 39.757 19.490 11.090 10.333 5.2133 21.150 11.041
(1.75) 31.197 15.985 9.0618 7.5304 3.9675 18.476 9.6787
2.0 24.267 13.032 7.3285 5.4327 2.9855 16.033 8.4143

(2.5) 15.621 9.0974 5.0994 3.0833 1.8362 12.520 6.6300
(3.5) 6.7564 4.6102 2.5452 1.0684 0.73573 7.7413 4.1669
(4.5) 3.2175 2.5352 1.3792 0.43005 0.33529 4.9982 2.7404
(5.5) 1.6866 1.5136 0.81155 0.20106 0.17387 3.3707 1.8863
(6.5) 0.97323 0.98088 0.51822 0.10915 0.10257 2.3742 1.3587
7.5 0.47634 0.55965 0.26786 0.45490E-01 0.45490E-01 1.5063 0.84706
12.5 0.12809 0.22260 0.84628E-01 0.19387E-01 0.19387E-01 0.47590 0.28676

(15.0) 0.97480E-01 0.14754 0.64404E-01 0.14925E-01 0.14925E-01 0.31183 0.17944
17.5 0.74185E-01 0.97795E-01 0.49013E-01 0.11490E-01 0.11490E-01 0.20432 0.11228
22.5 0.29855E-01 0.49547E-01 0.23715E-01 0.71617E-02 0.76739E-02 0.12735 0.73285E-01
27.5 0.21214E-01 0.32856E-01 0.13697E-01 0.42327E-02 0.47491E-02 0.62606E-01 0.44322E-01

(30.0) 0.16388E-01 0.23416E-01 0.10340E-01 0.37112E-02 0.39311E-02 0.53029E-01 0.31953E-01
32.5 0.12659E-01 0.16688E-01 0.78058E-02 0.32540E-02 0.32540E-02 0.44918E-01 0.23036E-01
37.5 0.96965E-02 0.14342E-01 0.43313E-02 0.22213E-02 0.22213E-02 0.21708E-01 0.13385E-01
42.5 0.36468E-02 0.76193E-02 0.39987E-02 0.15557E-02 0.17455E-02 0.21474E-01 0.87481E-02

(45.0) 0.29574E-02 0.59692E-02 0.29917E-02 0.13675E-02 0.13993E-02 0.13518E-01 0.71765E-02
47.5 0.23978E-02 0.46754E-02 0.22378E-02 0.12018E-02 0.11215E-02 0.85078E-02 0.58859E-02
52.5 0.17853E-02 0.32487E-02 0.16282E-02 0.89478E-03 0.89478E-03 0.59117E-02 0.43824E-02
57.5 0.12252E-02 0.24446E-02 0.13747E-02 0.70504E-03 0.70504E-03 0.43473E-02 0.30776E-02
62.5 0.93350E-03 0.16987E-02 0.10236E-02 0.51300E-03 0.57559E-03 0.34683E-02 0.21385E-02
67.5 0.64242E-03 0.15410E-02 0.10661E-02 0.47623E-03 0.47623E-03 0.24993E-02 0.20788E-02
72.5 0.55159E-03 0.11524E-02 0.77914E-03 0.39050E-03 0.39050E-03 0.17849E-02 0.14178E-02
77.5 0.44855E-03 0.89498E-03 0.56470E-03 0.35630E-03 0.35630E-03 0.15915E-02 0.11267E-02
82.5 0.39675E-03 0.90890E-03 0.49948E-03 0.28088E-03 0.28088E-03 0.13757E-02 0.11442E-02
87.5 0.36460E-03 0.69473E-03 0.57785E-03 0.25812E-03 0.28302E-03 0.13862E-02 0.91583E-03

(90.0) 0.37309E-03 0.61918E-03 0.49753E-03 0.25663E-03 0.28139E-03 0.12213E-02 0.91583E-03
92.5 0.38178E-03 0.55184E-03 0.42837E-03 0.25516E-03 0.27978E-03 0.10760E-02 0.91583E-03
97.5 0.36184E-03 0.62880E-03 0.40599E-03 0.27702E-03 0.27702E-03 0.99659E-03 0.99659E-03
102.5 0.33252E-03 0.57785E-03 0.37309E-03 0.27153E-03 0.27153E-03 0.98133E-03 0.67892E-03
107.5 0.34803E-03 0.60481E-03 0.38161E-03 0.26462E-03 0.29690E-03 0.10271E-02 0.79729E-03
112.5 0.39611E-03 0.54678E-03 0.34500E-03 0.28630E-03 0.28630E-03 0.97233E-03 0.68836E-03
117.5 0.34683E-03 0.54969E-03 0.43663E-03 0.31413E-03 0.31413E-03 0.91225E-03 0.70813E-03
122.5 0.41516E-03 0.62837E-03 0.42483E-03 0.33282E-03 0.33282E-03 0.90827E-03 0.72147E-03
127.5 0.46959E-03 0.64821E-03 0.45890E-03 0.34891E-03 0.34891E-03 0.10040E-02 0.91562E-03
132.5 0.54931E-03 0.63069E-03 0.48957E-03 0.40347E-03 0.35960E-03 0.10711E-02 0.91162E-03
137.5 0.59145E-03 0.69489E-03 0.50340E-03 0.40918E-03 0.45911E-03 0.11013E-02 0.10278E-02
(140) 0.64695E-03 0.74153E-03 0.50035E-03 0.43718E-03 0.46214E-03 0.11203E-02 0.11243E-02
142.5 0.70245E-03 0.78816E-03 0.49730E-03 0.46517E-03 0.46517E-03 0.11392E-02 0.12207E-02
147.5 0.74545E-03 0.85589E-03 0.55261E-03 0.48800E-03 0.48800E-03 0.12371E-02 0.10775E-02
152.5 0.70245E-03 0.82531E-03 0.36026E-03 0.53532E-03 0.53532E-03 0.13385E-02 0.12207E-02
157.5 0.96609E-03 0.11092E-02 0.50701E-03 0.58886E-03 0.58886E-03 0.20184E-02 0.13336E-02
162.5 0.10723E-02 0.11758E-02 0.56275E-03 0.57586E-03 0.61704E-03 0.20432E-02 0.15860E-02
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Table 10.5b. Mankovsky [76, 77] seawater angular scattering coefficients in m−1 ster−1

(cases 8–14). Values in parentheses represent extrapolated and interpolated values.

ang, ◦ β08 β09 β10 β11 β12 β13 β14

(0.25) 105.37 53.545 42.026 163.01 93.372 46.485 51.345
(0.75) 64.926 30.684 21.848 104.76 57.308 28.213 31.941
(1.25) 40.928 18.023 11.787 68.741 35.910 17.523 20.315
(1.50) 32.765 13.961 8.7804 56.133 28.656 13.929 16.335
(1.75) 26.382 10.890 6.6026 46.049 23.026 11.137 13.209
2.0 21.136 8.4143 4.9547 37.602 18.417 8.8112 10.593

(2.5) 14.240 5.3817 2.9670 26.074 12.366 5.8919 7.2180
(3.5) 6.7720 2.3121 1.1634 13.098 5.8373 2.7329 3.4840
(4.5) 3.5238 1.1074 0.52944 7.0993 3.0284 1.3901 1.8370
(5.5) 2.0064 0.59104 0.27952 4.1612 1.7227 0.77535 1.0581
(6.5) 1.2497 0.35157 0.17128 2.6255 1.0721 0.47424 0.66580
7.5 0.70456 0.16901 0.92879E-01 1.5784 0.58643 0.23330 0.35311

12.50 0.28023 0.59926E-01 0.87502E-01 0.58508 0.24390 0.70397E-01 0.12519
(15.0) 0.19450 0.42074E-01 0.47744E-01 0.45626 0.18587 0.47748E-01 0.86887E-01
17.5 0.13499 0.29540E-01 0.24571E-01 0.35499 0.14132 0.32386E-01 0.60306E-01
22.5 0.62376E-01 0.15672E-01 0.13336E-01 0.19734 0.55618E-01 0.18839E-01 0.31265E-01
27.5 0.30663E-01 0.10392E-01 0.86420E-02 0.96876E-01 0.27939E-01 0.10390E-01 0.14676E-01

(30.0) 0.24804E-01 0.84065E-02 0.67533E-02 0.74854E-01 0.22091E-01 0.88009E-02 0.11469E-01
32.5 0.20064E-01 0.68001E-02 0.52773E-02 0.57838E-01 0.17467E-01 0.74547E-02 0.89626E-02
37.5 0.14676E-01 0.41373E-02 0.37733E-02 0.40385E-01 0.11123E-01 0.41368E-02 0.59795E-02
42.5 0.98156E-02 0.34827E-02 0.27034E-02 0.34058E-01 0.79839E-02 0.31038E-02 0.41870E-02

(45.0) 0.88291E-02 0.27920E-02 0.21425E-02 0.28590E-01 0.65496E-02 0.24596E-02 0.35146E-02
47.5 0.79399E-02 0.22383E-02 0.16975E-02 0.24000E-01 0.53730E-02 0.19492E-02 0.29502E-02
52.5 0.64821E-02 0.18269E-02 0.13235E-02 0.14495E-01 0.40852E-02 0.17048E-02 0.20974E-02
57.5 0.42483E-02 0.14071E-02 0.10674E-02 0.12538E-01 0.30776E-02 0.14068E-02 0.16529E-02
62.5 0.30911E-02 0.11226E-02 0.10003E-02 0.85156E-02 0.22398E-02 0.11224E-02 0.12593E-02
67.5 0.25575E-02 0.10421E-02 0.88678E-03 0.60009E-02 0.18976E-02 0.10419E-02 0.10419E-02
72.5 0.19571E-02 0.79747E-03 0.59104E-03 0.39014E-02 0.12625E-02 0.79732E-03 0.91545E-03
77.5 0.15553E-02 0.71091E-03 0.60508E-03 0.35663E-02 0.12948E-02 0.81620E-03 0.81620E-03
82.5 0.11709E-02 0.61449E-03 0.48811E-03 0.25016E-02 0.11434E-02 0.61445E-03 0.72191E-03
87.5 0.98133E-03 0.52701E-03 0.49183E-03 0.23026E-02 0.10285E-02 0.61916E-03 0.61916E-03

(90.0) 0.89498E-03 0.51798E-03 0.48341E-03 0.21243E-02 0.94889E-03 0.56144E-03 0.56144E-03
92.5 0.81624E-03 0.50911E-03 0.47513E-03 0.19598E-02 0.87542E-03 0.50910E-03 0.50910E-03
97.5 0.79162E-03 0.57348E-03 0.45553E-03 0.18976E-02 0.84765E-03 0.57343E-03 0.57343E-03
102.5 0.76176E-03 0.46432E-03 0.30677E-03 0.18290E-02 0.81699E-03 0.46430E-03 0.46430E-03
107.5 0.64806E-03 0.43323E-03 0.28616E-03 0.14833E-02 0.77842E-03 0.43315E-03 0.50890E-03
112.5 0.68836E-03 0.40079E-03 0.37395E-03 0.16528E-02 0.73827E-03 0.37396E-03 0.40071E-03
117.5 0.64583E-03 0.43173E-03 0.34286E-03 0.17387E-02 0.77663E-03 0.43166E-03 0.43166E-03
122.5 0.67331E-03 0.38754E-03 0.32985E-03 0.15784E-02 0.99590E-03 0.45524E-03 0.45524E-03
127.5 0.72730E-03 0.40431E-03 0.34412E-03 0.14165E-02 0.89375E-03 0.46418E-03 0.46418E-03
132.5 0.70765E-03 0.46764E-03 0.35466E-03 0.15143E-02 0.91246E-03 0.35469E-03 0.46757E-03
137.5 0.69489E-03 0.39987E-03 0.39987E-03 0.15930E-02 0.89581E-03 0.39985E-03 0.46978E-03
(140) 0.76971E-03 0.42159E-03 0.39749E-03 0.16004E-02 0.95511E-03 0.36805E-03 0.48357E-03
142.5 0.84453E-03 0.44332E-03 0.39511E-03 0.16077E-02 0.10144E-02 0.33625E-03 0.49735E-03
147.5 0.74545E-03 0.48141E-03 0.40965E-03 0.17467E-02 0.98224E-03 0.36512E-03 0.48132E-03
152.5 0.86420E-03 0.52085E-03 0.48598E-03 0.18459E-02 0.88352E-03 0.48598E-03 0.48598E-03
157.5 0.96609E-03 0.66852E-03 0.58212E-03 0.23726E-02 0.94453E-03 0.44163E-03 0.58218E-03
162.5 0.91267E-03 0.75930E-03 0.69233E-03 0.21888E-02 0.11226E-02 0.57591E-03 0.69240E-03
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Table 10.5c. Mankovsky [76, 77] seawater angular scattering coefficients in m−1 ster−1

(cases 15–21). Values in parentheses represent extrapolated and interpolated values

ang, ◦ β15 β16 β17 β18 β19 β20 β21

(0.25) 30.802 41.392 30.303 29.081 34.223 29.211 78.944
(0.75) 16.977 22.554 19.393 17.419 22.874 18.136 44.589
(1.25) 9.6529 12.675 12.667 10.699 15.537 11.509 25.892
(1.50) 7.3643 9.6121 10.316 8.4637 12.882 9.2443 19.936
(1.75) 5.6622 7.3460 8.4441 6.7377 10.724 7.4656 15.457
2.0 4.3156 5.5595 6.8397 5.3093 8.8112 5.9571 11.886

(2.5) 2.6967 3.4345 4.7748 3.5294 6.3388 4.0636 7.5090
(3.5) 1.1185 1.3884 2.3978 1.6270 3.3267 1.9498 3.1594
(4.5) 0.52549 0.63503 1.3063 0.82909 1.8622 1.0212 1.4849
(5.5) 0.27963 0.32862 0.77216 0.46705 1.1117 0.58376 0.77958
(6.5) 0.16854 0.19240 0.49517 0.29084 0.70792 0.36426 0.45720
7.5 0.80894E-01 0.88698E-01 0.25581 0.14385 0.35311 0.17698 0.22280
12.5 0.39587E-01 0.36104E-01 0.80826E-01 0.53401E-01 0.75431E-01 0.50998E-01 0.80826E-01

(15.0) 0.27794E-01 0.28116E-01 0.58071E-01 0.37928E-01 0.53574E-01 0.38811E-01 0.52961E-01
17.5 0.19515E-01 0.21896E-01 0.41721E-01 0.26938E-01 0.38050E-01 0.29536E-01 0.34702E-01
22.5 0.12163E-01 0.10841E-01 0.24835E-01 0.17581E-01 0.21138E-01 0.17581E-01 0.17581E-01
27.5 0.70246E-02 0.94759E-02 0.14676E-01 0.94759E-02 0.94759E-02 0.10390E-01 0.94759E-02

(30.0) 0.57481E-02 0.70717E-02 0.10953E-01 0.75775E-02 0.80265E-02 0.88009E-02 0.75775E-02
32.5 0.47036E-02 0.52776E-02 0.81740E-02 0.60594E-02 0.67988E-02 0.74547E-02 0.60594E-02
37.5 0.31381E-02 0.37728E-02 0.59795E-02 0.35210E-02 0.47497E-02 0.47497E-02 0.37728E-02
42.5 0.23545E-02 0.23545E-02 0.34826E-02 0.31038E-02 0.34826E-02 0.34826E-02 0.23545E-02

(45.0) 0.19993E-02 0.21423E-02 0.34346E-02 0.24596E-02 0.27917E-02 0.29914E-02 0.19993E-02
47.5 0.16976E-02 0.19492E-02 0.33872E-02 0.19492E-02 0.22379E-02 0.25695E-02 0.16976E-02
52.5 0.13234E-02 0.15548E-02 0.18268E-02 0.18268E-02 0.17048E-02 0.18268E-02 0.15548E-02
57.5 0.10672E-02 0.11974E-02 0.18124E-02 0.16529E-02 0.18124E-02 0.16529E-02 0.14068E-02
62.5 0.10003E-02 0.11224E-02 0.17384E-02 0.12593E-02 0.14796E-02 0.12593E-02 0.85142E-03
67.5 0.77238E-03 0.88681E-03 0.15411E-02 0.11690E-02 0.13117E-02 0.10419E-02 0.77238E-03
72.5 0.59106E-03 0.69444E-03 0.10756E-02 0.91545E-03 0.10756E-02 0.91545E-03 0.59106E-03
77.5 0.51499E-03 0.60506E-03 0.93712E-03 0.71088E-03 0.71088E-03 0.71088E-03 0.51499E-03
82.5 0.52298E-03 0.52298E-03 0.82886E-03 0.61445E-03 0.61445E-03 0.52298E-03 0.52298E-03
87.5 0.49181E-03 0.52699E-03 0.72745E-03 0.52699E-03 0.52699E-03 0.52699E-03 0.49181E-03

(90.0) 0.48339E-03 0.51797E-03 0.65963E-03 0.56144E-03 0.56144E-03 0.56144E-03 0.40673E-03
92.5 0.47512E-03 0.50910E-03 0.59814E-03 0.59814E-03 0.59814E-03 0.59814E-03 0.33636E-03
97.5 0.45550E-03 0.48807E-03 0.48807E-03 0.57343E-03 0.67373E-03 0.48807E-03 0.45550E-03
102.5 0.46430E-03 0.46430E-03 0.43331E-03 0.64091E-03 0.46430E-03 0.46430E-03 0.43331E-03
107.5 0.40424E-03 0.43315E-03 0.40424E-03 0.43315E-03 0.43315E-03 0.43315E-03 0.40424E-03
112.5 0.40071E-03 0.37396E-03 0.40071E-03 0.47079E-03 0.55313E-03 0.47079E-03 0.37396E-03
117.5 0.36740E-03 0.43166E-03 0.43166E-03 0.58230E-03 0.50716E-03 0.36740E-03 0.36740E-03
122.5 0.38748E-03 0.45524E-03 0.45524E-03 0.60013E-03 0.45524E-03 0.45524E-03 0.38748E-03
127.5 0.40428E-03 0.46418E-03 0.40428E-03 0.62616E-03 0.40428E-03 0.46418E-03 0.40428E-03
132.5 0.40724E-03 0.40724E-03 0.40724E-03 0.46757E-03 0.46757E-03 0.40724E-03 0.35469E-03
137.5 0.39985E-03 0.39985E-03 0.39985E-03 0.46978E-03 0.46978E-03 0.39985E-03 0.39985E-03

(140.0) 0.42156E-03 0.44860E-03 0.44860E-03 0.48357E-03 0.45652E-03 0.42156E-03 0.39746E-03
142.5 0.44326E-03 0.49735E-03 0.49735E-03 0.49735E-03 0.44326E-03 0.44326E-03 0.39506E-03
147.5 0.40967E-03 0.56550E-03 0.56550E-03 0.48132E-03 0.40967E-03 0.48132E-03 0.48132E-03
152.5 0.44322E-03 0.59789E-03 0.48598E-03 0.52074E-03 0.44322E-03 0.52074E-03 0.44322E-03
157.5 0.38464E-03 0.66843E-03 0.38464E-03 0.86110E-03 0.58218E-03 0.76746E-03 0.50706E-03
162.5 0.51328E-03 0.87168E-03 0.57591E-03 0.64619E-03 0.64619E-03 0.97804E-03 0.64619E-03
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the Atlantic Ocean. The unique feature of this in situ experiment is that it was
made in coastal waters with the largest range of variability of beam scattering
coefficient known in the history of ocean optics (0.37 m−1 ≤ b ≤ 9.3 m−1). The
variability range of the probability of scattering was: 0.0058 ≤ B ≤ 0.0328. The
values of angular scattering coefficients have been measured at 590 scattering
angles between 0.6 and 177.3 degrees. The values of these VSF for a subset
of scattering angles with corresponding values of b, bB , and B are given in
Table 10.7.

10.3.5 Relationships between integral properties of experimental
light scattering phase functions

Analysis of a massive database of experimental light scattering phase functions
allows us to specify certain relationships between integral and angular properties
of phase functions that determine their shape [81]. These parameters, presented
in the decreasing order of importance, are:

B ≡ bB/b = 2π
∫ π

π/2
p(λ,x, cosϑ) sinϑ dϑ — the probability of backscattering;

p(140◦) — the value of the phase function at 140◦.

cosϑ = 2π
∫ π

0
p(cosϑ) cosϑ sinϑ dϑ — the average cosine over phase function;

cos2 ϑ = 2π
∫ π

0
p(cosϑ) cos2 ϑ sinϑ dϑ — the average square of cosine over

phase function.

The probability of backscattering B = bB/b is defined by eq. (10.10). It is
usually correlated with the total beam scattering coefficient [82]:

B = [0.5bW + 0.006 18(b− bW ) + 0.003 22(b− bW )2]/b, r2 = 0.88, (10.20)

with the scattering coefficient of pure water bW given by eq. (10.18). Relationship
(10.20) is derived for typical oceanic waters, that include a total of 101 Petzold,
Mankovsky and LEO-2000 measurements, it is valid for λ ≈ 500 ÷ 560 nm and
0.008 m−1 ≤ b ≤ 9.3 m−1.

The value of the phase function in the vicinity of 140◦ is correlated extremely
well with the probability of backscattering. According to Haltrin et al. [82] the
relationship based on more than 1000 phase functions, that include 15 Petzold
[75], 41 Mankovsky [76, 77, 83], and about a thousand Lee [80] phase functions,
is

B ≡ bB/b = 2πχp(140◦), bB = 2πχβ(140◦), χ = 1.15, r2 = 0.999,
(10.21)

with the phase function p normalized according to eq. (10.7). The similar re-
lationship for scattering at angle 120◦ was proposed earlier by Oishi [84] and
eq. (10.21) with χ = 1.08 is used currently in the backscattering probe Hy-
droScat by Hoby Labs [85].
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Table 10.7a. Total angular scattering coefficients in m−1 ster−1 measured at LEO-15
experiment in 2000 [80]

ang, ◦ β58 β59 β60 β57 β51 β16 β19

0.6 95.11 136.0 133.2 188.2 220.8 316.6 249.0
0.9 41.52 54.52 59.76 85.03 113.7 158.3 139.7
1.5 18.04 23.80 30.02 37.98 58.07 92.80 80.58
2.4 8.245 10.11 14.17 17.68 32.21 41.36 48.67
3.3 4.946 5.592 8.461 11.11 22.18 24.02 29.05
4.5 2.807 3.073 5.158 6.510 14.03 13.23 16.60
6.0 1.511 1.526 2.520 3.448 8.071 8.027 10.50
7.5 0.8835 0.8883 1.434 2.002 5.116 5.439 5.536
9.3 0.5038 0.5042 0.7735 1.048 2.931 2.796 3.120
11.4 0.2705 0.2622 0.3921 0.5267 1.517 1.594 1.727
13.5 0.1854 0.1789 0.2651 0.3763 1.042 1.150 1.162
15.6 0.1262 0.1218 0.1943 0.2550 0.7690 0.8176 0.8477
18.3 0.8264E-01 0.8177E-01 0.1287 0.1662 0.5058 0.5255 0.5498
21.0 0.6169E-01 0.6075E-01 0.9067E-01 0.1150 0.3556 0.3798 0.4029
23.7 0.4778E-01 0.4598E-01 0.6614E-01 0.8348E-01 0.2630 0.2835 0.2946
27.0 0.3321E-01 0.3248E-01 0.4682E-01 0.5951E-01 0.1849 0.1921 0.2010
30.0 0.2450E-01 0.2419E-01 0.3269E-01 0.4155E-01 0.1340 0.1447 0.1473
30.3 0.2395E-01 0.2358E-01 0.3187E-01 0.4032E-01 0.1303 0.1401 0.1440
33.6 0.1751E-01 0.1740E-01 0.2190E-01 0.2996E-01 0.9331E-01 0.1010 0.1062
37.2 0.1274E-01 0.1290E-01 0.1594E-01 0.2121E-01 0.6791E-01 0.7170E-01 0.7784E-01
41.1 0.9146E-02 0.9367E-02 0.1152E-01 0.1509E-01 0.4988E-01 0.5340E-01 0.5448E-01
45.0 0.6827E-02 0.6585E-02 0.8006E-02 0.1121E-01 0.3706E-01 0.4014E-01 0.4020E-01
49.2 0.4957E-02 0.4996E-02 0.5854E-02 0.7808E-02 0.2729E-01 0.2881E-01 0.3157E-01
53.4 0.3910E-02 0.3869E-02 0.4280E-02 0.5657E-02 0.2060E-01 0.2131E-01 0.2450E-01
57.9 0.3078E-02 0.3003E-02 0.3224E-02 0.4281E-02 0.1545E-01 0.1591E-01 0.1792E-01
63.0 0.2204E-02 0.2257E-02 0.2298E-02 0.3448E-02 0.1222E-01 0.1249E-01 0.1381E-01
67.8 0.1791E-02 0.1764E-02 0.1809E-02 0.2634E-02 0.9182E-02 0.9762E-02 0.1031E-01
72.9 0.1456E-02 0.1414E-02 0.1421E-02 0.2054E-02 0.7690E-02 0.8008E-02 0.8132E-02
78.0 0.1237E-02 0.1158E-02 0.1139E-02 0.1609E-02 0.6294E-02 0.6479E-02 0.6938E-02
83.4 0.1010E-02 0.9475E-03 0.9108E-03 0.1389E-02 0.5357E-02 0.5452E-02 0.5678E-02
90.0 0.8379E-03 0.8083E-03 0.7897E-03 0.1139E-02 0.4335E-02 0.4472E-02 0.4855E-02
95.4 0.7642E-03 0.7271E-03 0.6799E-03 0.1034E-02 0.3664E-02 0.4107E-02 0.4268E-02
101.1 0.7182E-03 0.6785E-03 0.5881E-03 0.9497E-03 0.3221E-02 0.3610E-02 0.3692E-02
107.4 0.6520E-03 0.6303E-03 0.5463E-03 0.8842E-03 0.3034E-02 0.3277E-02 0.3406E-02
113.7 0.6550E-03 0.5965E-03 0.5326E-03 0.8701E-03 0.2735E-02 0.3247E-02 0.3208E-02
120.0 0.6098E-03 0.6089E-03 0.5314E-03 0.8158E-03 0.2630E-02 0.3123E-02 0.3215E-02
127.2 0.6141E-03 0.5992E-03 0.5217E-03 0.7899E-03 0.2588E-02 0.2861E-02 0.3128E-02
127.5 0.6112E-03 0.5965E-03 0.5241E-03 0.7881E-03 0.2576E-02 0.2901E-02 0.3157E-02
134.1 0.6226E-03 0.6061E-03 0.5302E-03 0.7899E-03 0.2547E-02 0.2745E-02 0.2994E-02
148.5 0.6625E-03 0.6465E-03 0.6004E-03 0.7990E-03 0.2697E-02 0.2874E-02 0.3035E-02
140.0 0.6303E-03 0.6160E-03 0.5505E-03 0.7678E-03 0.2622E-02 0.2798E-02 0.2996E-02
156.0 0.7034E-03 0.6912E-03 0.6568E-03 0.8348E-03 0.2910E-02 0.3123E-02 0.3367E-02
163.8 0.8958E-03 0.8484E-03 0.9067E-03 0.1113E-02 0.3647E-02 0.3977E-02 0.4076E-02
172.2 0.1715E-02 0.1523E-02 0.1903E-02 0.2063E-02 0.5175E-02 0.6585E-02 0.6843E-02
177.3 0.5324E-02 0.4213E-02 0.5302E-02 0.4683E-02 0.8452E-02 0.1580E-01 0.1262E-01

b, m−1 0.3796 0.4341 0.5807 0.7823 1.631 1.822 2.012
bB , m−1 0.004352 0.004059 0.003930 0.005482 0.01879 0.02025 0.02234
B = bB/b 0.01147 0.009349 0.006768 0.007007 0.01152 0.01111 0.01110
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Table 10.7b. Total angular scattering coefficients in m−1 ster−1 measured at LEO-15
experiment in 2000 [80]

ang, ◦ β34 β53 β33 β56 β27 β42 β3

0.6 565.9 358.1 531.2 413.7 677.1 638.6 643.7
0.9 254.5 181.6 235.7 210.2 335.5 320.8 309.5
1.5 107.3 98.63 108.2 117.7 185.2 157.8 158.7
2.4 47.72 50.47 53.24 63.93 76.50 69.06 83.31
3.3 25.93 32.66 30.08 44.44 43.02 39.38 40.99
4.5 13.39 19.01 16.49 26.35 21.61 19.29 22.07
6.0 6.618 11.38 10.10 13.27 11.26 10.43 12.49
7.5 4.053 6.792 6.099 8.142 6.378 6.490 7.494
9.3 2.425 4.018 3.840 4.718 3.449 4.133 4.663
11.4 1.321 2.094 2.215 2.436 1.865 2.467 2.629
13.5 0.9544 1.265 1.601 1.555 1.308 1.829 1.962
15.6 0.6978 0.9290 1.154 1.032 0.9433 1.470 1.408
18.3 0.4642 0.5862 0.7435 0.6588 0.5980 0.9914 0.9925
21.0 0.3394 0.4121 0.5374 0.4537 0.4322 0.7590 0.7704
23.7 0.2557 0.2904 0.3956 0.3249 0.3263 0.5933 0.5884
27.0 0.1835 0.1968 0.2687 0.2222 0.2232 0.4133 0.4195
30.0 0.1386 0.1426 0.1987 0.1643 0.1606 0.3186 0.3309
30.3 0.1358 0.1387 0.1933 0.1610 0.1555 0.3099 0.3226
33.6 0.1027 0.1007 0.1446 0.1185 0.1150 0.2329 0.2499
37.2 0.7581E-01 0.7499E-01 0.1062 0.8664E-01 0.8427E-01 0.1796 0.1935
41.1 0.5751E-01 0.5598E-01 0.7839E-01 0.6306E-01 0.6481E-01 0.1365 0.1468
45.0 0.4423E-01 0.4286E-01 0.5865E-01 0.4653E-01 0.4794E-01 0.1062 0.1145
49.2 0.3402E-01 0.3013E-01 0.4308E-01 0.3410E-01 0.3433E-01 0.8208E-01 0.9010E-01
53.4 0.2623E-01 0.2323E-01 0.3260E-01 0.2569E-01 0.2568E-01 0.6520E-01 0.7026E-01
57.9 0.1994E-01 0.1778E-01 0.2451E-01 0.1922E-01 0.2012E-01 0.5096E-01 0.5659E-01
63.0 0.1509E-01 0.1318E-01 0.1920E-01 0.1475E-01 0.1458E-01 0.3911E-01 0.4273E-01
67.8 0.1215E-01 0.1040E-01 0.1501E-01 0.1134E-01 0.1163E-01 0.3071E-01 0.3465E-01
72.9 0.1009E-01 0.8223E-02 0.1192E-01 0.8969E-02 0.9113E-02 0.2479E-01 0.2791E-01
78.0 0.8313E-02 0.6715E-02 0.1010E-01 0.7307E-02 0.7123E-02 0.2033E-01 0.2370E-01
83.4 0.6962E-02 0.5445E-02 0.8134E-02 0.5858E-02 0.6091E-02 0.1668E-01 0.1949E-01
90.0 0.5926E-02 0.4345E-02 0.6596E-02 0.4696E-02 0.4816E-02 0.1368E-01 0.1647E-01
95.4 0.5126E-02 0.3855E-02 0.5852E-02 0.4053E-02 0.4204E-02 0.1203E-01 0.1482E-01
101.1 0.4696E-02 0.3468E-02 0.5167E-02 0.3604E-02 0.3554E-02 0.1092E-01 0.1320E-01
107.4 0.4323E-02 0.3090E-02 0.4606E-02 0.3249E-02 0.3489E-02 0.9711E-02 0.1238E-01
113.7 0.3997E-02 0.3105E-02 0.4398E-02 0.3131E-02 0.3196E-02 0.9359E-02 0.1169E-01
120.0 0.3808E-02 0.2729E-02 0.4039E-02 0.3004E-02 0.3039E-02 0.8897E-02 0.1098E-01
127.2 0.3765E-02 0.2723E-02 0.3920E-02 0.2984E-02 0.3074E-02 0.8735E-02 0.1056E-01
127.5 0.3773E-02 0.2742E-02 0.3911E-02 0.2916E-02 0.3109E-02 0.8755E-02 0.1054E-01
134.1 0.3679E-02 0.2686E-02 0.4039E-02 0.2943E-02 0.2997E-02 0.8775E-02 0.1061E-01
148.5 0.3906E-02 0.2938E-02 0.4162E-02 0.3117E-02 0.3109E-02 0.9252E-02 0.1081E-01
140.0 0.3722E-02 0.2825E-02 0.4108E-02 0.2925E-02 0.3027E-02 0.8863E-02 0.1059E-01
156.0 0.3988E-02 0.3133E-02 0.4338E-02 0.3402E-02 0.3324E-02 0.9644E-02 0.1098E-01
163.8 0.4642E-02 0.4131E-02 0.5239E-02 0.4653E-02 0.4006E-02 0.1080E-01 0.1204E-01
172.2 0.6291E-02 0.7727E-02 0.7133E-02 0.9094E-02 0.6319E-02 0.1391E-01 0.1454E-01
177.3 0.8684E-02 0.1503E-01 0.1080E-01 0.1814E-01 0.1137E-01 0.2204E-01 0.1598E-01

b, m−1 2.102 2.256 2.495 2.739 3.009 3.296 3.533
bB , m−1 0.02657 0.02020 0.02869 0.02078 0.02167 0.06251 0.07637
B = bB/b 0.01264 0.008952 0.01150 0.007587 0.007203 0.01896 0.02162
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Table 10.7c. Total angular scattering coefficients in m−1 ster−1 measured at LEO-15
experiment in 2000 [80]

ang, ◦ β37 β4 β47 β46 β45 β41 β48

0.6 688.0 802.8 899.9 966.8 952.4 815.5 107.1
0.9 373.8 389.6 440.7 506.2 512.7 421.1 588.6
1.5 213.1 183.5 188.4 200.1 208.9 219.5 310.3
2.4 104.9 79.92 83.40 91.90 85.87 100.3 155.2
3.3 61.04 40.89 43.17 45.01 53.07 60.45 93.51
4.5 31.59 21.91 23.18 23.51 24.54 32.99 54.30
6.0 15.54 12.04 12.06 12.77 13.06 17.92 29.91
7.5 9.049 7.774 7.856 8.557 8.069 11.39 19.45
9.3 5.053 4.804 5.072 5.424 5.246 7.201 12.56
11.4 2.544 2.683 3.070 3.179 3.168 4.309 7.868
13.5 1.635 2.045 2.340 2.428 2.437 3.261 6.121
15.6 1.137 1.526 1.771 1.834 1.819 2.451 4.763
18.3 0.7221 1.046 1.286 1.310 1.330 1.752 3.498
21.0 0.4984 0.8140 1.024 1.060 1.064 1.382 2.811
23.7 0.3553 0.6377 0.8057 0.8362 0.8548 1.085 2.207
27.0 0.2441 0.4652 0.5918 0.6185 0.6192 0.7824 1.625
30.0 0.1748 0.3553 0.4669 0.4823 0.4930 0.6158 1.273
30.3 0.1704 0.3449 0.4583 0.4681 0.4829 0.6004 1.244
33.6 0.1226 0.2622 0.3583 0.3692 0.3809 0.4639 0.9657
37.2 0.8822E-01 0.2073 0.2839 0.2926 0.3019 0.3593 0.7531
41.1 0.6377E-01 0.1584 0.2250 0.2384 0.2437 0.2776 0.5927
45.0 0.4694E-01 0.1264 0.1833 0.1894 0.1931 0.2195 0.4719
49.2 0.3424E-01 0.9764E-01 0.1446 0.1543 0.1538 0.1724 0.3697
53.4 0.2562E-01 0.7738E-01 0.1189 0.1234 0.1282 0.1385 0.2977
57.9 0.1917E-01 0.6118E-01 0.9754E-01 0.1012 0.1049 0.1108 0.2403
63.0 0.1405E-01 0.4793E-01 0.7712E-01 0.8041E-01 0.8182E-01 0.8559E-01 0.1866
67.8 0.1124E-01 0.3860E-01 0.6341E-01 0.6597E-01 0.6727E-01 0.6861E-01 0.1516
72.9 0.9007E-02 0.3088E-01 0.5202E-01 0.5474E-01 0.5519E-01 0.5552E-01 0.1216
78.0 0.7355E-02 0.2616E-01 0.4277E-01 0.4491E-01 0.4601E-01 0.4523E-01 0.9927E-01
83.4 0.6118E-02 0.2176E-01 0.3583E-01 0.3761E-01 0.3880E-01 0.3779E-01 0.8257E-01
90.0 0.4927E-02 0.1810E-01 0.2973E-01 0.3143E-01 0.3212E-01 0.3122E-01 0.6727E-01
95.4 0.4291E-02 0.1620E-01 0.2625E-01 0.2763E-01 0.2804E-01 0.2732E-01 0.5913E-01
101.1 0.3851E-02 0.1471E-01 0.2334E-01 0.2462E-01 0.2534E-01 0.2480E-01 0.5331E-01
107.4 0.3448E-02 0.1342E-01 0.2129E-01 0.2240E-01 0.2285E-01 0.2220E-01 0.4796E-01
113.7 0.3152E-02 0.1284E-01 0.2005E-01 0.2067E-01 0.2118E-01 0.2106E-01 0.4548E-01
120.0 0.3066E-02 0.1238E-01 0.1906E-01 0.2039E-01 0.2022E-01 0.2020E-01 0.4324E-01
127.2 0.2976E-02 0.1193E-01 0.1863E-01 0.1920E-01 0.1967E-01 0.1979E-01 0.4215E-01
127.5 0.2983E-02 0.1193E-01 0.1859E-01 0.1916E-01 0.1958E-01 0.1974E-01 0.4215E-01
134.1 0.2948E-02 0.1158E-01 0.1829E-01 0.1956E-01 0.1958E-01 0.1988E-01 0.4196E-01
148.5 0.3116E-02 0.1190E-01 0.1876E-01 0.1969E-01 0.2036E-01 0.2039E-01 0.4294E-01
140.0 0.2989E-02 0.1165E-01 0.1833E-01 0.1902E-01 0.1954E-01 0.1997E-01 0.4209E-01
156.0 0.3354E-02 0.1224E-01 0.1911E-01 0.1997E-01 0.2055E-01 0.2096E-01 0.4374E-01
163.8 0.4194E-02 0.1323E-01 0.2043E-01 0.2100E-01 0.2157E-01 0.2231E-01 0.4333E-01
172.2 0.7089E-02 0.1595E-01 0.2313E-01 0.2428E-01 0.2420E-01 0.2418E-01 0.3714E-01
177.3 0.8822E-02 0.1856E-01 0.3517E-01 0.3920E-01 0.3646E-01 0.3771E-01 0.4496E-01

b, m−1 3.720 3.797 4.386 4.650 4.668 5.367 9.263
bB , m−1 0.02164 0.08509 0.1330 0.1400 0.1435 0.1420 0.3034
B = bB/b 0.005818 0.02241 0.03032 0.03011 0.03074 0.02646 0.03276
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The best relationship between average cosine and probability of backscatter-
ing is given by Haltrin [86]:

cos(ϑ) = 2
1− 2B
2 +B

, r2 = 0.999, (10.22)

This relationship is derived from experimental data by Timofeyeva [87–89], cor-
rected to match theoretical asymptotics for isotropic (B = 0.5, cos(ϑ) = 0) and
delta-shaped scattering (B = 0, cos(ϑ) = 1), and later successfully tested with
the available database of more than 1000 experimental phase functions.

The second physically correct relationship derived by Haltrin [86] from Tim-
ofeyeva’s [87–89] data,

cos2(ϑ) =
6− 7B

3(2 +B)
, r2 = 0.999, (10.23)

did not pass as well as eq. (10.21) the applicability test on a set of newly measured
phase functions. Instead, some alternative regionally dependent ‘non-physical’
regressional relationship

cos2(ϑ) = 0.985 cos(ϑ), r2 = 0.996, (10.24)

was proposed [80].

10.4 Raman scattering of light in natural water

The model of Raman scattering is presented here according to Haltrin and Kat-
tawar [30] with corrections by Gordon [28], Faris and Copeland [27], and Bartlett
et al. [23]. The frequency redistribution is derived from the works by Walrafen
[42, 43]. To be consistent with the elastic scattering and absorption models the
Raman scattering model is presented in a wavelength representation.

The wavelength distribution of the Raman scattering coefficient is:

σR(λ′, λ, cosϑ) = bR(λ′, λ)fR(λ′, λ)pR(λ′, λ, cosϑ), (10.25)

bR(λ′, λ) = bR0
v4

(v2i − v′2)2
≡ bR0

[
λ2

iλ
′2

λ2(λ′2 − λ2
i )

]2
,

bR0 = 0.018 m−1, vi = 88.000 cm−1, λi � 113.636 nm,




(10.26)

here bR(λ′, λ) is a total Raman scattering coefficient, λ′ and λ (in nanometers)
are wavelengths of excitation and emission, ν′ = kν/λ

′, and ν = kν/λ are ex-
citation and emission wave numbers (both in inverse centimeters), kν = 1 ≡
107 nm/cm, νi and λi are frequency and wavelength of intermediate resonance
[27], pR is a Raman angular scattering phase function [28, 90]:

pR(λ′, λ, cosϑ) =
3

4π[3 + γ(νS)]
[1 + γ(νS) cos2 ϑ], (10.27)
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γ(νS) =
1− ρ(νS)
1 + 3ρ(νS)

, νS = ν′ − ν ≡ kν(λ− λ′)
λλ′ (10.27a)

pR is normalized according to eq. (10.7), ρ(νS) is the Raman depolarization
ratio, and

fR(λ′, λ) = −dν′

dλ′σ
R
ν (ν′, ν) =

ν′2

kν
fR

ν (ν′, ν), (10.28)

∫
fR

ν (ν′, ν) dν′ ≡
∫
fR

ν (ν′, ν) dν ≡
∫
fR

ν (νS) dνS = 1, (10.28a)

is the frequency redistribution of Raman-scattered light. The Raman depolar-
ization ratio ρ(νS) is given in Table 10.8 and shown with γ(νS) in Fig. 10.2.

The Raman scattering frequency redistribution is represented according to
the data of Walrafen [42, 43], namely:
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Fig. 10.2. Raman scattering parameters as a function of frequency shift
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Table 10.8. Raman depolarization ratio ρ(νS) and parameter γ(νS); νS in cm−1

νS ρ γ νS ρ γ νS ρ γ νS ρ γ

2900.0 0.20052 0.49919 3125.8 0.084249 0.73099 3350.7 0.15928 0.56888 3575.8 0.28748 0.38257
2905.2 0.20846 0.48699 3130.1 0.081258 0.73867 3355.0 0.16076 0.56618 3580.1 0.29194 0.37747
2910.4 0.20945 0.48549 3135.3 0.078762 0.74517 3360.2 0.16274 0.56259 3585.4 0.29740 0.37131
2915.5 0.19552 0.50706 3140.4 0.076763 0.75042 3365.4 0.16471 0.55905 3590.6 0.30732 0.36040
2920.6 0.16073 0.56624 3145.6 0.074764 0.75573 3370.6 0.16669 0.55551 3595.8 0.31924 0.34773
2925.7 0.14382 0.59812 3150.8 0.072268 0.76243 3375.8 0.17016 0.54939 3600.2 0.32469 0.34209
2930.8 0.13586 0.61392 3155.1 0.071762 0.76380 3380.1 0.17363 0.54335 3605.4 0.33064 0.33604
2935.1 0.12641 0.63339 3160.3 0.071750 0.76383 3385.3 0.17660 0.53824 3610.6 0.33610 0.33058
2940.2 0.11745 0.65260 3165.5 0.072236 0.76252 3390.5 0.17907 0.53404 3615.8 0.34155 0.32522
2945.4 0.10999 0.66920 3170.7 0.073715 0.75854 3395.7 0.18253 0.52822 3620.1 0.34452 0.32233
2950.5 0.099046 0.69457 3175.9 0.075194 0.75459 3400.0 0.18551 0.52327 3625.3 0.34799 0.31899
2955.7 0.098538 0.69578 3180.2 0.075682 0.75329 3405.2 0.19146 0.51356 3630.5 0.35245 0.31475
2960.0 0.10250 0.68642 3185.4 0.076664 0.75068 3410.4 0.19492 0.50801 3635.7 0.34946 0.31759
2965.2 0.10050 0.69113 3190.6 0.079137 0.74419 3415.6 0.19889 0.50174 3640.8 0.34597 0.32093
2970.4 0.10049 0.69115 3195.7 0.081610 0.73776 3420.8 0.20236 0.49633 3645.2 0.34844 0.31856
2975.6 0.10048 0.69117 3200.1 0.082097 0.73651 3425.2 0.20533 0.49175 3650.3 0.34495 0.32192
2980.7 0.095998 0.70187 3205.3 0.085067 0.72891 3430.4 0.20830 0.48723 3655.5 0.33351 0.33316
2985.1 0.096485 0.70070 3210.5 0.087540 0.72267 3435.6 0.21077 0.48350 3660.6 0.32605 0.34070
2990.3 0.098461 0.69596 3215.6 0.087032 0.72395 3440.8 0.21374 0.47907 3665.7 0.30964 0.35790
2995.4 0.099941 0.69245 3220.8 0.086524 0.72523 3445.1 0.21820 0.47250 3670.0 0.30218 0.36601
3000.6 0.10390 0.68316 3225.1 0.086514 0.72525 3450.3 0.22465 0.46319 3675.2 0.29769 0.37099
3005.8 0.10787 0.67401 3230.3 0.087496 0.72278 3455.5 0.22961 0.45617 3680.4 0.29719 0.37155
3010.2 0.10786 0.67404 3235.5 0.088479 0.72032 3460.7 0.23506 0.44860 3685.6 0.30016 0.36824
3015.3 0.10834 0.67294 3240.7 0.089958 0.71664 3465.0 0.23903 0.44317 3690.8 0.30561 0.36226
3020.5 0.10833 0.67296 3245.0 0.091936 0.71176 3470.2 0.24299 0.43784 3695.1 0.30013 0.36828
3025.7 0.10782 0.67413 3250.2 0.094409 0.70571 3475.4 0.24745 0.43192 3700.2 0.29267 0.37664
3030.0 0.10781 0.67415 3255.4 0.097379 0.69855 3480.6 0.25191 0.42608 3705.4 0.28471 0.38578
3035.2 0.10979 0.66965 3260.6 0.10035 0.69148 3485.8 0.25637 0.42034 3710.5 0.27824 0.39339
3040.4 0.11574 0.65636 3265.8 0.10332 0.68451 3490.2 0.25835 0.41782 3715.7 0.27723 0.39459
3045.6 0.11424 0.65968 3270.1 0.10579 0.67878 3495.4 0.26182 0.41344 3720.0 0.27822 0.39341
3050.8 0.11473 0.65859 3275.3 0.10876 0.67198 3500.6 0.26727 0.40666 3725.2 0.28019 0.39108
3055.1 0.11621 0.65532 3280.5 0.11173 0.66528 3505.8 0.27074 0.40241 3730.4 0.27770 0.39403
3060.3 0.11669 0.65427 3285.7 0.11570 0.65645 3510.1 0.27321 0.39942 3735.5 0.27371 0.39881
3065.5 0.11519 0.65757 3290.1 0.11966 0.64779 3515.3 0.27618 0.39585 3740.7 0.26823 0.40548
3070.6 0.11319 0.66201 3295.3 0.12363 0.63927 3520.5 0.27866 0.39289 3745.1 0.28512 0.38531
3075.8 0.11069 0.66762 3300.5 0.12759 0.63091 3525.7 0.27964 0.39173 3750.3 0.30101 0.36730
3080.1 0.10820 0.67326 3305.7 0.13255 0.62065 3530.0 0.28062 0.39057 3755.5 0.30398 0.36404
3085.3 0.10521 0.68012 3310.9 0.13800 0.60962 3535.2 0.28310 0.38766 3760.7 0.30744 0.36027
3090.5 0.10271 0.68593 3315.2 0.14048 0.60468 3540.4 0.28159 0.38943 3765.1 0.31041 0.35707
3095.6 0.099222 0.69415 3320.4 0.14245 0.60080 3545.5 0.27761 0.39414 3770.3 0.31189 0.35549
3100.8 0.096727 0.70011 3325.6 0.14393 0.59790 3550.7 0.27412 0.39832 3775.4 0.30542 0.36247
3105.1 0.094729 0.70494 3330.8 0.14690 0.59214 3555.0 0.27411 0.39833 3780.6 0.29696 0.37181
3110.3 0.091737 0.71225 3335.1 0.14938 0.58739 3560.2 0.27708 0.39477 3785.7 0.29049 0.37912
3115.5 0.089241 0.71842 3340.3 0.15235 0.58176 3565.4 0.28055 0.39066 3790.0 0.29297 0.37630
3120.6 0.086745 0.72467 3345.5 0.15631 0.57436 3570.6 0.28302 0.38775 3797.7 0.26761 0.40624
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fR
ν (ν′, ν) = kR

4∑
i=1

αi exp
[
− (ν′ − ν −∆νi)2

2σ2
i

]
,

fR
ν (νS) = kR

4∑
i=1

αi exp
[
− (νS −∆νi)2

2σ2
i

]
, (10.29)

where

kR =

(√
2π

4∑
i=1

αiσi

)−1

= 5.152 · 10−3 cm.

Values of αi, ∆νi, and σi are given in Table 10.9. The Raman scattering model
presented here coincides with the Haltrin and Kattawar [30] model if we neglect
ν2 � 4 × 108 cm−2 in eq. (10.26) in comparison with ν2

i ≈ 7.7 × 109 cm−2 and
set γ in eq. (10.27) to be equal to 0.6.

Table 10.9. Raman frequency distribution parameters [30]

i αi ∆νi, cm−1 σi, cm−1

1 0.41 3250 89.179
2 0.39 3425 74.317
3 0.10 3530 59.453
4 0.10 3625 59.453

10.5 Chlorophyll fluorescence in natural water

The chlorophyll or red fluorescence is represented according to Gordon [48] in
the interpretation of Haltrin and Kattawar [30]:

σC(λ′, λ, cos γ) ≡ σC(λ′, λ) = a0
C(λ′)CCη

C(λ′, λ), (10.30)

ηC(λ′, λ) =



ηC
0

4π
λ′

λ0F

1√
2πσ2

exp
[
− (λ− λ0F )2

2σ2

]
, 370 nm ≤ λ′ ≤ 690 nm

0, elsewhere,
(10.31)

here ηC
0 � 0.05 (an average value by Kiefer [51]), λ0F � 683 nm, σ = 10.6 nm.

10.6 Yellow substance (Gelbstoff, DOM or CDOM)
fluorescence in natural water

The most advanced yellow substance fluorescence model was proposed by Hawes
et al. [49]. According to this model, the yellow substance components fluorescence
emission coefficient can be expressed as follows:

χj(λ′, λ) = aj(λ′)ηj(λ′, λ) ≡ a0
j exp(−kjλ

′)ηj(λ′, λ), j = F,H, (10.32)
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with the coefficients a0
j and kj given in Table 10.2, and the spectral fluorescence

efficiency function ηj represented by the following empirical equation:

ηj(λ′, λ) = Aj
0(λ

′) exp


−

[
1/λ−Aj

1/λ
′ −Bj

1

0.6(Aj
2/λ

′ +Bj
2)

]2

 , j = F,H, (10.33)

with the coefficients Aj
0(λ

′), Aj
1, A

j
2, B

j
1, B

j
2 given in Table 10.10a and 10.10b.

This model is more advanced than the model for chlorophyll fluorescence because
the predominant part of yellow substance or DOM is dissolved in water and the
yellow substance is easier to process experimentally than the chlorophyll which
is imbedded into living phytoplanktonic cells [1].

Table 10.10a. Parameters for fluorescence model η(λx, λm) of fulvic and humic acids
[49]

λx, nm Fulvic acid Humic acid

FA7 FA8 FA9 FA11 HA1 HA2 HA4 HA6 HA8

A0(λx) 310 5.18 4.48 5.21 5.09 2.49 2.78 4.83 5.77 3.61

×105 330 6.34 5.67 6.57 6.27 2.68 3.13 5.11 6.86 4.01

350 8.00 7.23 7.93 7.93 2.95 3.73 5.94 7.27 0.46

370 9.89 9.26 9.93 9.76 3.34 4.42 7.20 8.37 5.48

390 9.39 9.06 9.93 8.72 2.77 4.03 6.53 7.08 5.06

410 10.48 9.22 9.47 7.93 2.26 3.91 6.41 7.80 5.05

430 12.59 10.14 10.21 8.15 2.63 4.41 7.66 8.90 5.66

450 13.48 9.90 10.08 7.75 2.72 4.52 7.55 9.30 5.70

470 13.61 9.70 10.11 7.70 2.65 4.75 7.88 8.41 5.32

490 9.27 7.90 8.34 5.98 2.20 4.29 6.81 6.68 4.42

A1 0.470 0.389 0.466 0.471 0.304 0.379 0.346 0.447 0.356

B1 × 104 8.077 10.073 8.340 8.204 12.169 10.043 10.891 8.594 10.694

A2 0.407 0.386 0.386 0.386 0.591 0.362 0.411 0.417 0.406

B2 × 104 −4.57 −4.20 −4.13 −4.20 −9.39 −3.17 −4.60 −4.64 −4.42

r2 0.987 0.989 0.975 0.991 0.712 0.985 0.985 0.985 0.986
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Table 10.10b. FA and HA fluorescence sample information [49]

Sample Location Sample date Sample Extraction Total Mass
name volume, Method extracted

liters (mg)

HA1 Peru upwelling — — XAD2 —
(El Niño)

HA2 Gulf of Mexico, — — XAD2 —
outside Loop Cur.

HA4 Gulf of Mexico, 12 October 1989 26 XAD2 0.156
mouth of Tampa Bay

HA6 Gulf of Mexico, 4 March, 1990 55 XAD2 0.65
mid-West Florida shelf

FA7 Gulf of Mexico, 4 March, 1990 32 C18 12.66
mid-West Florida shelf

FA8, HA8 Gulf of Mexico, 5 March, 1990 20 C18 2.24, 0.42
mouth of Tampa Bay

FA9 North Atlantic, 24 May 1991 55 C18 19.06
60◦N 20◦W

FA11 North Atlantic, 20 August 1991 55 C18 6.99
60◦N 20◦W

10.7 Diffuse reflection coefficient

The diffuse reflection coefficient (DRC), or diffuse reflectance (DR), or albedo of
the sea just below the sea surface, is defined as a ratio of upward to downward
irradiance at the level just below the sea surface. It is a very important apparent
optical property and constituent part of the remote sensing coefficient [91, 92]
that is used to extract information from remotely measured optical images of the
ocean. As an apparent optical property it depends not only on inherent optical
properties but also on conditions of illumination just below the sea surface. The
theory and experiments show that DRC depends only on two inherent optical
properties, the absorption coefficient, a, and the backscattering coefficient, bB ,
that is derived from the angular scattering coefficient. Dependence on other
properties (or moments) of angular scattering coefficient is weak and can be
neglected. The diffuse reflection coefficient of open ocean illuminated by diffuse
light can be written in a very simple way:

R = k
bB
a
, R = k

bB
a+ bB

. (10.34)

The second variant in eqs (10.34) is preferable because it does not give infinite
values for R at a = 0. According to Morel and Prieur [93] for open ocean water
k = 1/3. Equations (10.34) are widely used to describe DRC of the ocean. The
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big shortcoming of eqs (10.34) is that they do not satisfy physical conditions
that restrict values of diffuse reflection coefficient:

0 ≤ R ≤ 1. (10.35)

At zero backscattering bB = 0 the DRC should be equal to zero (no light returns
from the water depth), and at zero absorption a = 0 DRC should by equal
to 1 (all light is eventually reflected back). Both eqs (10.34) only satisfy the
first condition, but do not satisfy the second one. At zero absorption value the
first equation gives infinity, and the second one gives k < 1. This means that
eqs (10.34) are only rough approximations. The theoretical analysis shows that
they are good only for rather small values of Gordon’s parameter:

xG =
bB

a+ bB
< 0.1, or a > 9bB . (10.36)

In addition to theoretical considerations there is experimental data by Timo-
feyeva [107] who measured the DRC in a wide range of Gordon’s parameter (see
Table 10.11). The measurements have been made in marine waters for smaller
values of xG and in artificially created absorbing and scattering substances for
higher values of xG. These data together with the DRC computed with different
equations are shown in Fig. 10.3. Some authors try to improve eqs (10.34) by
representing DRC with a series over bB/a or xG, but this method is useless for
xG > 0.9. According to Gate [95], asymptotics of the DRC for xG close to one
described by the following equation:

R =
√

6xG − 2
√

1− xG√
6xG + 2

√
1− xG

≡ 1−√2a/(3bB)
1 +
√

2a/(3bB)
≡
√

3bB/(2a)− 1√
3bB/(2a) + 1

, 1− xG < 0.1.

(10.37)
It is clear that this dependence could not be described by any power series for
small xG or small ratios bB/a.

Table 10.11. Downward and upward average cosines and diffuse reflectance as a func-
tion of average cosine over radiance distribution according to in situ and modeling
experiments by V. A. Timofeyeva [107]

µ µd µu R∞

0.1 0.5249 0.4831 0.671
0.2 0.5525 0.4545 0.443
0.3 0.5834 0.4202 0.283
0.4 0.6184 0.3745 0.171
0.5 0.6566 0.3311 0.095
0.6 0.7008 0.3003 0.048
0.7 0.7536 0.2857 0.0207
0.8 0.8217 0.3610 0.0082
0.9 0.9033 0.6849 0.0016
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Fig. 10.3. Diffuse reflection coefficient of natural water basin according to experiment,
and to linear, and nonlinear theories

Fortunately, there are several equations available in the literature that sat-
isfy physical condition (10.35) and give good approximation to the DRC of the
seawater basin with arbitrary values of optical properties.

The first such equation was proposed by Haltrin [96]:

R =
1− µH

1 + µH

(√
1 + µ2

H − µH

)2

, (10.38)

µH =
√

a

a+ (4 + 2
√

2)bB
≡
√

1− xG

1 + (3 + 2
√

2)xG

. (10.39)

It was derived as a result of the exact solution of the radiative transfer equation
in the asymptotic regime (cz � 1, where z is a physical depth in m−1) with the
phase function approximated as:

pH(cosϑ) =
1
4π

[
2gδ(1− cosϑ) +

1− g√
2(1− cosϑ)

]
, (10.40)
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here δ is a Dirac’s delta function, and g = 1 − (2 +
√

2)B is an average cosine
over phase function pH , with B = bB/b being a probability of backscattering
(see eq. (10.10)).

The exact solution of the RTE in the asymptotic regime with the phase
function (40) is given by the following equation:

L∞(z, θ) =
L0(1− µ2

H) exp(−az/µH)
(1 + µ2

H − 2µH cos θ)3/2
, (10.41)

where L0 is determined by the boundary conditions, and µH is given by
eq. (10.39). The shape of radiance distribution (10.41) is a Henyey–Greenstein
function [97].

Another analytic equation was proposed in the framework of the self-
consistent approximation to the RTE [98, 99]:

R = R∞ =
(

1− µ
1 + µ

)2

, (10.42)

with the average cosine µ over radiance distribution in the asymptotic regime
given by

µ =

√
a

a+ 3bB +
√
bB(4a+ 9bB)

≡
√

1− xG

1 + 2xG +
√
xG(4 + 5xG)

. (10.43)

Equations (10.42) and (10.43) give almost the same values for R as eqs (10.38)
and (10.39) (see Fig. 10.3), but they can be generalized to the cases of finite
water depth and combined illumination of water surface by the light of the sun
and the sky.

Equations (10.42) and (10.43) and (10.38) and (10.39) seem more complex
than simple linear eqs (10.34). But they are good for any value of Gordon’s
parameter xG (or for any arbitrary pair of values a and bB : 0 ≤ a ≤ ∞,
0 ≤ bB ≤ ∞), and satisfy all physical conditions outline above, while eqs (10.34)
fail for values of xG > 0.1. The question arises, is it worth to use more complex
expressions instead of the very simple linear expressions (10.34)? The answer
can be obtained from the analysis of frequency distribution of Gordon’s param-
eter values in natural waters. Extensive in situ measurements show that in the
following three cases: (a) waters of the open ocean, (b) clear inland water basins,
like Lake Baikal, and (c) biologically stable waters of marine coastal areas and
certain lakes Gordon’s coefficient xG < 0.1 and simple linear equations (10.34)
can be used without inflicting unacceptable error. At the same time certain in-
land waters, coastal ocean waters, and even whole seas contain large number of
scattering particles such as detritus with low absorption which results in much
higher values of Gordon’s parameter. Fig. 10.4 shows a frequency distribution
(histogram) of Gordon’s parameter in the Yellow Sea [100]. It shows that about
50% of all values of xG exceed the critical value of 0.1 and some values of this
parameter are as large as 0.9. It means that for the Yellow Sea water types we
should use the nonlinear equations given above.
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Fig. 10.4. Frequency distribution of measured Gordon’s parameter in waters of Yellow
Sea

Another reason to use the nonlinear approach is that it can be generalized
to the case of shallow water depth and to the case that takes into account the
combined illumination of water surface by the direct light of the sun and the
diffuse light of the sky.

10.8 Diffuse reflection coefficient of a water basin
illuminated by direct solar light
and diffuse light of the sky

The diffuse reflection coefficient of water illuminated by the light of the sun
and the sky was considered by several authors. Here we restrict ourselves to the
solution that is valid for all optical water types and validated with experimental
data [101].

The DRC of the water body illuminated by the light of the sun and the
sky is a linear combination of DRC for diffuse illumination R∞ and the DRC
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for directed illumination Rs with the weight determined by the ratio of direct
irradiance to the diffuse irradiance just below the water surface, qw:

R =
R∞ + qwRs

1 + qw
, (10.44)

with R∞ given by eq. (10.42) and

Rs ≡ (1− µ)2

1 + µµs(4− µ2)
, (10.45)

where µ is an average cosine of the radiance distribution in the asymptotic
regime and is expressed through absorption and backscattering coefficients by
eq. (10.43), and µs is a cosine of the direction of solar rays just below the sea
surface:

µs =

√
1−
(

sinZs

nw

)2

≥
√

1− 1/n2
w ≈ 0.6656; (10.46)

here ZS is the solar zenith angle, and nw is the water refractive index.
The ratio of direct irradiance to the diffuse irradiance just below the water

surface qw can be expressed through the similar ratio measured just above the
water surface qa through the following expression [91]:

qw =
(1− f)TS

↓ qa
f(1−Af ) + (1− f)(1− qa)TD

↓ + aqTS
↓
, (10.47)

here Af is a foam albedo, f is a fraction of the water surface covered by white
caps that can be estimated from the wind speed u using the following empirical
equation [91]:

f =

{
1.2 · 10−5 u3.3, u ≤ 9 m s−1,

1.2 · 10−5 u3.3(0.221u− 0.99), u > 9 m s−1.
(10.48)

The transmittance of direct solar light penetrated to water depth through the
wind roughened surface was computed for different wind speeds and solar zenith
angles using Monte Carlo modeling of the water surface from an experimen-
tally derived spectrum of wind waves with the results converted to the following
equation [91]:

TS
↓ (ZS , u) = 1− a0(u)−R0

F (ZS)
{
a1(u) +R0

F (ZS)
[
a2(u) + a3(u)R0

F (ZS)
]}
,

(10.49)
where R0

F is a Fresnel reflection coefficient of unpolarized light by flat water
surface:

R0
F (ZS) =

1
2




cosZS −

√
n2

w − sin2 ZS

cosZS +
√
n2

w − sin2 ZS



2

+


n

2
w cosZS −

√
n2

w − sin2 ZS

n2
w cosZS +

√
n2

w − sin2 ZS



2
,

(10.50)
and coefficients a0 through a3 expressed through the wind speed u (in m s−1):
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a0(u) = 0.001(6.944 831− 1.912 076u+ 0.036 584 33u2), (10.51)
a1(u) = 0.743 136 8 + 0.067 978 7u− 0.000 717 1u2, (10.52)
a2(u) = 0.565 026 2 + 0.006 150 2u− 0.023 981 0u2 + 0.001 069 5u3, (10.53)
a3(u) = −0.412 808 3− 0.127 103 7u+ 0.28 390 7u2 − 0.001 170 6u3. (10.54)

Transmission by diffuse light TD
↓ is obtained by averaging eq. (10.49) over the

sky radiance distribution. For Lambertian sky we have the following equation
for diffuse transmittance [91]:

TD
↓ (u) = 1.367× 10−5(46.434− u)(1410 + 20.6u+ u2), 0 ≤ u < 12 m s−1.

(10.55)
For overcast sky (cardioid distribution [4]) we have the following equation for
diffuse transmittance [91]:

TD
↓ (u) = 6.123×10−6(59.3−u)(2564+33.74u+u2), 0 ≤ u < 12 m s−1. (10.56)

The ratio of direct irradiance to the diffuse irradiance just above the water
surface is a function of atmospheric optical properties and can be evaluated using
the following equation taken from reference [91]:

qa =
(

1 +
Baτa
cosZS

)
exp
(
− τa

cosZS

)
, (10.57)

where Ba is a probability of backscattering in atmosphere, and τa is a total
atmospheric optical thickness.

Equation (10.44) for diffuse reflectance coefficient R, with values of, a, bB ,
and qw measured experimentally, was tested by E. I. Afonin [102] using in situ
measurements in the waters of Black Sea during the whole light day. The differ-
ence between predicted and measured values of R was in the range of 5%.

10.9 Diffuse reflection coefficient of shallow water body
illuminated by diffuse light

The diffuse reflection coefficient of a shallow water basin should take into account
not only multiple scattering of light inside the water, but multiple reflection of
light from the bottom and the surface. For coastal waters it is very important
that the model used to derive the DRC is valid not only for arbitrary depth but
also for any arbitrary value of inherent optical property thus covering very clear
and very turbid shallow water bodies.

According to reference [99] the diffuse reflection coefficient of shallow water
with the bottom depth zB and bottom albedo AB could be expressed as:

R =
R∞(1−ABR0) + (AB −R∞)e−αRzB

(1−ABR0) + (AB −R∞)R0e−αRzB
, (10.58)

with
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R0 =
(

2 + µ
2− µ

)
R∞, αR = 2µ(a+ bB), (10.59)

and R∞ and µ are given, respectively, by eqs (10.42) and (10.43).
Equation (10.58) satisfies all limiting conditions implied by the correct

physics of light scattering:

R
∣∣
zB→∞ ≡ R

∣∣
AB=R∞

, R
∣∣
zB=0 = AB , R

∣∣
xG=0 = 0, R

∣∣
xG=1 = 1. (10.60)

Equation (10.58) can be used in algorithms to restore water depth and bottom
albedo from remotely measured multispectral optical images of water basins in
the cases when the combined nature of the illumination of water surface could
be neglected.

10.10 Diffuse attenuation coefficient

Downward and upward diffuse attenuation coefficients of light at depth z are
defined as follows:

kd(z) = − 1
Ed(z)

dEd(z)
dz

, ku(z) = − 1
Eu(z)

dEu(z)
dz

, (10.61)

where Ed and Eu are downward and upward irradiances. In the framework of
self-consistent approximation diffuse attenuation coefficients for optically deep
water can be written as follows [101]:

kd(z) = α∞
1 + qw {µ0ε(z)/µs + hRs[(2 + µ) + 1/µs]Ys(z)}

1 + qw {ε(z) + hRs[(2 + µ) + 1/µs]Fs(z)} , (10.62)

ku(z) = α∞
R∞ + qwRs {µ0ε(z)/µs + h[(2− µ)− 1/µs]Ys(z)}
R∞ + qwRs {ε(z) + h[(2− µ)− 1/µs]Fs(z)} , (10.63)

where
α∞ =

√
4a(a+ 2bB) + µ2b2B − µ(a+ bB), (10.64)

Ys(z) =

{
µ0µs

1−ε(z)
µ0−µs

− µ0ε(z), µs �= µ0,

αz − µ0, µs = µ0,
(10.65)

Fs(z) =




(
1− exp

[
−αz

(
1
µs
− 1
µ0

)])/(
1
µs
− 1
µ0

)
, µs �= µ0,

αz, µs = µ0,
(10.66)

α = a+ 2bB , µ0 =
1 + µ2

µ(3− µ2)
, h =

(1 + µ)2

2(1 + µ2)
, (10.67)

ε(z) = exp
[
−αz

(
1
µs
− 1
µ0

)]
, (10.68)

with parameters R∞, µ, Rs and qw defined, accordingly, by eqs (10.42), (10.43),
(10.45), and (10.47).
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At large optical depths both kd and ku converge to the diffuse attenuation
coefficient in asymptotic regime that is given by Gershun’s equation:

kd(z), ku(z)
∣∣
cz→∞ ⇒ k∞, k∞ = a/µ. (10.69)

10.11 Optical models of scattering and absorption
of light in natural water

10.11.1 The Kopelevich physical model of elastic scattering

The physical model of elastic scattering was proposed by Kopelevich [94, 103].
The original model also included an absorption part that is now obsolete. The
scattering part satisfies contemporary criteria for all parts of marine water bod-
ies excluding shallow coastal areas contaminated with clay and sand particles
raised from the bottom. The model was based on the results of in situ measure-
ments of inherent optical properties and particle size distributions over during
several decades by the Shirshov Institute of Oceanology in the Pacific, Indian
and Atlantic Oceans.

The angular scattering coefficient in this model consists of three parts: the
angular scattering coefficient of pure water, the angular scattering coefficient
of small particles, and the angular scattering coefficient of large particles. The
angular scattering coefficients of particles have been derived by the solution
of the inverse problem to derive particle size distributions using water samples
taken in various regions of the World Ocean. Then angular scattering coefficients
were calculated using Mie scattering approach.

The large fraction represents organic particles of phytoplankton and de-
tritus with the density ρL = 1 g cm−3 and relative to water refractive index
nL = 1.03. The size distribution for the large particle fraction was found to be
Junge distribution r−v for 1.3 µm ≤ r ≤ 13 µm with v = 3. The small fraction
represents terrigenic particles with density ρL = 2 g cm−3 and relative refrac-
tive index nS = 1.15 [10]. The size distribution for the small particle fraction
was found to be represented by three Junge distributions: the Junge distribu-
tion with v = 2.5 for 0.01 µm ≤ r ≤ 0.05 µm, the Junge distribution with
v = 3.5 for 0.05 µm ≤ r ≤ 0.1 µm, and the Junge distribution with v = 4.5 for
0.1 µm ≤ r ≤ 1.3 µm. The model is represented by the following equation:

β(λ, ϑ) = βW (λ, ϑ) +
(

550
λ

)0.3

βK
L (ϑ)vL +

(
550
λ

)1.7

βK
S (ϑ)vS , (10.70)

with the pure water angular scattering coefficient βw(λ, ϑ) computed using
eq. (10.17), and the angular scattering coefficients of large βK

L (ϑ) and small
βK

S (ϑ) particles for λ = 550 nm given in Table 10.12. The volume concentra-
tions vL and vS are given in cm3 m−3. To convert them to the conventional
concentrations the following relationships are used:

CS = ρSvS , CL = ρLvL. (10.71)
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Table 10.12. Components of physical model of light scattering by sea water by O. V.
Kopelevich [94] in m−1 ster−1; small fraction of suspended matter βS ; large fraction of
suspended matter βL (the volume concentration of each component is 1 cm3 m−3)

angle, ◦ βK
S βK

L angle, ◦ βK
S βK

L

0 5.3 140 45 9.8 · 10−2 6.2 · 10−4

0.5 5.3 98 60 4.1 · 10−2 3.8 · 10−4

1 5.2 46 75 2.0 · 10−2 2.0 · 10−4

1.5 5.2 26 90 1.2 · 10−2 6.3 · 10−4

2 5.1 15 105 8.6 · 10−3 4.4 · 10−5

4 4.6 3.6 120 7.4 · 10−3 2.9 · 10−5

6 3.9 1.1 135 7.4 · 10−3 2.0 · 10−5

10 2.5 0.2 150 7.5 · 10−3 2.0 · 10−5

15 1.3 0.05 180 8.1 · 10−3 7.0 · 10−5

30 0.29 0.0028 b, m−1 1.34 0.312

This model gives very good predictions of the angular scattering coefficient
for open oceanic waters and for clean biologically stable waters with no clay or
sand particles suspended by the water movement.

10.11.2 Chlorophyll-based model of elastic scattering and absorption

This model was proposed by Haltrin [104]. The scattering part of this model is
based on a modified version of the Kopelevich [72, 103] elastic scattering model;
the absorption part of the model is taken from works by Pope and Fry [8],
Prieur and Sathyendranath [9], Morel [105], and Carder et al. [2]. The absorption
coefficient in this model is represented as follows:

a(λ) = aW (λ)+0.06a0
C(λ)

(
CC/C

0
C)0.602+a0

HCH exp(−kHλ)+a0
FCF exp(−kFλ),

(10.72)
with C0

C = 1 mg m−3, aW (λ), a0
C(λ), a0

H , a0
F , kH , and kF identical to the val-

ues given above in section 10.2. The elastic angular scattering coefficient was a
modification of Kopelevich’s model given by eq. (10.70):

β(λ, ϑ) = βW (λ, ϑ) +
(

400
λ

)1.7
βS(ϑ)
ρS

CS +
(

400
λ

)0.3
βL(ϑ)
ρL

CL, (10.73)

βS(ϑ) = (5.5870 m2 cm−3 sr−1) exp

(
5∑

n=1

snϑ
3n/4

)
,

βL(ϑ) = (190.027 m2 cm−3 sr−1) exp

(
5∑

n=1

lnϑ
3n/4

)
,




(10.74)
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Table 10.13. The coefficients to eqs (10.74) for two basic phase functions and [104]

n 1 2 3 4 5

sn −2.957 089 · 10−2 −2.782 943 · 10−2 1.255 406 · 10−2 −2.155 880 · 10−2 1.356 632 · 10−2

ln −1.604 327 8.157 686 · 10−2 −2.150 389 · 10−3 2.419 323 · 10−5 −6.578 550 · 10−8

where ϑ is the scattering angle in degrees. The coefficients sn and ln in eq. (10.74)
are given in Table 10.13.

The model given by eqs (10.72)–(10.74) depends on five different concentra-
tions of dissolved and suspended matter, CC , CH , CF , CS , and CL. Using several
experimentally derived regressions and with the use of optimization procedure
the number of independent concentrations was reduced to one – the concentra-
tion of chlorophyll CC in mg m−3. The other four concentrations of dissolved
and suspended matter are expressed through the chlorophyll concentration:

CH = 0.19334CC exp
[
0.12343

(
CC/C

0
C

)]
,

CF = 1.74098CC exp
[
0.12327

(
CC/C

0
C

)]
,

CS = 0.01739(g/mg)CC exp
[
0.11631

(
CC/C

0
C

)]
,

CL = 0.76284(g/mg)CC exp
[
0.03092

(
CC/C

0
C

)]
,




(10.75)

This chlorophyll-based model represents a modification and extension of the
Kopelevich model and, like the Kopelevich model, is valid for open ocean and
biologically stable coastal waters. The model that covers more turbid waters
should include more scattering components related, for instance, to clays and
suspended sand.

10.11.3 Empirical model of inherent optical properties

The empirical model of inherent optical properties was proposed by Haltrin [106].
It makes it possible to restore an angular scattering coefficient, diffuse reflection
and diffuse attenuation coefficients, and also total, upward and downward aver-
age cosines over the radiance distribution of diffuse light through the absorption
and attenuation coefficients at one fixed wavelength close to 520 nm. This model
is based on experimental measurements by Petzold [75] and Timofeyeva [107].
It was tested using independent measurements of the complete set of inherent
properties by Mankovsky [76, 77] and showed good agreement between measured
and predicted results.

Given, that we know the values of absorption and attenuation coefficients (a
and c) measured, for example, with the AC-9 probe by WetLabs, we can estimate
all other optical properties using the following procedure:

(1) We compute a beam scattering coefficient b and a single-scattering albedo
(probability of elastic scattering) ω0 through a and c:

b = c− a, ω0 = b/c. (10.76)
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(2) A total average cosine is computed through the single-scattering albedo using
the following equation:

µ = y{2.617 839 8 + y[−4.602 418 + y(9.004 06 + y{−14.599 94 +
y[14.839 09 + y(−8.117 954 + 1.859 322 2y)]})]}, y =

√
1− ω0. (10.77)

(2) We compute upward and downward average cosines using the following equa-
tions:

µd =
1− µ(1− µ)2

{
0.0326 + µ2

[
0.1661 + µ2(0.7785 + 0.0228µ2)

]}
2− µ ,

(10.78)

µu =
1−0.987µ(1−µ)2 exp

(
µ2
{
8.4423+

[−15.6605+µ2(21.882−11.2257µ2)
]})

2−µ ,

(10.79)
(3) We compute the backscattering probability, B, and the backscattering coef-

ficient, bB , as follows:

B =
(1− ω0)(1− µ2)2

2ω0µ
2(3− µ2)

, bB = bB. (10.80)

(4) We compute the diffuse reflection coefficient using values of the average
cosines:

R∞ =
1− µ/µd

1 + µ/µu

, (10.81)

(5) We compute the diffuse attenuation coefficient using Geshun’s equation:

k =
a

µ
≡ c1− ω0

µ
, (10.82)

(6) And, finally, we compute the angular scattering coefficient using the following
equation:

β(ϑ) = l−1
0 exp

[
q

(
1 +

5∑
n=1

knϑ
n
2

)]
, (10.83)

here ϑ is a scattering angle in radians, l0 = 1 m. Coefficients q and kn (n =
1, . . . , 5) are given by the following regressions:

q = 2.598 + 5.932
√
l0b(2.992 + l0b)− 16.722l0b,

k1 = 5.2077ω0 − 8.9924,
k2 = 17.59− 10.886ω0,

k3 = 13.098ω0 − 19.863,
k4 = 10.636− 7.386ω0,

k5 = 1.515ω0 − 2.087.




(10.84)

The FORTRAN code that implements this model is published in reference
[108].
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10.12 Conclusion

The simplified model presented here of absorption, elastic and Raman scatter-
ing, and fluorescence is written as a practical tool – to model radiative transfer
in real natural waters using either the radiative transfer approach [109] given
by eq. (10.1) or the numerical approach based on Monte Carlo or discrete ordi-
nates (Hydrolight [74]). There are certain aspects of scattering, such as Brillouin
scattering, scattering by air bubbles, and scattering by turbulent fluctuations of
natural water, that are omitted from this chapter because there is not sufficient
material in the literature to cover them quantitatively. Other more developed
areas are given in a detail that allows for reasonable representative optical mod-
eling of deep and shallow waters with wind-roughened surface.
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