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Abstract

In order to accurately retrieve data products of importance for ocean biooptics and biogeochemistry an accurate ocean-atmosphere
radiative transfer model is required. For these purposes the software package SCIATRAN, developed initially for the modeling of
radiative transfer processes in the terrestrial atmosphere, was extended to account for the radiative transfer within the water and the
interaction of radiative processes in the atmosphere and ocean. The extension was performed by taking radiative processes at the atmo-
sphere-water interface, as well as within water accurately into account. Comparison results obtained with extended SCIATRAN version
to predictions of other radiative transfer models and MERIS satellite spectra are presented in this paper along with a description of
implemented inherent optical parameters and numerical technique used to solve coupled ocean-atmosphere radiative transfer equation.
The extended version of SCIATRAN software package along with detailed User’s Guide are freely distributed at http://www.iup.
physik.uni-bremen.de/sciatran.
� 2012 Published by Elsevier Ltd. on behalf of COSPAR.

Keywords: Radiative transfer; Ocean-atmosphere coupling
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1. Introduction

The radiative transfer (RT) model SCIATRAN was
originally developed to analyse measurements performed
by the hyperspectral instrument SCIAMACHY (SCanning
Imaging Absorption SpectroMeter for Atmospheric

CHartographY) operating in the spectral range from
240 to 2400 nm onboard ENVISAT (Bovensmann et al.,
1999; Gottwald, 2006). SCIATRAN is a comprehensive
software package (Rozanov et al., 2002; Rozanov et al.,
2005, 2008) for the modeling of radiative transfer processes
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in the terrestrial atmosphere in the spectral range from
ultraviolet to the thermal infrared (0.18–40 lm) including
multiple scattering processes, polarization, and thermal
emission. The software allows to consider all significant
radiative transfer processes such as Rayleigh scattering,
scattering by aerosol and cloud particles, and absorption
by numerous gaseous components in the vertically inhomo-
geneous atmosphere bounded by the reflecting surface. The
reflecting properties of a surface are described by the bidi-
rectional reflection function including Fresnel reflection of
the flat and wind roughened ocean-atmosphere interface.
The developed software package along with detailed User’s
Guide are freely distributed at http://www.iup.physik.uni-
bremen.de/sciatran. It contains databases of all important
atmospheric and surface parameters as well as many
defaults mode which significantly facilitate the usage of
SCIATRAN for non-experts in radiative transfer users.
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012

http://www.iup.physik.uni-bremen.de/sciatran
http://www.iup.physik.uni-bremen.de/sciatran
http://www.iup.physik.uni-bremen.de/sciatran
http://www.iup.physik.uni-bremen.de/sciatran
http://dx.doi.org/10.1016/j.asr.2012.02.012
mailto:blum@iup.physik.uni-bremen.de
http://dx.doi.org/10.1016/j.asr.2012.02.012
http://dx.doi.org/10.1016/j.asr.2012.02.012
Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
University 

Original text:
Inserted Text
PHYTOOPTICS

Original text:
Inserted Text
2005; Rozanov, 

Original text:
Inserted Text
(0.18-40 μm) 



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129
130

132132

133

134

135

136

137

138

139

140

Fig. 1. Principles of ocean colour.
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Although the developed software can be used to solve
numerous forward and inverse problems of the atmo-
spheric optics, it does not allow to model e.g. radiation
field in the ocean and, in particular, the water leaving radi-
ation containing important information about numerous
ocean optical parameters (e.g. Vountas et al. (2007), Brach-
er et al. (2009)). Furthermore, the accuracy of trace gas and
aerosol retrievals over oceanic sites can be improved
including the interaction of radiative processes in the atmo-
sphere and ocean in the corresponding RT model.

For this reason, the software package SCIATRAN was
extended, to account for the radiative transfer within the
water and the interaction of radiative processes in the
atmosphere and ocean. Although a number of coupled
ocean-atmosphere RT models including polarization effects
have been recently published (Bulgarelli et al., 1999; Fell
and Fischer, 2001; He et al., 2010; Jin et al., 2006; Ota
et al., 2010; Zhai et al., 2010), only the COART model
(Jin et al., 2006) permits an online usage by providing a
set of input parameters; however, the source code is not
available, only an interface is given on the website http://
snowdog.larc.nasa.gov/jin/rtnote.html. To our knowledge,
the SCIATRAN model is the only free available software
to calculate radiative transfer in a coupled ocean-atmo-
sphere system.

The main goals of this paper are

� To describe the optical properties of natural waters
implemented in the code;
� To discuss modifications in the formulation of the RT

equation and boundary conditions in the case of the
coupled ocean-atmosphere system;
� To present a new iterative technique that is employed to

solve boundary value problem in the coupled ocean-
atmosphere RT model;
� to demonstrate validation results of the extended SCIA-

TRAN version.

Taking into account that the atmospheric radiative
transfer of the SCIATRAN software was successfully vali-
dated (see e.g. Kokhanovsky et al. (2010)), we restrict our-
selves here to the validation of the oceanic radiative
transfer. The validation is performed through intercompar-
isons with benchmark results and predictions of other RT
models as well as through comparisons with MERIS
(MEdium Resolution Imaging Spectrometer) (Bezy et al.,
2000) spectra measured over oceanic sites.

2. Basic principles of ocean optics

The principles of Ocean Colour are characterized in
Fig. 1. Solar radiation is absorbed and scattered by atmo-
spheric constituents, and reflected and refracted at the air-
water interface.

Within water, the transmitted solar radiation is
absorbed and scattered, and after interaction with water
constituents, the solar radiaton reenters the atmosphere.
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
Finally, before detection at an instrument, the water leav-
ing radiance interacts with atmospheric constituents again.

In order to analyse the radiative processes within water,
adequate knowledge of the optical properties of water itself
and of its constituents, where the main optically active sub-
stances besides water molecules are CDOM (Coloured Dis-
solved Organic Matter), phytoplankton, and suspended
particles, is required. One thereby distinguishes between
IOPs (Inherent Optical Properties), which are only depend-
ing on the medium itself, and thus independent on the sur-
rounding lightfield, and AOPs (Apparent Optical
Properties), which are depending on the IOPs as well as
on the surrounding elctromagnetic radiation field. Typical
IOP parameters are the absorption coefficient a, the vol-
ume scattering function b, and the scattering coefficient b,
whereas e.g. reflectance and transmittance are AOPs. To
deduce the information about the particular oceanic con-
stituent from the measured data, accurate knowledge of
the optical parameters of oceanic species and the behaviour
of electromagnetic radiation in the water medium is
essential.
3. Radiative transfer in the coupled ocean-atmosphere system

The radiative transfer in the atmosphere and ocean will
be considered in the framework of the standard BVP
(Boundary Value Problem) (Chandrasekhar, 1950):

l
@I totðs;XÞ

@s
¼ �I totðs;XÞ þ J totðs;XÞ; ð1Þ

I totð0;XÞ ¼ pdðl� l0Þdðu� u0Þ; l > 0; ð2Þ
I totðs0;XÞ ¼RI totðs0;X

0Þ; l < 0: ð3Þ

Here, s 2 [0,s0] is the optical depth changing from 0 at the
top of the plane-parallel medium to s0 at the bottom, the
variable X :¼ {l,u} describes the set of variables
l 2 [�1,1] and u 2 [0,2p],l is the cosine of the polar angle
# as measured from the positive s-axis (negative z-axis) and
u is the azimuthal angle, Itot(s,X) is the total intensity (or
radiance) at the optical depth s in the direction X, Jtot(s,X)
is the multiple scattering source function, and R is a linear
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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integral operator. The multiple scattering source function
and linear integral operator R are given as follows:

J totðs;XÞ ¼
xðsÞ
4p

Z
4p

P ðs;X;X0ÞI totðs;X0ÞdX0; ð4Þ

R ¼ 1

p

Z 2p

0

du0
Z 1

0

dl0l0RðX;X0Þ�; ð5Þ

where x(s) is the single scattering albedo (scattering coeffi-
cient divided by extinction coefficient), P(s,X,X0) is the
phase function describing angular scattering properties of
the medium, and R(X,X0) determines angular reflection
properties of the underlying surface, symbol � is used to
denote an integral operator rather than a finite integral.

The UBC (Upper Boundary Condition) given by Eq. (2)
describes the unidirectional (l0,u0) solar light beam at the
top of atmosphere, d(l � l0) and d(u � u0) are the Dirac
delta functions, l0 and u0 are the cosines of the solar zenith
angle and solar azimuthal angle, respectively. The solar
zenith angle is defined as an angle between positive direc-
tion of z-axis and the direction to the sun. The x-axis of
basic Cartesian coordinate system is chosen so that its
direction is opposite to the direction to the sun. Therefore,
the azimuthal angle of the solar beam equal to zero
(u0 = 0). It follows from Eq. (2) that the extraterrestrial
solar flux at an unit horizontal area is equal to pl0.

The LBC (Lower Boundary Condition) given by Eq. (3)
defines the bidirectional reflection of radiation at the sur-
face. In particular, in the case of Lambertian reflection
the integral operator R results in

RL ¼
A
p

Z 2p

0

du0
Z 1

0

dl0l0�; ð6Þ

where A is the Lambertian surface albedo.
Formulating the RT equation along with boundary con-

ditions given by Eqs. (1)–(3), we have restricted ourselves
with the scalar case i.e., polarization is not included. The
thermal emission is not included also because it is of minor
importance for the RT processes in the ocean.

The formulated BVP for the total intensity includes gen-
eralized functions in the form of Dirac d-functions (see Eq.
(2)). It is known that solutions of such equations contain
the generalized functions as well. The standard approach
to eliminate the generalized function in the solution of
the RT equation is to separate the total intensity into direct
and diffuse component and to formulate the RT equation
for the diffuse component only (Chandrasekhar, 1950). In
this case the total intensity is represented as follows (Chan-
drasekhar, 1950):

I totðs;XÞ ¼ Iðs;XÞ þ Dðs;XÞ; ð7Þ

where I(s,X) and D(s,X) are the diffuse and direct compo-
nents of the total intensity, respectively.

Substituting Itot(s,X) given by Eq. (7) into Eq. (1) and
introducing the multiple and single scattering source func-
tions as follows:
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
J mðs;XÞ ¼
xðsÞ
4p

Z
4p

P ðs;X;X0ÞIðs;X0ÞdX0; ð8Þ

J sðs;XÞ ¼
xðsÞ
4p

Z
4p

P ðs;X;X0ÞDðs;X0ÞdX0; ð9Þ

we obtain the following RT equation and boundary condi-
tions for the diffuse component:

l
@Iðs;XÞ
@s

¼ �Iðs;XÞ þ J mðs;XÞ þ J sðs;XÞ; ð10Þ

Ið0;XÞ ¼ 0; l > 0; ð11Þ
Iðs0;XÞ ¼RDðs0;X

0Þ þRIðs0;X
0Þ; l < 0; ð12Þ

where the integral operator R is given by Eq. (5). Eqs.
(10)–(12) describe BVP for the intensity of the diffuse radi-
ation field.

Employing appropriate boundary conditions and
expressions for the direct component D(s,X), the formu-
lated BVP can be used to model RT processes in the atmo-
sphere and ocean. These issues will be considered in the
three following subsections.

3.1. Uncoupled atmospheric and oceanic radiative transfer

models

Ignoring the coupling, the corresponding BVP can be
formulated for both ocean and atmosphere independently.
It can be seen from Eqs. (9) and (12) that the single scatter-
ing source function Js(s,X) and LBC depend on the direct
component D(s,X). Therefore, to describe radiative trans-
fer in the atmosphere it will be used the following represen-
tation of the direct solar component:

Daðs;XÞ ¼ pdðl� l0Þdðu� u0Þe�s=l0

þ pdðlþ l0Þdðu� u0ÞRFðl0Þe�ð2sa�sÞ=l0 ; ð13Þ

where RF(l0) is the Fresnel reflection coefficient of the
water surface and sa is the optical thickness of the entire
atmosphere. The first term in this equation describes the
attenuation of the direct solar radiation by the atmosphere
at the optical depth s and the second one is used if the Fres-
nel reflection from the absolute flat water surface is ac-
counted for. This term describes the upward direct solar
radiation at the optical depth s reflected by the water sur-
face and attenuated by the atmosphere.

The direct solar component in the ocean at the optical
depth s is used as follows:

Doðs;XÞ ¼ pdðl� l00Þdðu� u0Þ
l0

l00
T Fðl0Þe�s=l: ð14Þ

Here TF(l0) is the Fresnel transmission coefficient of the
air-water interface, s is the optical depth in the ocean,
and l00 is the cosine of the solar angle in the ocean defined
according to Snell law (Born and Wolf, 1964) as

l00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1� l2

0ð Þ=n2
p

, where n is the real part of the water
refractive index. We assume throughout this paper that the
refractive index of the air is equal to 1. The multiplier l0=l

0
0

is introduced in the expression (14) to ensure the energy
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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conservation of the direct solar radiation just above and
just below the ocean surface.

Substituting expressions (13) and (14) into Eqs. (9) and
(12), we obtain the single scattering source function and
LBC in the atmosphere and ocean, respectively. The
UBC for the atmosphere is given always by Eq. (11) which
manifests that there is no diffuse radiation incoming in the
atmosphere from the top. In contrast to the atmosphere at
the top of ocean there is an jump of refractive index. This
leads to the Fresnel reflection of the outgoing radiation at
the top of the ocean. In particular, the part of energy will
be reflected back into ocean. To take this into account
one needs to reformulate the upper boundary condition
for the intensity in the ocean. To this end we write in the
case of the wind-roughened ocean surface

Ið0;XÞ ¼RwIð0;X0Þ; l > 0; ð15Þ
where Rw denotes a linear integral operator

Rw ¼
1

p

Z 2p

0

du0
Z 0

�1

dl0l0RwðX;X0Þ�; ð16Þ

Rw(X,X0) determines the angular reflection properties of
the upper ocean boundary and I(0,X) describes the inten-
sity of the radiation reflected from the ocean-atmosphere
interface back to the ocean. In the case of the flat ocean
surface the linear integral operator Rw should be replaced
by the Fresnel reflection coefficient RF(l0).

The boundary conditions and single scattering source
functions corresponding to the uncoupled atmospheric
and oceanic RT model are summarized in the left and right
columns of Table 1, respectively.

It is worth to notice that:

� Single scattering albedo, phase function, and the optical
thickness in the left and right columns of Table 1
describe the optical parameters of the atmosphere and
ocean, respectively;
� Fresnel reflection RF(l) and transmission TF(l) coeffi-

cients of the flat ocean surface are used as given e.g.
by Born and Wolf (1964);
� Fresnel reflection and transmission of the wind-rough-

ened air-water interface was implemented in SCIA-
TRAN according to Nakajima and Tanaka (1983)
Table 1
UBC, LBC, and Js of the uncoupled radiative transfer model.

Atmosphere

Wind-roughened ocean surface
xðsÞ

4 P ðs;X;X0Þe�s=l0 Js

0 UBC
RðX;X0Þl0e�s0=l0 þ RIðs0;X

0Þ+ LBC
IWL(X)

Flat ocean surface
xðsÞ

4 P ðs;X;X0Þe�s=l0 + Js
xðsÞ

4 P ðs;X;�X0ÞRFðl0Þe�ð2sa�sÞ=l0

0 UBC
RIðs0;X

0Þ þ IWLðXÞ LBC

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
including shadowing effects and Gaussian distribution
of wave slopes;
� The water-leaving radiation IWL(X) is used according to

the modified Gordon approximation (Anikonov and
Ermolaev, 1977; Gordon, 1973; Kokhanovsky and Sok-
oletsky, 2006);
� The uncoupled atmospheric RT model is implemented

already in the software package SCIATRAN;
� Only Lambertian reflection of the ocean bottom is

implemented in the current version;
� The typical example of the uncoupled oceanic RT model

is the widely used in the ocean optics community Hydro-
Light model (Mobley and Sundman, 2008a; Mobley and
Sundman, 2008b).
3.2. Coupled ocean-atmosphere radiative transfer model

The coupled ocean-atmosphere RT model has the same
upper boundary condition in the atmosphere and lower
boundary condition in the ocean as uncoupled one. How-
ever, LBC in the atmosphere and UBC in the ocean have
to be corrected to properly account for interaction of radi-
ative processes in the atmosphere and ocean. In particular,
a part of energy is transmitted from the ocean through the
air-water interface into the atmosphere. To take this into
account, LBC for the atmosphere given e.g. in the case of
wind-roughened ocean surface in the left panel of Table 1
should be rewritten as follows:

Iðs0;XÞ ¼ RðX;X0Þl0e�s0=l0 þRIðs0;X
0Þ þ T waI sþ0 ;X

0� �
;

l < 0; ð17Þ

where I sþ0 ;X
0ð Þ is the intensity of radiation field just below

the air-water interface. The transmission operator T wa is
given by

T wa ¼
Z 2p

0

du0
Z 0

�1

dl0T waðX;X0Þ�; ð18Þ

where Twa(X,X0) denotes the angular transmission proper-
ties of the air-water interface for illumination from below.
The last term in Eq. (17) describes the so called water leav-
ing radiation which is introduced here instead of approxi-
Ocean

xðsÞ
4

l0

l0
0
Pðs;X; l00;/0ÞT Fðl0Þe�s=l0

0

RwIð0;X0Þ
Al00e�s0=l00 þ RLIðs0;X

0Þ

xðsÞ
4

l0

l0
0
Pðs;X; l00;/0ÞT Fðl0Þe�s=l0

0

RF(l0)I(0,X0)
Al00e�s0=l00 þ RLIðs0;X

0Þ

here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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mation, IWL(X), used in the case of the uncoupled atmo-
spheric radiative transfer model.

The atmosphere above the ocean attenuates the direct
solar radiation transmitted into ocean. There is also the dif-
fuse radiation illuminating the ocean surface from above.
Denoting the optical thickness of the atmosphere as sa,
the direct solar radiation in the ocean is obtained as follows:

Doðs;XÞ ¼ pdðl� l00Þdðu� u0Þ
l0

l00
T Fðl0Þe�sa=l0 e�s=l;

ð19Þ
where s is the optical depth counted from the top of the
ocean. The upper boundary condition in the ocean has to
be rewritten also to account for the diffuse radiation trans-
mitted from the atmosphere into ocean. This results in

Ið0;XÞ ¼RwIð0;X0Þ;þT awI s�0 ;X
0� �
; l > 0; ð20Þ

where I s�0 ;X
0� �

is the intensity of radiation field just above
the air-water interface. The transmission operator T aw is
given in the form analogical to Eq. (18), where Twa(X,X0)
should be replaced by Taw(X,X0) which describes the angu-
lar transmission properties of the air-water interface for
illumination from above.

The single scattering source functions and correspond-
ing boundary conditions for coupled ocean-atmosphere
model are summarized in Table 2: we note that

� The direct solar radiation in the ocean is used ignoring
the wind-roughness, i.e., for the flat air-water interface.
Therefore, the single scattering source function in the
right panel of Table 2 is the same for wind-roughened
and flat ocean surface.
� Integral operators T wa and Taw describing the transmis-

sion of the radiation across air-water interface are imple-
mented according to Nakajima and Tanaka (1983).

3.3. Solution of the boundary value problem

To solve formulated above BVP we employ the Fourier
analysis to separate the zenith and azimuthal dependence
of the intensity (Siewert, 1981; Siewert, 1982; Siewert,
2000) and the discrete ordinates technique
Table 2
UBC, LBC, and Js for coupled ocean-atmosphere model.

Atmosphere

Wind-roughened ocean surface
xðsÞ

4 Pðs;X;X0Þe�s=l0 Js

0 UBC
RðX;X0Þl0e�s0=l0 þ RIðs0;X

0Þ+ LBC
T waI sþ0 ;X

0� �
Flat ocean surface
xðsÞ

4 Pðs;X;X0Þe�s=l0 + Js
xðsÞ

4 Pðs;X;�l0;/0ÞRFðl0Þe�ð2sa�sÞ=l0

0 UBC
RIðs0;X

0Þ þ T Fðl0ÞI sþ0 ;X
0� �

LBC

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
(Chandrasekhar, 1950; Schulz et al., 1999; Schulz and
Stamnes, 2000; Siewert, 2000; Stamnes et al., 1988; Thomas
and Stamnes, 1999) for the reduction of integro-differential
equations to the system of ordinary differential equations.
In particular, the expansion of the intensity and phase
function into Fourier series leads to the formulation of
independent system of equations for each Fourier harmon-
ics of the intensity. To obtain the solution of RT equation
for the m-th Fourier harmonic the discrete ordinates
method is used. According to this technique, the radiation
field is divided into N up-welling and N down-welling
streams, producing the intensity pairs I-(s) and I+(s) in
the discrete directions ±li, where li are quadrature points
of the double-Gauss scheme (see e.g. Thomas and Stamnes
(1999) for details) adopted in SCIATRAN. Considering
the radiative transfer in the atmosphere, the Gaussian-
quadrature points and weights are the same in all atmo-
spheric layers, but it is not the case for the coupled
ocean-atmosphere medium because the refraction at the
interface of the atmosphere and ocean occurs. For the flat
sea surface, the incident radiance with the zenith angle
between 0�–90� in the atmosphere transmits in the ocean
in a cone (so called Fresnel cone) with the maximum zenith
angle less than the critical angle (�48.3�). Therefore, the
number of Gaussian-quadrature points in the ocean must
be larger than the number in the atmosphere to properly
account for the radiative transfer in the region of total
reflection (i.e. outside the Fresnel cone). To this end, the
so called coupled underwater quadrature points method
as used by Jin et al. (2006) has been implemented in SCIA-
TRAN. This method uses two sets of quadrature points,
one corresponds to the refracted directions in the atmo-
sphere and the other covers the region outside the Fresnel
cone. The detailed discussion of the coupled quadrature
points method is given e.g. by He et al. (2010).

Having defined the Gaussian-quadrature points and
applying a quadrature formula to replace all integrals over
the direction cosine by finite sums in the RT equation, one
arrives at a system of coupled first order ordinary linear
differential equations in the optical depth s.

Comparing the boundary conditions of the uncoupled
and coupled RT model given in Tables 1 and 2, respec-
tively, one can see that UBC for the ocean contains the
Ocean

xðsÞ
4

l0

l0
0
P ðs;X; l00;/0ÞT Fðl0Þe�s=l0

0 e�sa=l0

RwIð0;X0Þ þ T awI s�0 ;X
0� �

Al00e�s0=l00 þ RLIðs0;X
0Þ

xðsÞ
4

l0

l0
0
P ðs;X; l00;/0ÞT Fðl0Þe�s=l0

0 e�sa=l0

RFðl0ÞIð0;X0Þ þ T Fðl0ÞI s�0 ;X
0� �

Al00e�s0=l00 þ RLIðs0;X
0Þ
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contribution of the transmitted across the air-water inter-
face intensity, I s�0 ;X

0� �
, which is defined just above the

ocean surface, i.e. in the atmosphere. The same is hold
for LBC in atmosphere. This contains the contribution of
the transmitted across the air-water interface intensity,
I sþ0 ;X

0ð Þ, which is defined just below the ocean surface,
i.e., in the ocean. Thus, the solution of BVP in the atmo-
sphere depends on the solution in the ocean and vice versa.
Therefore, to solve BVP for the coupled ocean-atmosphere
RT model, an iterative technique has been employed. To
illustrate this, the solution of BVP in the atmosphere and
ocean is written in the following symbolic form:
438

439

440

442442
In
aðs;XÞ ¼ L�1

a Saðs;XÞ þ L�1
a T waIn�1

w ð0;X
0Þ

� �
; ð21Þ

In
wðs;XÞ ¼ L�1

w Swðs;XÞ þ L�1
w T awIn

aðs0;X
0Þ

� �
; ð22Þ
Table 3
Optical properties of natural waters implemented in SCIATRAN

Total spectral absorption coefficient of seawater a(k,C):
a(k,C) = aw (k) + aC(k) + ap(k)
aw(k)

aC(k)

ap(k)

Angular scattering coefficient of seawater b(k,H):
bðk;HÞ ¼ bwðk;HÞ þ bpðk;HÞ 1

m�sr

� �
bw(k,H)

bw(k,90�)

bw(k)

bp(k,H)

Implemented models of bw(k,90 �) and bw(k):
Morel (1974)

Shifrin (1988)

Buiteveld et al. (1994)

Implemented models of bp (k,H):
Petzold (1972)

Kopelevich (1983)

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
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where L is the forward RT operator which comprises all
operations with the intensity including boundary condi-
tions, S(s,X) is the right-hand side of the forward RT equa-
tion written in generalized form (see Rozanov and
Rozanov (2007) for details), L�1 is an inverse operator, n
is the iteration number, subscripts “a” and “w” denote
the corresponding parameters in the atmosphere and
ocean, respectively, Iw(0,X0) and Ia(s0,X0) denote the inten-
sity just below and just above the air-water interface,
respectively. The iteration process is started from the solu-
tion of RTE in the atmosphere ignoring the water-leaving
radiation, i.e. setting I0

wð0;X
0Þ ¼ 0 in Eq. (21). The solution

in the atmosphere is obtained as I1
aðs;XÞ. The solution of

RTE in ocean is then found as follows:
I1
wðs;XÞ ¼ L�1

w Swðs;XÞ þ L�1
w T awI1

aðs0;X
0Þ

� �
: ð23Þ
.

Absorption coefficient of pure water in [m�1] (Pope
and Fry, 1997).
Chlorophyll related absorption coefficient:
0.06 � Ac(k) � C0.65 [m�1]
Pigment (dissolved organic matter or CDOM)
absorption coefficient:
0.2 � [aw(k0) + 0.06 � C0.65] � e�S(k�k 0) [m�1]
(aC & ap according to Morel and Maritorena (2001))
for k0 = 440 nm,
S = 0.014 (nm)�1, chlorophyll concentration C[
mg � m � 3],
and Ac(k) with Ac(k0) = 1 (Prieur and Sathyendranath,
1981).

Angular scattering coefficient or volume scattering
function of
pure water:
bwðk; 90�Þ 1þ 1�d

1þd
cos2H

� �
1

m�sr

� �
.

Volume scattering function of pure water at 90�
scattering angle:
2p2

k4BT
kTan2 ›n

›P

� �2

T
6þ6d
6�7d

� �
1

m�sr

� �
.

Total scattering coefficient of pure water:
8p
3

bwðk; 90�Þ 2þd
1þd

� �
1
m

� �
.

Angular scattering coefficient of particulate matter.

bwðk; 90�Þ ¼ 2:18 � 450
k

� �4:32 � 10�4 1
m�sr

� �
bwðkÞ ¼ 3:50 � 450

k

� �4:32 � 10�3 1
m

� �
bwðk; 90�Þ ¼ 0:93 � 546

k

� �4:17 � 10�4 1
m�sr

� �
bwðkÞ ¼ 1:49 � 546

k

� �4:17 � 10�3 1
m

� �
Inserting provided set of formulas and values (Table 4)
into bw(k,90�).

Values from experiments which were presented by
Haltrin (2006)
bpðk;HÞ ¼ vsbsðHÞ � 550

k

� �1:7 þ vlblðHÞ � 550
k

� �0:3 1
m�sr

� �
for volume concentrations vs of small and vl of large
particles in
[cm3 � m�3].
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The iteration process will be stopped if the difference be-
tween values of the water-leaving intensity in the two sub-
sequent iterations is less than the required criteria.

3.4. Optical properties of natural waters

The inherent optical properties specify the optical prop-
erties of natural waters in a form suited to the needs of
radiative transfer theory. In the first line it is the spectral
absorption coefficient, spectral attenuation (or extinction)
coefficient and spectral volume scattering function (or
phase function). All IOPs implemented in SCIATRAN
are listed in Table 3. We note that

� The approximation of pure water angular scattering
coefficient given by Morel (1974) and Shifrin (1988)
refers to measurements at T = 20�C and depolarization
ratio d equal to 0.09 at atmospheric pressure.
� The salinity adjustment factor is set to [1 + 0.3S/37]

according to Morel (1974) and Shifrin (1988), where S

is salinity.
� Functions bs(H) and bl(H) in the Kopelevich model

(Kopelevich, 1983) are used in the tabular form.
� The volume concentrations vs and vl of particles in the

Kopelevich model can be converted into the conventional
mass concentrations Cs and Cl by Cs = qsvs, Cl = qlvl,
where qs = 2 g � cm�3 and ql = 1 g � cm�3 are the average
density of small and large particles, respectively.

It follows from Table 3 that calculation of some IOPs
requires the specific parameters of the water constituents
such as pressure, temperature, salinity, chlorophyll and
particulate matter concentration profiles, and so on. Thus,
the SCIATRAN data base was filled up with profile data
of depth distributions, as well as with absorption coefficients
of pure water and specific absorption coefficients of
chlorophyll.

4. Validation of the extended model

The coupled ocean-atmosphere RT model implemented
in the software package SCIATRAN has been validated
using two approaches. First, we have compared results
obtained with SCIATRAN to the different test problems
(Mobley et al., 1993), and then the calculated reflectances
at the top of atmosphere were compared to the MERIS
measured reflectances. The measurements performed with
the MERIS instrument have been selected for this compar-
ison because the spatial resolution of MERIS instrument
(�1 � 1 km2) fully resolved the peculiarity of the BOUS-
SOLE station. It is worth to notice that the BOUSSOLE
station is already a case-1 water site, although it is located
only 59 km off the coast. Therefore the high spatial resolu-
tion of a satellite instrument is required to avoid possible
contribution of case-2 water features.

A brief description of results obtained is given in two
following subsections.
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
4.1. Comparison to other model data

The predictions of SCIATRAN were compared with
those of a number of other models for selected well-defined
test cases, covering specific aspects of the radiative transfer
in the ocean-atmosphere system as presented by Mobley
et al. (1993). Although seven test problems were defined
in the cited above paper we have restricted ourselves to
four following:

1. Optically semi-infinite and vertically homogeneous
ocean.
� Refractive index of water n = 1.34,
� Flat ocean-atmosphere interface,
� 60� solar zenith angle and E0 = 1 Wm�2 nm�1 inci-

dent solar irradiance,
� Black sky,
� Pure water scattering described by Rayleigh phase

function,
� Single scattering albedo values x0 = 0.2 and

x0 = 0.9.

2. The same as 1 but more realistic Petzold phase function
is used instead of Rayleigh one.

3. The same as 2 but for the vertically stratified ocean.
4. The same as 2 but including atmospheric effects.

The following radiative quantities were involved in the
comparison study:

EdðsÞ ¼ l0E0T Fðl0Þe�s=l0
0 þ 2p

Z 1

0

I0ðs; lÞldl; ð24Þ

E0uðsÞ ¼ 2p
Z 0

�1

I0ðs; lÞdl; LuðsÞ ¼ I0ðs;�1Þ; ð25Þ

where Ed(s), E0u(s) and Lu(s) are the total downward irra-
diance, upward scalar irradiance and upward nadir radi-
ance, respectively, at the optical depth s, I0(s,l) is the
azimuthally averaged intensity, l0 and l00 are cosines of
the solar zenith angle in the atmosphere and ocean, respec-
tively, TF(l0) is the Fresnel transmission coefficient.

These radiative quantities were calculated for test prob-
lems listed above employing seven RT models (see Mobley
et al. (1993) for details). The discussion of these models is
out scope of this paper because it will be used here the aver-
age values and standard deviations only which characterize
the variability of results obtained with involved in the com-
parison study RT codes. Recently the solution of the first
three test problems has been obtained also by other RT
models. In particular, these test problems were solved
employing matrix operator method (MOMO, Fell and
Fischer, 2001), finite-element method (FEM, Bulgarelli et
al., 1999), and invariant embedding method (demo version
of HydroLight 5.1, Mobley and Sundman, 2008a; Mobley
and Sundman, 2008b). This motivates our choice of three
first test problems for inter-comparisons. Let us consider
all results obtained. Calculated values of Ed, E0u, and Lu
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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alone with average values and standard deviations given by
Mobley et al. (1993) are summarized in Tables 5 and 6 for
test problems 1 and 2. Results are given at three optical
depths (s = 1,5,10) and two single scattering albedo
(x0 = 0.2,0.9). It follows that HydroLight, SCIATRAN,
and MOMO results are very close to each other and stand
within the standard deviations given by Mobley et al.
(1993). We recall that the standard deviations indicate
the variability of results obtained with codes involved in
the comparison study by Mobley et al. (1993). It can be
seen also that the relative deviations increase with the
decreasing of the single scattering albedo. It can be
explained due to the fact that the increasing of absorption
(decreasing of SSA) leads to the significant decreasing of
Table 4
General constants and parameters of the volume scattering function accordin

BT Isothermal compressibility of water [Pa�1]

Tc Temperature [�C]
P Pressure [Pa]

k ¼ 1:38054 � 10�23 J
ð�KÞ

h i

(Boltzmann constant)
n Refractive index of water, where refractive index of air

Buiteveld:
BT ¼ ð5:062271� 0:03179T c þ 0:000407T 2

cÞ
�10�11 [Pa�1] (Lepple and Millero, 1971)

@n
@P ¼ @n

@P ðk; T cÞ ¼
@n
@Pðk;20Þ�@n

@Pð633;T cÞ
@n
@Pð633;20Þ , where

@n
@P ðk; 20Þ ¼ ð�0:000156kþ 1:5989Þ � 10�10

(O’Conner and Schlupf, 1967) function of wavelength, a
@n
@P ð633; T cÞ ¼ ð1:61857� 0:005785T cÞ � 10�10

(Evtyushenko and Kiyachenko, 1982) function of tempe
n ¼ 1:3247þ 3:3 � 103 � k�2 � 3:2 � 107 � k�4 � 2:5 � 10�6 � T 2

c
(McNeil, 1977) without salinity term

Table 5
Results for optically semi-infinite and vertically homogeneous ocean with the

x s HydroLight M

Downward total irradiance Ed

0.2 1 1.412 � 10�1 1.4
0.2 5 1.057 � 10�3 1.0
0.2 10 2.956 � 10�6 3.0
0.9 1 3.660 � 10�1 3.6
0.9 5 4.309 � 10�2 4.3
0.9 10 3.109 � 10�3 3.1

Upward scalar irradiance E0u

0.2 1 1.337 � 10�2 1.3
0.2 5 9.866 � 10�5 9.9
0.2 10 2.643 � 10�7 2.6
0.9 1 3.727 � 10�1 3.7
0.9 5 4.338 � 10�2 4.3
0.9 10 3.123 � 10�3 3.1

Upward nadir radiance Lu

0.2 1 1.675 � 10�3 1.7
0.2 5 1.262 � 10�5 1.2
0.2 10 3.573 � 10�8 3.7
0.9 1 4.874 � 10�2 4.8
0.9 5 5.744 � 10�3 5.7
0.9 10 4.144 � 10�4 4.2

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
irradiance and especially of upward nadir radiance. Results
obtained for the test problem 3 are summarized in Fig. 2
and Table 7. In this test problem the single scattering
albedo is assumed to be strongly dependent on the depth
(see Mobley et al., 1993 for further details). It can be seen
from Fig. 2 that for this more complicated test problem the
SCIATRAN predictions are within the error bars for all
depth under consideration. In particular, it follows from
middle panel of Fig. 2 that for the upward scalar irradiance
(E0u) at the geometrical depth 60 m only SCIATRAN
result is within the error bars (Mobley et al., 1993). Except
for this specific depth, the FEM model results (Bulgarelli
et al., 1999) are within the error bars also.
g to Buiteveld et al. (1994).

d Depolarization ratio

Ta Absolute temperature [�K]
@n
@P Pressure derivative of n [Pa�1]

S Spectral slope parameter 1
nm

� �

is set to 1

d = 0.051
(Farinato and Roswell, 1976)

nd

rature.

Rayleigh volume scattering function (test problem 1).

OMO SCIATRAN Mobley et al. (1993)

15 � 10�1 1.415 � 10�1 (1.41 ± 0.01) � 10�1

66 � 10�3 1.066 � 10�3 (1.07 ± 0.01) � 10�3

27 � 10�6 3.029 � 10�6 (2.93 ± 0.30) � 10�6

65 � 10�1 3.660 � 10�1 (3.66 ± 0.01) � 10�1

34 � 10�2 4.329 � 10�2 (4.33 ± 0.02) � 10�2

50 � 10�3 3.147 � 10�3 (3.16 ± 0.05) � 10�3

36 � 10�2 1.339 � 10�2 (1.34 ± 0.01) � 10�2

05 � 10�5 9.924 � 10�5 (1.00 ± 0.04) � 10�4

90 � 10�7 2.696 � 10�7 (3.00 ± 0.92) � 10�7

26 � 10�1 3.727 � 10�1 (3.72 ± 0.02) � 10�1

51 � 10�2 4.354 � 10�2 (4.35 ± 0.04) � 10�2

55 � 10�3 3.158 � 10�3 (3.20 ± 0.12) � 10�3

06 � 10�3 1.706 � 10�3 (1.72 ± 0.08) � 10�3

96 � 10�5 1.296 � 10�5 (1.37 ± 0.39) � 10�5

53 � 10�8 3.755 � 10�8 (3.39 ± 0.67) � 10�8

81 � 10�2 4.879 � 10�2 (4.85 ± 0.08) � 10�2

84 � 10�3 5.783 � 10�3 (5.59 ± 0.29) � 10�3

04 � 10�4 4.205 � 10�4 (4.37 ± 0.40) � 10�4

here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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Results for optically semi-infinite and vertically homogeneous ocean with the Petzold volume scattering function (test problem 2).

x s HydroLight MOMO SCIATRAN Mobley et al. (1993)

Downward total irradiance Ed

0.2 1 1.617 � 10�1 1.622 � 10�1 1.621 � 10�1 (1.62 ± 0.01) � 10�1

0.2 5 2.267 � 10�3 2.283 � 10�3 2.277 � 10�3 (2.27 ± 0.01) � 10�3

0.2 10 1.314 � 10�5 1.309 � 10�5 1.312 � 10�5 (1.30 ± 0.07) � 10�5

0.9 1 4.129 � 10�1 4.137 � 10�1 4.135 � 10�1 (4.13 ± 0.01) � 10�1

0.9 5 1.856 � 10�1 1.884 � 10�1 1.868 � 10�1 (1.87 ± 0.01) � 10�1

0.9 10 6.752 � 10�2 6.942 � 10�2 6.832 � 10�2 (6.85 ± 0.07) � 10�2

Upward scalar irradiance E0u

0.2 1 9.651 � 10�4 9.541 � 10�4 9.894 � 10�4 (9.66 ± 0.22) � 10�4

0.2 5 1.333 � 10�5 1.325 � 10�5 1.370 � 10�5 (1.37 ± 0.09) � 10�5

0.2 10 6.963 � 10�8 6.905 � 10�8 7.143 � 10�8 (7.28 ± 1.36) � 10�8

0.9 1 9.470 � 10�2 9.192 � 10�2 9.470 � 10�2 (9.31 ± 0.20) � 10�2

0.9 5 4.673 � 10�2 4.574 � 10�2 4.679 � 10�2 (4.63 ± 0.08) � 10�2

0.9 10 1.641 � 10�2 1.635 � 10�2 1.656 � 10�2 (1.65 ± 0.03) � 10�2

Upward nadir radiance Lu

0.2 1 5.575 � 10�5 5.546 � 10�5 5.832 � 10�5 (5.47 ± 0.33) � 10�5

0.2 5 7.885 � 10�7 7.873 � 10�7 8.142 � 10�7 (6.24 ± 2.22) � 10�7

0.2 10 4.574 � 10�9 4.525 � 10�9 4.667 � 10�9 (4.02 ± 1.00) � 10�9

0.9 1 6.981 � 10�3 6.783 � 10�3 7.001 � 10�3 (6.99 ± 0.44) � 10�3

0.9 5 3.161 � 10�3 3.117 � 10�3 3.186 � 10�3 (3.26 ± 0.18) � 10�3

0.9 10 1.138 � 10�3 1.138 � 10�3 1.154 � 10�3 (1.21 ± 0.13) � 10�3

Fig. 2. Results for the test problem 3 obtained with SCIATRAN, (�), HydroLight 5.1 (DemoVersion, �), MOMO (�, Fell and Fischer (2001)), and FEM
(�, Bulgarelli et al. (1999)) models in relation to the average value (�) and standard deviation (>\) as given in Mobley et al. (1993).
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The test problem 4 was selected to validate SCIATRAN
in the case of coupling of radiative transfer processes in the
ocean-atmosphere system. In contrast to test problems 1–3
it includes atmospheric effects. The sky is no longer black
as in previous test problems but has the radiance distribu-
tion that describes the atmospheric scattering and absorp-
tion effects. The atmosphere was characterized by the
Rayleigh and aerosol optical thicknesses equal to 0.145
and 0.264, respectively. Because no more detailed specifica-
tion of atmospheric aerosol was given, we have reproduced
this scenario with SCIATRAN using different values of
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
asymmetry factor and single scattering albedo of aerosol
particles. The simulations show, however, that the influ-
ence of these parameters on the radiation field in water is
rather small especially for upward scalar irradiance and
nadir radiance. Fig. 3 shows results obtained employing
SCIATRAN to the test problem 4 setting asymmetry aero-
sol factor to 0.7 and the single scattering albedo to 1 and
0.9. It follows that in both cases the obtained results are
within error bars.

Concluding we can state that SCIATRAN can success-
fully reproduce all considered test scenarios. In particular,
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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Table 7
Results for the vertically inhomogeneous ocean (test problem 3).

z [m] HydroLight MOMO SCIATRAN Bulgarelli Mobley et al. (1993)

Downward total irradiance Ed

5 2.295 � 10�1 2.315 � 10�1 2.304 � 10�1 2.31 � 10�1 (2.30 ± 0.02) � 10�1

25 1.568 � 10�3 1.684 � 10�3 1.621 � 10�3 1.61 � 10�3 (1.62 ± 0.05) � 10�3

60 4.851 � 10�5 5.451 � 10�5 5.035 � 10�5 5.21 � 10�5 (5.23 ± 0.37) � 10�5

Upward scalar irradiance E0u

5 4.416 � 10�2 4.297 � 10�2 4.419 � 10�2 4.36 � 10�2 (4.34 ± 0.11) � 10�2

25 2.838 � 10�4 2.927 � 10�4 2.911 � 10�4 2.88 � 10�4 (2.86 ± 0.11) � 10�4

60 4.901 � 10�6 5.334 � 10�6 5.073 � 10�6 5.40 � 10�6 (5.13 ± 0.18) � 10�6

Upward nadir radiance Lu

5 3.031 � 10�3 2.985 � 10�3 3.058 � 10�3 3.15 � 10�3 (3.13 ± 0.17) � 10�3

25 1.953 � 10�5 2.048 � 10�5 2.028 � 10�5 2.09 � 10�5 (2.12 ± 0.13) � 10�5

60 4.014 � 10�7 4.508 � 10�7 4.229 � 10�7 4.43 � 10�7 (3.57 ± 1.55) � 10�7

Fig. 3. Results for the test problem 4 obtained with the SCIATRAN model setting asymmetry factor and single scattering albedo of aerosol to 0.7 and 1.0
(�), and to 0.7 and 0.9 (+) in relation to the average value (�) and error bar (>\) as given in Mobley et al. (1993).
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test problems 1–3 demonstrate that the implementation of
uncoupled oceanic RT model in the software package
SCIATRAN is correct. The solution of the test problem
4 shows that in the considered case the impact of the
coupling on the light field within water is not too much.

4.2. Comparison to MERIS measurements

Comparisons of spectra calculated with SCIATRAN
and measured by MERIS were performed for the reflec-
tance at the top of atmosphere (reftoa). The reflectance is
defined as follows:

Rð#;u; kÞ ¼ pIð#;u; kÞ
E0ðkÞ cos#0

; ð26Þ

where I(#,u,k) is the radiance at given zenith # and azi-
muthal u angles, E0(k) is the extraterrestrial solar spectral
irradiance, k is the wavelength, and #0 denotes the sun
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
zenith angle. We have used the reflectance for comparisons
of model and experimental data because it does not contain
any additional systematical errors caused by employing
atmospheric correction techniques that are usually used
to obtain water-leaving radiance.

To calculate R(#,u,k) one needs to define all relevant
atmospheric and oceanic parameters. In particular, the fol-
lowing parameters are required:

� MERIS data have been used to define the observation
geometry, the solar zenith angle, the atmospheric pres-
sure, the concentrations of H2O and O3, the aerosol
optical thickness at 550 and 865 nm, and the geograph-
ical position of measurement points;
� AERONET data (http://aeronet.gsfc.nasa.gov/) have

been used to obtain the aerosol phase function, the aer-
osol extinction coefficient, and the aerosol single scatter-
ing albedo at 440, 675, 870, and 1020 nm;
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012
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� ocean parameters such as temperature, salinity, chloro-
phyll concentration, and concentrations of small and
large particles at different depths were obtained from
the BOUSSOLE data (BOUSSOLE boy at 43.6�E,
7.8�N; see Antoine et al., 2008);
� the reflection and transmission properties of the ocean

surface were defined by the Gaussian surface slope
PDF (including shadowing effects) and the mean square
slope as given by Cox and Munk (1954), Cox and Munk
(1954), the pure seawater and hydrosol volume scatter-
ing functions were used according to Buiteveld et al.
(1994) and Kopelevich (1983) models, respectively.

In order to perform comparisons, MERIS data suitable
for the comparison with model calculations were matched
to co-located AERONET and BOUSSOLE measurement
sites. Moreover, the time difference between measurements
performed by the MERIS instrument, AERONET, and
BOUSSOLE data was kept as small as possible, since time
differences between the different measurements up to 10
hours occured. There are some additional criteria by
choosing the MERIS data for the comparison, e.g. cloudy
scenes and the observation geometry near to the solar glint
have to be avoided. Taking into account all of the above
Fig. 4. Comparison of reftoa measured by MERIS and calculated with coupled
station (left) and its deviation (right) for February 23, 2005. The mean deviatio
11.8% and 12.1%, respectively. In the upper panel the settings of the oceanic

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
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mentioned criteria, 20 MERIS matches at different seasons
in 2003–2006 have been obtained. Ten spectra still need
further investigation, since the results show errors which
might be caused by various factors, such as high surface
roughness, the wind speed being too high, dim air, or sun
glint.

The reflectance at the top of atmosphere was calculated
employing the uncoupled atmospheric and coupled ocean-
atmosphere RT models implemented in the SCIATRAN
software (see Sections 3.1 and 3.2, respectively). For simpli-
fication reasons they will be referred to in following as COA
and unCOA models. In the later case the information about
atmospheric and ocean surface parameters was used in the
same way as for the coupled model, but the water-leaving
reflectance was calculated according to the modified
Gordon approximation (Gordon, 1973). The uncoupled
model does not consider the radiative transfer processes in
the ocean and it does not utilize any information about
vertical profiles of the oceanic parameters such as the
concentrations of chlorophyll, large and small particles.
Therefore, maximal differences between results obtained
employing the coupled and uncoupled models are expected
for cases of strong vertical inhomogeneities of these oceanic
parameters.
(COA) and uncoupled (unCOA) SCIATRAN models at the BOUSSOLE
n between measured and modeled with COA and unCOA reflectances are

parameters for these calculations are given.

here radiative transfer model in the framework of software package
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The preliminary analysis of all results obtained shows
that indeed in the case of almost vertically homogeneous
ocean both models produce very similar results. In partic-
ular, Fig. 4 shows, as an example, the comparison of mod-
elled reflectance with the MERIS measurement performed
in February 23, 2005, in the case of low varying with depth
chlorophyll and particulate matter concentrations. Both
models describe in this case the measured reflectance spec-
tra with a similar accuracy.

Figs. 5 and 6 show the comparison of modelled reflec-
tances with the MERIS measurements performed in April
5, 2003, and in July 31, 2004, respectively. According to
the BOUSSOLE data, the vertical profiles of chlorophyll
concentration show very similar vertical gradients
(�0.027 mg � m�3/m) for both days, but the chlorophyll
concentration at the ocean surface was more than three
times larger in April than in July. Comparing results pre-
sented in Figs. 5 and 6, we can conclude that for both days
the coupled model shows better coincidence with the
MERIS spectra in the spectral range relevant to the chloro-
phyll absorption (400–560 nm), where pure seawater
absorption is low. Furthermore, Fig. 7 (October 5, 2006)
demonstrates the impact of the vertical gradient of the
chlorophyll concentration on the performance of the cou-
pled and uncoupled models. Using the BOUSSOLE data,
the vertical gradient of the chlorophyll concentration was
Fig. 5. The same as in Fig. 4, but for April 5, 2003. The mean d

Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
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estimated as �0.019 mg � m�3/m, which is �1.4 times smal-
ler than the gradient in April and July (see Figs. 5 and 6,
respectively). It follows from Fig. 7 that decreasing of the
vertical gradient leads to the improvement of the perfor-
mance of the uncoupled model.

Considering further results presented in Figs. 4–7, we
can state that

� the performance of the coupled and uncoupled RT mod-
els is approximately the same for wavelengths greater
than �600 nm;
� the difference between modeled and measured spectra

increases in the spectral range 600–900 nm.

Simular performance of the coupled and uncoupled RT
models for wavelengths greater than �600 nm can be
explained due to the fact that absorption of pure seawater
increases with the increasing of wavelength. Indeed, the
absorption coefficient of pure water is �0.06 m�1 at
550 nm, enhances to �0.34 m�1 at 650 nm and reaches
�2.6 m�1 at 750 nm (see e.g. Haltrin, 2006). The increasing
of the absorption coefficient leads to the decreasing of the
photon penetration depth and, therefore, mitigates effects
caused by the vertical inhomogeneity.

The enhancement of differences between measured and
modelled spectra in the spectral range 600–900 nm can be
eviation of COA and unCOA is 3.2% and 5.3%, respectively.

here radiative transfer model in the framework of software package
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Fig. 6. The same as in Fig. 4, but for July 31, 2004. The mean deviation of COA and unCOA is 6.2% and 7.5%, respectively.
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explained by the ignoring of inelastic scattering processes
such as vibrational Raman scattering and fluorescence in
the current version of our RT model. However, a more
realistic reason of this difference can be the lack of exact
information on atmospheric aerosol parameters.

5. Conclusion

We have discussed the theoretical background of radia-
tive transfer processes and inherent optical parameters of
the natural water implemented in the extended version of
the software package SCIATRAN. The extended SCIA-
TRAN versions 3.1 and greater allow users to account
for not only the radiative processes within the atmosphere
but also within the ocean including they interaction.

Taking into account that the atmospheric radiative
transfer of the SCIATRAN software has been successfully
validated (Kokhanovsky et al., 2010), we have presented
here the validation of the oceanic radiative transfer. Com-
parisons of SCIATRAN results to the predictions of other
RT models used to solve selected well-defined test prob-
lems, covering specific aspects of the radiative transfer in
the ocean-atmosphere system (Mobley et al., 1993), have
demonstrated good performance of the extended SCIA-
TRAN version to calculate the radiative transfer within
water. In order to establish that all physical processes are
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
SCIATRAN: Selected comparisons to model and satellite data. J. Adv. S
properly incorporated to describe radiative processes in
the coupled ocean-atmosphere system we have presented
comparisons of the model predictions with measurements
performed by MERIS instrument. Comparisons show
good agreement between measured and modeled reflec-
tances in the spectral range 400–550 nm where the coupling
effects are significant. This demonstrates that the extended
SCIATRAN version can be employed to model satellite
measurements of the reflected radiation performed over
oceanic sites properly accounting for the vertical distribu-
tion of oceanic parameters. The contribution of the
water-leaving radiance into the final detected signal is at
maximum approximately 10% to the backscattered radi-
ance measured by the satellite sensor. Therefore, the accu-
racy of the RT modeling at the top of the atmosphere
radiation should not exceed more than one to two percent.
Also for atmospheric retrievals of trace gases accuracy
within a few percent is needed. This also requires that
RT modeling is done at high spectral resolution as it is pro-
vided by SCIATRAN.

We have demonstrated also that employing the uncou-
pled atmospheric RT model to simulate satellite measure-
ments of the reflected radiation over the oceanic sites can
lead to systematic errors in the spectral range 400–
550 nm. These error are caused by the vertical inhomogene-
ity of the inherent optical parameters and can be significant
here radiative transfer model in the framework of software package
pace Res. (2012), doi:10.1016/j.asr.2012.02.012

http://dx.doi.org/10.1016/j.asr.2012.02.012
Original text:
Inserted Text
400-550 

Original text:
Inserted Text
400-550 



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

Fig. 7. The same as in Fig. 4, but for October 10, 2006. The mean deviation of COA and unCOA is 4.5% and 4.8%, respectively.

Q2

14 M. Blum et al. / Advances in Space Research xxx (2012) xxx–xxx

JASR 10886 No. of Pages 17, Model 5+

9 March 2012 Disk Used
if e.g. the vertical profile of the chlorophyll concentration
shows strong dependence on the depth.

The SCIATRAN software package is under further
development. We are working now under implementation
of inelastic scattering processes such as vibrational Raman
scattering and fluorescence of dissolved organic matter and
chlorophyll-a. We plan that the following SCIATRAN ver-
sions will be also freely available to users. It is also planned
further comparisons of the extended SCIATRAN model
predictions to in-situ measurements of radiative quantities.
In particular, data from the transatlantic cruise Ant XXIV/
4 with RV Polarstern in April/May 2008 will be used. These
data provide an information on the inherent optical proper-
ties as well as on the light field within and above the water.

The SCIATRAN 3.1 code has been written in FOR-
TRAN 95. The main target computer platform is Intel/
AMD PC under LINUX operating system. At this plat-
form, the program is configured to work with ifort, g95,
and gfortran compilers, where other computer platforms/
compilers can also be used. The developed software pack-
age alone with detailed User’s Guide are freely distributed
at http://www.iup.physik.uni-bremen.de/sciatran. We hope
that the presented software package can be of great impor-
tance predominantly for non-expert in radiative transfer
users that need to apply radiative transfer calculations to
own scientific work.
Please cite this article in press as: Blum, M., et al. Coupled ocean-atmosp
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D., Scott, A.J. Assessment of uncertainty in the ocean reflectance
determined by three satellite ocean color sensors (MERIS, SeaWiFS
and MODIS-A) at an offshore site in the Mediterranean Sea
(BOUSSOLE project). J. Geophys. Res. 113, C07013, doi:10.1029/
2007JC004472, 2008.

Baker, K., Frouin, R. Relation between photosynthetically available
radiation and total insolation at the ocean surface under clear skies.
Limnol. Oceanogr. 32, 1370–1377, 1987.

Barichello, L.B., Garcia, R.D.M., Siewert, C.E. Particular solutions for
the discrete-ordinates method. J. Quant. Spectr. Radiat. Transfer 64,
219–226, 2000.

Bezy, J.L., Delwart, S., Rast, M. MERIS – A new generation of ocean-
colour sensor onboard envisat. ESA Bull. 103, 48–56, 2000.

Blattern, W., Horak, H., Collins, D., Wells, M. Monte Carlo studies of the
sky radiation at twilight. Appl. Opt. 13, 534, 1974.

Born, M., Wolf, E. Principles of Optics, 2nd ed Pergamon press, Oxford,
London, Edinburgh, New York, Paris, Frankfurt, 1964.

Bovensmann, H., Burrows, J.P., Buchwitz, M., Frerick, J., Noël, S.,
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