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Abstract. The availability of light in the ocean is an impor-
tant parameter for the determination of phytoplankton pho-
tosynthesis processes and primary production from satellite
data. It is also a useful parameter for other applications, e.g.
the determination of heat fluxes. In this study, a method was
developed utilising the vibrational Raman scattering (VRS)
effect of water molecules to determine the number of photons
available in the ocean water, which is expressed by the depth
integrated scalar irradiance Eo. Radiative transfer simula-
tions with the SCIATRAN fully coupled ocean-atmosphere
radiative transfer model (RTM) show clearly the relationship
of Eg with the strength of the VRS signal measured at the
top of the atmosphere (TOA).

Taking advantage of VRS structures in hyper-spectral
satellite measurements, a retrieval technique to derive Eg
in the wavelength region from 390 to 444.5nm was devel-
oped. This approach uses the weighting function differen-
tial optical absorption spectroscopy (WF-DOAS) technique,
applied to TOA radiances, measured by the Scanning Imag-
ing Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY). Based on the approach of Vountas et al.
(2007), where the DOAS method was used to fit modelled
spectra of VRS, the method was improved by using the
weighting function of VRS (VRS-WF) in the DOAS fit. This
was combined with a look-up table (LUT) technique, where
the E value was obtained for each VRS satellite fit directly.
The VRS-WF and the LUT were derived from calculations
with the SCIATRAN RTM (Rozanov et al., 2014). RTM sim-
ulations for different chlorophyll a concentrations and illu-
mination conditions clearly show that low fit factors of VRS

retrieval results correspond to low amounts of light in the
water column and vice versa.

Exemplarily, 1 month of SCIAMACHY data were pro-
cessed and a global map of the depth integrated scalar ir-
radiance Eq was retrieved. Spectral structures of VRS were
clearly identified in the radiance measurements of SCIA-
MACHY. The fitting approach led to consistent results and
the WF-DOAS algorithm results of VRS correlated clearly
with the chlorophyll concentration in case-1 water. Compar-
isons of the diffuse attenuation coefficient, extracted by VRS
fit results, with the established GlobColour K4(490) product
show consistent results.

1 Introduction

Sunlight is the source of radiation which propagates through
the ocean and drives the main biological and physical pro-
cesses in the water. As pointed out by many studies (e.g.
Morel, 1978, 1991), the knowledge of the availability of
light, which is determined by the scalar irradiance at depth
Eo(z), is required to quantify processes of photosynthesis,
primary production and heat transfer.

The determination of the availability of solar light and ac-
cordingly radiant energy in the ocean from satellite remote
sensing data is still a challenging task. The widely used ap-
proach to capture the amount of light in the water column
from satellite data is to determine optically relevant param-
eters such as the diffuse attenuation coefficient Kq and the
light field below the water surface, and to calculate the scalar
irradiance Eo(z) at depth by using radiative transfer models
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(e.g. Liu et al., 2006). Disregarding assumptions about the
parameter of the ambient light, small errors in the determi-
nation of Ky can result in high errors of Eq(z). For instance,
30 % inaccuracy in Ky can lead to a factor of 2 error in Eg(z)
(Lee et al., 2005b).

In this study, we used a new approach to retrieve the avail-
ability of light in the ocean by exploiting the spectral sig-
natures of vibrational Raman scattering (VRS), detected in
hyper-spectral satellite data. VRS is an inelastic scattering
effect by the water molecules themselves. Energy is trans-
ported from the photon to the molecule during the scatter-
ing process and the water molecule is vibrationally excited.
The emitted photon has another energy, i.e. a different wave-
length. Rayleigh (and Mie) scattering is an elastic scattering
process, where no energy is transferred between the scatter-
ing molecule or particle and the photon. In contrast, inelastic
scattering occurs if the scattering molecule changes its state
of excitation during the scattering process. Some of the pho-
ton’s energy is then passed from the photon to the molecule
(Stokes lines) or vice versa (anti-Stokes). VRS in liquid wa-
ter is an inelastic scattering process, which provides a mean
wave-number shift of Av =23357cm~! (Walrafen, 1967).
This leads to a wavelength shift of 40-120 nm in the wave-
length region of 350-600 nm (AL = —Av - 12). It involves
two fundamental O-H stretch vibration modes of the water
molecule that are further modified by hydrogen bonding and
a librational fine structure. These interactions induce a broad
band of emissions around the excitation wave-number shift,
so that due to water, VRS radiation is re-emitted over a band
of 30-50 nm depending on the wavelength (Haltrin and Kat-
tawar, 1993) (see Fig. 1).

The VRS signal results from the scattering events of solar
electromagnetic radiation with water molecules in the ocean
and can contribute significantly to the marine upwelling ra-
diance field in the UV and visible wavelength region (e.g.
Westberry et al., 2013). The number of scattering events de-
termines the strength of the VRS signal, detected at the top
of the atmosphere. Changes in absorption, scattering, ocean
surface or ambient light conditions directly affect the num-
ber of scattering events on water molecules, which produce
a change in the VRS signal accordingly. Thus the VRS sig-
nal corresponds directly to the amount of light propagating
through the ocean. Therefore, the strength of the VRS spec-
tral signature is related to the light availability. Following the
terminology of Morel (1991), we define the light availabil-
ity as the scalar irradiance integrated over the water column,
denoted in the following as the depth integrated scalar irradi-
ance Eg.

As a transpectral process, VRS contributes to the filling-
in of solar Fraunhofer lines (Vasilkov et al., 2002; Vountas
et al., 2003; Joiner et al., 2004) significantly. These spec-
tral features of VRS were clearly identified in hyper-spectral
satellite measurements, as shown for data of the satellite sen-
sors GOME and SCIAMACHY, and were correlated with the
chlorophyll a concentration (chl a) for at least case-l seawa-
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Figure 1. Incoming extraterrestrial solar irradiance spectrum (blue),
as measured by the SCIAMACHY satellite sensor. Incoming radia-
tion in the VRS excitation wavelength region (390-444.5 nm) leads
to a filling-in in the VRS emission wavelength region (450-524 nm)
as calculated with SCIATRAN (brown) according to Eq. (9). For
three specific excitation wavelengths, their appropriate redistribu-
tions in the emission range are shown (in magenta, green, and cyan).
The jump of the solar spectrum between 390 and 400 nm leads to
an equivalent jump in the VRS spectrum at 445 to 465 nm.

ter (Vasilkov et al., 2002; Vountas et al., 2007). In Bracher
et al. (2009), the VRS signal was exploited as a proxy for the
light path length in the water in order to derive chl a of differ-
ent phytoplankton groups from slant column concentrations
of their specific absorption spectra.

In this study we directly connect the strength of the VRS
signal in SCIAMACHY measurements to the depth inte-
grated scalar irradiance Eg. Theoretical background infor-
mation on definitions and the weighting function approach,
used in the differential optical absorption spectroscopy (WF-
DOAS) retrieval technique, are given in Sect. 2. To deter-
mine and to verify the relationship between the VRS signal
and the in-water scalar irradiance, in Sect. 3 extensive radia-
tive transfer calculations, carried out by the SCIATRAN cou-
pled ocean—atmosphere radiative transfer model (RTM), are
described. In order to account for this redistribution of pho-
tons due to the VRS effect, a spectroscopic model of VRS
coupled with an adequate description of the interaction be-
tween light, seawater and atmosphere is required. Therefore
the SCIATRAN coupled ocean—atmosphere RTM is used in
this study (Rozanov et al., 2002, 2014; Blum et al., 2012).

On the basis of these simulations, a relationship between
Eo and the VRS signal was derived, parameterised and stored
in a look-up table (LUT), appropriate for use in the retrieval
algorithm. To derive VRS and thus inverted Eq from SCIA-
MACHY data, the application of the WF-DOAS method is
shown in Sect. 4. Comparisons of the SCIAMACHY results
to an established satellite product, the diffuse attenuation co-
efficient K4(490) (Mueller, 2000; Werdell and Bailey, 2005),
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are shown in Sect. 5. The advantages and limitations of the
retrieval method and results as compared to other similar
satellite data products are discussed in the last section. Here
an outlook for further applications is also given.

2 Background

2.1 The relationship between the intensity of the
radiation field and the amount of light in the ocean

To determine a formulated relationship between the mea-
sured intensity of the radiation field at the top of the atmo-
sphere (TOA) and the amount of light in the ocean, we start
with defining the amount of the radiation energy within the
ocean. For this, we use one of the main characteristics of the
radiation field, i.e. the density of radiation energy which is
given by e.g. Sobolev (1972):

@ =1 [neode. M
4

where c is the speed of light, z is the depth changing from
z =0 at the surface to z = H at the bottom of the ocean,
the variable © := {u, ¢} represents a pair of angle variables,
where € [—1, 1] is the cosine of the polar angle, and ¢ €
[0, 27] is the azimuthal angle, I, (z, 2) is the intensity of the
radiation field, and the integration is performed over the unit
sphere. Taking into account that the scalar irradiance is often
defined as follows (e.g. Mobley, 1994),

Eo(2,2) =/IA(Z,Q)dQ, 2
4

we obtain the following relationship between the density of
radiation energy u, (z) and the scalar irradiance Eq(%, z):

1
uy(z) = - Eo(%,2). 3)

To describe the amount of radiation energy in the ocean, we
integrate u; (z) over the entire ocean depth and over spectral
range [A1, A2]:

H i

ﬁ:i//Eo(/\,z) d)\dzzifo. (4)
C C

0 A

The introduced value Eq characterises the abundance of light
in the vertical column [0, H] and in the spectral range AL =
A2 — A1, and is also called the depth integrated scalar irra-
diance. It follows that Eq with the unit Wm~1 is directly
related to the amount of radiation energy u in the vertical
column by the speed of light.

In this study the intensity of the radiation field in the ocean,
I,(z, ), and consequently Eo, is calculated under given
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conditions employing a coupled ocean—atmosphere radiative
transfer model including VRS processes. To account for the
fact that the intensity of the radiation field depends on nu-
merous atmospheric and oceanic parameters, we assume that
perturbations of Eq caused by changes in these parameters
can be described in a linear approximation as

Eo=Eo+ AEq, ®)

where Fg is the perturbed depth integrated scalar irradiance,
composed of Eq and the perturbation

No a1 Na o
— d0Eg dEg
i=1 "1 i=1 "

Here, p; and g; are relevant atmospheric and oceanic param-
eters. A p; and Ag; are their variations, and N, and N, are the
number of considered atmospheric and oceanic parameters.
It follows that the computation of Eq according to Eq. (5)
requires the global information on numerous atmospheric
and oceanic parameters. To obtain the required information,
hyper-spectral satellite measurements of the backscattered
earth shine radiation were used. Considering that the inten-
sity at the TOA depends on the same parameters as Eo, the
logarithm of the TOA intensity can be represented as follows:

Na No
alnI,\ 8“’]])L
Ap;
A pi p’+z

i=1 i

Inf; =Inl, +

Agi, (7
i—1

where In/] is the logarithm of perturbed intensity at the
wavelength A. This formulation is restricted to the linear term
of the Taylor series expansion of the perturbed logarithmic
intensity.

Taking into account that the measurement of the intensity
at the TOA is performed in a spectral range where the con-
tribution of trans-spectral processes due to VRS are not neg-
ligible, the inelastically scattered radiation can be presented
in the following form:

InL =InI + Vi, ®)

where I, is the intensity calculated excluding the VRS pro-
cess, and the additive component V;,, which will be called the
VRS reference spectrum, is introduced as

1
Vv, = |n1—ﬁ. )

A
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Substituting expression (8) into the right-hand side of Eq. (7),
we get

No Ini-
InI; =Inl, + AV, + 2 Ag (10)
= 94
Na alni,”
Z ap; Api,
i—1 Pi
where
N, N,
59V, & 9V
AVi=> —=Agi+ > —Ap (11)
= 94 = pi

describes the variation of the VRS reference spectrum caused
by the variation of atmospheric and oceanic parameters.

By introducing the so-called weighting functions W, ()
and W, (1) for elastically scattered radiation as

alnl,” alnr-
Wp(2) = . W) = . 12)
a pi 9g;
Eqg. (10) can be rewritten as follows:
N, N,
%9V, L9V,
N =InL+> 2 Agi+ > == Ap; (13)
i1 94 =1 0pi

Na No
+Zl:wp,. (W) Ap; + qu,. (A Ag;.
1= 1=

This equation constitutes the required relationship between
the intensity at the TOA and the variation of the atmospheric
and oceanic parameters. If all parameters can be obtained by
solving Eq. (13), the variation of Eq can be calculated ac-
cording to Eq. (6).

2.2 The weighting function DOAS technique

In this section we introduce the weighting function DOAS
(WF-DOAS) technique, which is used to obtain the solu-
tion of the formulated equation (Eq. 13) derived in the pre-
vious section. The WF-DOAS algorithm is, analogous to
the standard DOAS algorithm, a linear least squares algo-
rithm, which yields typical species-dependent information
only from differential absorption features. Weighting func-
tions are the derivatives of the radiation field with respect
to ocean, atmosphere, or surface parameters and are used
in the retrieval of atmospheric trace gases. The WF-DOAS
algorithm was originally applied to the retrieval of vertical
amounts of strongly absorbing trace gases from GOME and
SCIAMACHY data (Rozanov et al., 1998; Buchwitz et al.,
2000; Coldewey-Egbers et al., 2005). Here we extend this
method for the retrieval of oceanic parameters by optimis-
ing the wavelength region and adding appropriate weighting
functions (see Sect. 4). All broadband contributions that af-
fect the radiance are compensated for by using a low-order
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polynomial in the fit routine. As an result, the retrieval is
relatively insensitive to aerosols, optically thin clouds, sur-
face reflectivity, and other broadband absorption features.
The polynomial subtraction also reduces the sensitivity to
any broadband residual radiometric calibration errors.

Since we can not retrieve all parameters needed to calcu-
late AEq according to Eq. (6), we had to formulate an ade-
quate approximated solution. Thus we assume that variations
of the VRS reference spectrum, AV,, given by Eq. (11), are
caused only by the variation of oceanic parameters. Assum-
ing that the main driver for the oceanic inherent optical prop-
erties (IOPs) in case-l waters, typically encountered in the
open ocean, is the phytoplankton (Morel and Prieur, 1977),
which is characterised by its chl a, C, we can rewrite Eq. (11)
as follows:

aV;
AV = a—gmu AQ)). (14)

where AC is the variation of chl a, and

i\t [ ov, Yo, 9V,
AQy=|—=) - —= Ag; —= Ap; 15
0, ( 5C ) |:._ 34; qi + Z 3p; Di (15)
i=2 i=1
comprises the contribution of all parameters other than chl a.

Introducing the effective parameter Agy, which describes
the variation of the VRS reference spectrum as

Agqy =AC + AQ;, (16)

the resulting expression, describing the logarithm of the per-
turbed intensity at the TOA given by Eq. (13), can be rewrit-
ten as follows:

Na
NG =I5+ > W, () Ap; 17)
i=1
No
+ D Wy, () Agi + Wy (L) Agy.
i=1

Here, the weighting function for VRS,

AN

(18)
is the derivative of the VRS reference spectrum with respect
to chl a. The effective parameter Agy comprises the variation
of all relevant parameters. In this generalised form the intro-
duced parameter Agy depends on the wavelength A. How-
ever, the wavelength dependence of the fit parameter (e.g.
slant column in atmospheric evaluations) is a typical case
for the standard DOAS retrieval algorithm (Burrows et al.,
2011).

Using this approximation, we are able to derive in accor-
dance with Rozanov et al. (1998) and Buchwitz et al. (2000)
the general formulation of the WF-DOAS approach with re-
spect to the spectral impact of the target species VRS in TOA
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radiance measurements. In this case I, is a modelled refer-
ence intensity for a fixed set of oceanic and atmospheric pa-
rameters and /; in Eq. (17) can be replaced by a measured
intensity, 7;"*%, plus a low-order polynomial:

No
NI~ In L+ Wy (M) Agy + D Wy, (1) Ag; (19)
i=1

Na N
+lew,,,(/\)Ap,~ +kzoakx’<.
1= =

The parameters Agv, Ag;, and A p; and the polynomial co-
efficients a; are obtained by adjusting the right-hand side
of Eg. (19), which represents the model spectral intensity,
to the measured spectral intensity (left-hand side). The un-
known parameters (Agv, Ag;, and Ap;) are determined by
a (weighted) linear least squares minimisation procedure us-
ing a Levenberg—Marquardt fitting routine. We note that al-
though the target parameter is Agy, the atmospheric p; and
ocean water ¢g; parameters should be retrieved simultane-
ously because wrong estimations of these parameters, when
resulting in differential spectral structures, may disturb the
retrieval of Agy or lead to high fit residuals. Such behaviour
indicates a mismatch between the adjusted linear model and
the measurement.

Assuming further that the variation of AEg, given by
Eg. (6), can be considered as a function of the effective pa-
rameter Aqy, the perturbed Fé, given by Eq. (5), can be rep-
resented as follows:

Eq = F(Aqy). (20)

We note that the function F is defined in this way so that
F(0) = Eg and represents the reference point with no pertur-
bation. This non-linear relationship is obtained by perform-
ing retrievals of numerous modelled spectra under known
conditions and is established in the form of a look-up table
(see details in Sect. 3).

The main differences between the standard DOAS (Platt
and Stutz, 2008) for ocean applications used in previous pub-
lications (Vountas et al., 2003, 2007; Bracher et al., 2009;
Sadeghi et al., 2012) and the WF-DOAS technique are

1. the introduction of a modelled reference intensity spec-
trum for I, which corresponds to a reference point of
a fixed oceanic, atmospheric and surface state, instead
of using an extraterrestrial solar irradiance spectrum,
and

2. the use of wavelength-dependent weighting functions
(@In1,"/ap;, dInI;/dq;) instead of pseudo and spe-
cific absorption reference spectra.

In line with standard DOAS, the logarithm of the inten-
sity rather than the intensity itself is modelled (note that
aInI/ax =1"1-91/3x). The WF-DOAS approach requires
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a radiative transfer model for the accurate simulation of the
TOA radiance and its derivatives, considering oceanic, atmo-
spheric and surface parameters.

3 Radiative transfer simulations

In this study the SCIATRAN version 3.2 was used for radia-
tive transfer simulations (Rozanov et al., 2014). In contrast to
earlier studies, where the downwelling irradiance at the sea
surface and the light field in the ocean have mostly been cal-
culated with separate RTMs (e.g. Lee et al., 2005a), this SCI-
ATRAN version provides combined ocean—-atmosphere cal-
culations in one package. Thus, feedback (coupling) effects
between ocean and atmosphere were included in the calcu-
lations. Besides coupling effects, SCIATRAN allows one to
model inelastic scattering processes such as rotation Raman
scattering (RRS) in the atmosphere and vibrational Raman
scattering in water. The details of implementation and ver-
ification of RRS in the SCIATRAN software package are
given by Vountas et al. (1998) and Rozanov and Vountas
(2014). The verification of VRS was performed by compar-
ing the VRS reference spectra with other model data and with
VRS spectra obtained from hyper-spectral shipborne mea-
surements of the solar radiation backscattered from the ocean
(Kattawar and Xu, 1992; Peters, 2013).

The input data to perform radiative transfer calcula-
tions are an extraterrestrial solar spectrum, oceanic inher-
ent optical properties (IOPs), and atmospheric and ocean—
atmosphere interface (ocean surface) optical properties. In
particular, simulations were performed for the following sce-
nario and will hereafter be referred to as the reference sce-
nario.

— An extraterrestrial solar spectrum measured by the
SCIAMACHY instrument was used (see Fig. 1, solid
blue line) (Skupin et al., 2005).

— A cloud- and aerosol-free Rayleigh atmosphere includ-
ing ozone absorption was assumed.

— The vertical profiles of temperature, pressure, and
ozone concentration were set according to the
mid-latitude standard atmosphere model (Sinnhu-
ber et al., 2009).

— The absorption cross section of ozone was used ac-
cording to Bogumil et al. (2003).

— The required IOPs, i.e. molecular and particle (hy-
drosol) scattering as in earlier studies, were kept ver-
tically constant (Lee et al., 2005b; Gordon, 1989; Kirk,
1991; Morel and Loisel, 1998).

— The approach of Buiteveld et al. (1994) was used
to calculate the volume scattering function of pure
seawater to derive the Rayleigh scattering cross sec-
tion.

Ocean Sci., 11, 373-389, 2015
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— The particle scattering was based on the bi-modal
distribution model of Kopelevich (1983). The con-
centrations of small and large particles were param-
eterised on the basis of Haltrin (1999), where a one-
parameter model of seawater optical properties on
the basis of chl a was presented.

— The total absorption coefficient was calculated
based on the case-1 water model of Morel and
Maritorena (2001) as a combination of clear wa-
ter, CDOM, and phytoplankton absorption, whereas
the spectral phytoplankton absorption is calculated
with the Prieur and Sathyendranath (1981) model.
The clear water absorption coefficient is a merged
spectrum of Sogandares and Fry (1997) for 340
to 380nm and of Pope and Fry (1997) for 380 to
725nm.

— The ocean—atmosphere interface transmission and re-
flection properties were approximated on the basis of
Cox and Munk (1954) and followed by the Nakajima
and Tanaka (1983) approach, where a typical wind
speed of 4.1 ms~1 was assigned.

— A 500m deep homogeneous mixed ocean layer with
a black bottom albedo was assumed.

To study the influence of underwater light field conditions
on satellite measurements, combined simulations of TOA ra-
diances and radiation fluxes into the ocean were performed.
This framework of in-water flux simulations in combination
with the modelling of radiation for satellite geometry at the
TOA delivered insight to infer several findings.

Since the VRS effect is a transpectral process, differ-
ent (excitation and emission) wavelength regions have to be
taken into account. The amount of radiation in the excitation
wavelength region of VRS, Alex (in our study from 390 to
444.5nm), leads to a filling-in in the emission wavelength re-
gion from 450 to 524 nm. Fig. 1 illustrates this relationship.
Photons are transported from the excitation into the emis-
sion wavelength region and are redistributed as a sum of four
Gaussian functions (Haltrin and Kattawar, 1993). The rela-
tive amount of light due to VRS emission is represented in
Fig. 1 by the VRS reference spectrum according to Eq. (9).

Therefore subsurface light field simulations have to be
combined with TOA radiance simulations. In particular, a di-
rect relationship between Ej in the excitation region and the
VRS signal in the emission wavelength region detected at the
TOA has to be established. This will be described in the next
subsections.

3.1 Modelling of the depth integrated scalar irradiance
and the averaged diffuse attenuation coefficient

The subsurface radiation fluxes were calculated based on the
reference scenario, described above, for 23 different chl a
concentrations (0-30 mgm~—2) and for 73 solar zenith angles
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(SZA\) in the range of 0 to 89°. The downwelling, Eq4(z), up-
welling, Ey(z), and scalar irradiance, Eq(z), were modelled
for 19 different water depths from 0.001 up to 500 m accord-
ingly.

The simulated scalar irradiance Eq(z, AAex) in Fig. 23, as
in all other figures in this section, is plotted for a fixed SZA
of 40° and shows an exponential behaviour with depth for
different chl a as expected. The scalar irradiance, integrated
over the depth and over a spectral range Alex (see Eq. 4),
where 11 and A, were set to 390.0 and 444.5nm, respec-
tively, results in Eqo(AXex), Which is illustrated in Fig. 2b. Eg
(dependence on Algy is omitted in the following) shows an
inverse S-shaped relation to the log-scaled chl a. Low chl a
leads to high Eq and vice versa. By using the SCIATRAN
coupled ocean—atmosphere RTM, the following relationship
between Eg and chl a was obtained:

Eo = fo(O). (21)

To complete the study and for the purpose of comparisons
to multispectral data products (see Sect. 5), the attenuation
depth zgo and the diffuse attenuation coefficient Ky were
obtained from the subsurface downwelling flux simulations
Eq4(2).

The attenuation depth zgp is defined as the depth at which
the downwelling flux is 1/e times smaller than the subsurface
downwelling flux Eq(0~) (Gordon and McCluney, 1975).
The depth zgg depends on the wavelength A and is widely
used as the penetration depth of light into ocean water. The
spectral behaviour of zgg for all wavelengths between 340
and 600 nm is shown in Fig. 3a. This figure shows that zgo
has a strong dependence on chl a and reaches almost 100 m
at a wavelength of 430 nm in the absence of phytoplankton
absorption. Figure 3b shows the dependence of zgo(AXex) ON
chl a, where the downwelling fluxes were integrated over the
VRS excitation wavelength region Aigy of 390-444.5 nm.

The averaged remote sensing diffuse attenuation coeffi-
cient at wavelength X can be determined following Lee et al.
(2005b) as

1 Eq(07, 1)
z90(A)  Ed(z90,A)

Then a simple relationship between Ky and zgp can be ob-
tained:

Kq(A) = (22)

Kq(2) =

290(A) @3)
The spectra of Ky(A) were calculated using Eq. (23) and
are shown in Fig. 4a for different chl a. The dependence of
Kq(Alex) in the VRS excitation wavelength region Algy On
chl ais drawn in Fig. 4b and can be expressed in the follow-
ing form:

Ky(Akex) = fK(C)~ (24)

This function shows a non-linear exponential relationship be-
tween the diffuse attenuation Kq(AXex) and the chlorophyll a
concentration C.
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Figure 2. (a) Scalar irradiance Eq(z, Aiex) of the subsurface light field, integrated over the VRS excitation wavelength region Axex from
390 to 444.5 nm, for different chl a and for a fixed SZA of 40°. (b) Depth integrated scalar irradiance Eq(AAex) as a function of chl a.
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Figure 3. (a) Spectral resolved attenuation depth zgg expressed by Eq(X,zg0) = Eq(x,07) - e~ 1 for different chl a. (b) The averaged
attenuation depth zgg(AAex) for the VRS excitation wavelength region 390-444.5 nm vs. chl a.

3.2 Weighting functions for VRS and oceanic
parameters

In order to account for the variation of all relevant oceanic
parameters in the WF-DOAS retrieval algorithm, one needs
to calculate the derivatives described in Egs. (12) and (18).
Assuming case-1 water conditions, the one-parameter model
of seawater optical properties on the basis of chl a described
in Sect. 3 was applied, which also reduced the number of
derivatives to calculate the weighting functions to 1.

To extract the changes in the TOA radiance due to the
modification of the VRS signal, the calculation of the deriva-
tive of the VRS reference spectrum with respect to chl a,
according to Eq. (18), was required. Taking into account that
this derivative can not be derived analytically, the following
finite difference approximation was used:
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Wy () = _BVA(C) o Vi(C 4+ AC) -V, (C)

ac AC
_ 1 In 1(C) I L(C+AC)
CAC| I (0) I, (C+AC)

1 C+A0) - L(O)
AC " L(C+AC)-I7(C)

(25)

Here, intensities 7, and I, are calculated including and ex-
cluding VRS processes, respectively, with chl a equal to C
and C + AC.

Figure 5 shows the derivative of the VRS weighting func-
tion, calculated according to Eq. (25), with a change in chl a
from 0.1 to 0.11mgm~—3 (AC =0.01mgm~3) for a SZA
of 40°. This weighting function was used in the DOAS re-
trieval algorithm, described in the following sections. Addi-
tionally, another VRS-WF is shown in Figure 5, which was
calculated for a chl a of 0.5mgm—2 with the same change
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Figure 4. (a) Spectral resolved K4(A) for different chl a. (b) Averaged diffuse attenuation coefficient for the VRS excitation wavelength

region Kq(Aex) calculated according to Eq. (23).
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Figure 5. Red: the dimensionless VRS weighting function Wy (1)
calculated with SCIATRAN for chl a of 0.1 mgm=3 at a solar zenith
angle of 40°. Green: another weighting function calculated with
chl a of 0.5mg m~3 and scaled by 5. Blue: the oceanic weight-
ing function Wp¢ (1) excluding VRS scaled by 0.2. All weighting
functions are calculated for a change of chl a AC = 0.01mgm—3.

of AC =0.01mgm~3. By scaling, both spectra show very
similar differential spectral features. To account for the vari-
ation of all other (except VRS) relevant oceanic parameters
in the WF-DOAS retrieval, the calculation of the derivatives
of the intensity I, , according to Eq. (12), with respect to
these parameters was required. To simplify the independent
variations of these parameters, it was convenient to combine
these in one weighting function. From a mathematical point
of view, the sum of variations of all oceanic parameters given
by the third term on the right-hand side of Eq. (19) can be
rewritten as follows:

No
> Wy, () Agi = Woc(X) Ago. (26)
i=1
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where the weighting function Woc (L) is given by

aini- o jiInl ag;
Woc(Ah) = Aoy I 27
oc(d) Ye ; dg;  aC ( )

This weighting function comprises contributions of all other
oceanic parameters (except VRS) changing with chl a, as de-
scribed in the beginning of Sect. 3. The weighting function
Woc(A) was calculated using a finite difference approxima-
tion as follows:

dIn1;7(C) _INI7(C+AC)—InI; (C)
I Yo AC

1, L(C+A0)

AC I7(C)

Oc

(28)

where the intensities 7, (C) and I, (C+AC) were calculated
as described before with chl a equal to € = 0.1 mgm~2 and
C + AC =0.11mgm~3, respectively. The spectral shape of
the Woc () is plotted in Figure 5 and results, as expected, in
a combination of water and phytoplankton absorption.

3.3 Non-linear relationship between VRS fit factor and
chl a concentration

In Sect. 3.1 the non-linear relationship between the depth in-
tegrated scalar irradiance Eq and chl a as given by Eq. (21)
was established. Taking into account that the WF-DOAS re-
trieval algorithm provides the VRS fit factor Agy from TOA
radiance simulations, the relationship between Agy and chl a
was derived. Combining then both functions, we obtain the
required resulting relationship between Eg and Agy (see
Eg. 20).

For this purpose, the TOA radiance simulations were per-
formed for the same scenarios as the subsurface radiation
calculations in Sect. 3.1. Assuming that the TOA radiance
is affected by variations of chl a Eq. (19) results in
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Figure 7. VRS fit factor Agy of spectral fit results for the VRS
weighting function from Fig. 6 as a function of chl a.

InZ;,(Co+ ACi) = InI,(Co) + Wy(A) Agy (29)

N
+ Woc(h) Aqoc + SCozo02(A) + D _ax AL,
k=0

where AC; for i =1,2,...,23 are perturbations of chl a
from a priori Co =0.1mgm~3. In our retrieval, no weight-
ing function for atmospheric trace gases but the ozone cross
section op; and the slant column density SCo; were used.
This is a valid assumption for weak absorbing trace gases
(Rozanov and Rozanov, 2010). Solving this equation for
all AC; by using the WF-DOAS technique described in
Sect. 2.2, the following non-linear relationship was derived:

Aqv = f4(C). (30)

Figure 6a and b shows the fit results of the VRS weighting
function against the modelled TOA radiance in the wave-
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length region of 450-524 nm. This fit window was chosen
because

1. the appropriate excitation wavelength region of VRS
(390-444.5nm) (Fig. 3b) shows for lowest chl a the
highest penetration depth of radiation into the ocean and
therefore the largest variation of Eg;

2. at 455nm (see Fig. 5), there is a large step in the
VRS reference spectrum and weighting function, which
leads to distinct differential structures. These structures
are very different compared to the atmospheric Ring
effect, which is also an inelastic scattering effect but
with a much narrower distance between the excitation
and emission wavelength regions (Grainger and Ring,
1962);

3. it allows validation with comparable data products of
different satellite sensors (e.g. K4(490)) (see Sect. 5);
and

4. it is situated within the range of SCIAMACHY cluster
15 (424-525 nm) of channel 3, which was used for our
retrievals.

The scaling of the VRS weighting function is expressed by
Agq, and is plotted in Fig. 7 against a log-scaled chl a. It
shows the non-linear relationship from Eq. (30) and behaves
in an asymptotic S-shaped characteristic. The fit factor of 0 is
retrieved under the reference conditions of chl a with Co =
0.1 mgm~3. Therefore, the function fq, given by Eq. (30),
satisfies the following condition:

£,(0.1)=0. (31)
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Figure 8. (a) Eg vs. chl a for different phytoplankton types (using phytoplankton absorption spectra specific for diatoms (dia), cyanobacteria
(cya) and coccolithophores (emi) taken from Bracher et al. (2009) and Sadeghi et al. (2012), respectively) and profiles (profile-1 for a
stratified and profile-2 for a mixed water profile according to Uitz et al. (2006)). (b) VRS fit factor Agy vs. chl a for the same scenarios as

in (a).

3.4 Look-up table for the relationship between Eg and
VRS fit factor

By combining the model results of the subsurface scalar ir-
radiance calculations given by Eq. (21) with the model re-
sults of TOA radiance simulations given by Eq. (30), the
non-linear relationship between the depth integrated scalar
irradiance and the VRS fit factor is obtained as follows:

Eo= o[ £ (Bqv)]. (32)

Comparing the derived expression with Eq. (20), the function
F(Aqv) introduced above can be obtained as a combination
of the functions f; and fq‘l. The relationship between Eg
and Agy given by Eq. (32) was established in the form of
a look-up table (LUT) and is shown by the solid magenta
line in Fig. 9.

Previous research shows that the relationship between
chl a and the absorption of phytoplankton is complex (e.g.
Morel and Bricaud, 1981; Sathyendranath et al., 1987; Babin
et al., 1993; Bricaud et al., 1995). Packaging effects and dif-
ferent pigment compositions lead to different specific (chl a
normalised) absorption and may differ up to 1 order of mag-
nitude. In addition the assumption of a vertically homoge-
neous mixed water body is not a realistic scenario. To in-
vestigate the impact of different phytoplankton compositions
(i.e. different pigment compositions and specific absorptions)
and different vertical chl a distributions on the relationship
between Eq and Agy in the reference LUT (see Fig. 9) and
Eq. (32), especially with respect to the different wavelength
regions of excitation and emission of VRS, additional sce-
narios with the absorption characteristic of three different
phytoplankton types and two realistic phytoplankton profiles
were investigated. The calculations of the functions f.(C)
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Figure 9. Resulting relationship between the VRS fit factor Ag,
and Eg, derived according to Eq. (32) for different phytoplankton
types and profiles as in Fig. 8. The solid magenta line is a fitted
third-order polynomial to the reference scenario (magenta points)
with a SZA of 40° and is used as a LUT for the satellite data re-
trieval.

and f,(C) were repeated in the same way as for the refer-
ence scenario.

In particular, the specific absorption spectra of diatoms
and cyanobacteria were taken from Bracher et al. (2009), and
of coccolithophores (Emiliania huxleyi) from Sadeghi et al.
(2012). These spectra were not normalised to their absorp-
tion at 440 nm as the phytoplankton spectrum of Prieur and
Sathyendranath (1981) to produce simulations with strong
differences in absolute values and spectral shape. Thus, for
example, the maximum of the diatom spectrum at 440 nm
has a value of 0.015 as compared to 1.0 in the reference sce-
nario.
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Figure 10. Same relationship as for the reference scenario in Fig. 9
for different SZA in a three-dimensional LUT.

Additionally, typical phytoplankton profiles for mixed and
stratified waters according to Uitz et al. (2006) were included
in this sensitivity study. The mixed vertical profile has a con-
stant concentration up to 30 m depth and decreases expo-
nentially underneath, whereas the stratified profile is charac-
terised by a smooth ascent to a chl a maximum at 60 m and
also by an exponential decrease underneath (see Uitz et al.
(2006), Fig. 5 profile M 2 and Fig. 4 profile S 4, respectively).

The obtained functions fc(C) and f,(C) for the five ad-
ditional scenarios, introduced above, are presented in Fig. 8a
and b. To facilitate the comparison, the functions for the ref-
erence scenario are given in the same figures. It can be seen
that the relationship between Eq and chl a as well as between
Agqv and chl a strongly depends on the specific absorption
coefficient and stratification of the ocean layer. Thus, it fol-
lows from Fig. 8a that using the specific diatom absorption
spectrum at chl a of 0.1 mgm~2 leads to 2 times larger Eq as
compared to the reference scenario.

The strong dependence of the VRS fit factor on the differ-
ent absorption coefficients and the chl a profiles is shown
in Fig. 8b. The combination of the functions f:(C) and
fq_l(Aq\/) as given by Eg. (32) results in a significant
weaker dependence of the relationship Eg <> Agy on the
specific absorption coefficient and the vertical chl a distri-
bution (see Fig. 9). The concentration of particles and the
particle size distribution were changed according to the one
parameter model (chl a) of Haltrin (1999), which provides
appropriate parameters for the Kopelevich (1983) scattering
model. By considering different specific phytoplankton ab-
sorption spectra, the relationship between scattering and ab-
sorption also changed extremely. This shows that the fit of
the VRS weighting function reacts similarly to Eq with re-
spect to changes in the seawater optical conditions and is able
to compensate for unknown variations of 10Ps. Neverthe-
less, small deviations can be explained: changes in specific
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Figure 11. Example of the optical density (OD) of a VRS weighting
function fit at an oligotrophic site over the South Pacific on 23 Octo-
ber 2008. The solid line is the scaled VRS weighting function from
Fig. 5 and the dashed line is the measurement, where all compo-
nents are subtracted besides VRS.

absorptions and chl a profiles lead to spectral deformations
in the VRS weighting function and its differential form, and
can not be compensated for completely within the DOAS al-
gorithm. A third-order polynomial is fitted to the reference
scenario (magenta line and points in Fig. 9) and is used as
LUT for the satellite data retrieval. It follows from the LUT
in Fig. 9 that for all considered additional scenarios the de-
viations of a specific absorption coefficient and chl a profile
from the reference scenario may lead to small errors up to
~ 10 %.

3.4.1 Solar zenith angle-dependent look-up table

In order to extend the LUT for different illumination condi-
tions, additional in-water and TOA radiation simulations for
seven SZAs between 20 and 80° were performed. The same
procedure, described in the last section, to build up the LUT
of Eg and the VRS fit was repeated and fitted third-order
polynomials were applied to each function. By this tech-
nique a linear three-dimensional interpolation scheme was
established. The resulting three-dimensional LUT, shown in
Fig. 10, was used to calculate an SZA-dependent relation-
ship between Eq and VRS fit for the satellite data retrieval
described in the next section.

4 SCIAMACHY satellite data retrieval

The SCIAMACHY instrument (Scanning Imaging Absorp-
tion Spectrometer for Atmospheric CHartographY) (Bovens-
mann et al., 1999) was launched on board ESA’s ENVIron-
mental SATellite, ENVISAT, in 2002, and stopped measur-
ing in April 2012. It was designed to measure a broad spec-
trum of solar radiation, spanning from the UV to the near
infrared with a hyper-spectral resolution of about 0.25nm
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in the UV-Vis region. Fully calibrated Level-1C data from
channel 3, cluster 15 (424-525nm) were used in this study.
This spectrometer’s cluster provided a spatial resolution of
30km x 60 km per pixel with an integration time of 0.25s.
The swath width for the nadir scan measurement was 960 km.
With a continuous changing of nadir-limb viewing direction
and a resultant interrupted nadir along-track orbit, the sen-
sor reached a global coverage time within roughly 6 days.
The main objective of the SCIAMACHY mission was the
determination of the abundances of atmospheric trace gases.
Nevertheless, large parts of the solar radiation penetrate the
ocean surface and are influenced by absorption and scatter-
ing effects of seawater and its constituents, which are in-
cluded in the backscattered radiation detected by the instru-
ment. The global fits were performed up to a SZA limit
of 80° due to signal-to-noise issues. Furthermore, a TOA
reflectance threshold (Rinresh = IToa - 7/ Isol/ COS(SZA)) of
0.29 was applied to remove cloud, aerosol and glint contam-
inated pixels. Here, IToa and Ise are the TOA radiance and
the extraterrestrial solar irradiance measurement spectrally
averaged over the whole wavelength range of SCIAMACHY
cluster 15 (424-525 nm).

4.1 Retrieval of the depth integrated scalar irradiance
Ey

In order to derive Eo, we used the WF-DOAS technique
described in Sect. 2.2. We denote in the following the re-
trieved depth integrated scalar irradiance EE) from Eq. (20)
as Eog, i.e. omitting the superscript. The generalised form
of the WF-DOAS equation given by Eq. (19) was solved
in a least square minimisation problem applied to the wave-
length range from 450 to 524 nm as
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Figure 13. Global map of the depth integrated scalar irradiance Eq
at 390-444.5 nm from DOAS VRS weighting function fits in unit of
photons sTim1 including the SZA correction from Fig. 10. Red
shows low and blue—magenta high E values.
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where gif(1) = In(1;"** /1) (see also Eq. 19), Wy and Woc
are the VRS and oceanic weighting functions introduced in
Sect. 3.2, Agy and Agoc are the appropriate fit factors, R
is a rotational Raman scattering reference spectrum, which
compensates for the atmospheric Ring effect (Grainger and
Ring, 1962), and o; (1) and SC; are the absorption cross sec-
tions and slant column densities of considered atmospheric
trace gases, which were water vapour (H20), ozone (O3),
glyoxal (CHOCHO), oxozone (O4) and nitrogen dioxide
(NO3). We note that, in contrast to Eqg. (19), we used in
Eq. (33) the cross sections instead of weighting functions.
This approximation is often used in the case of weak gaseous
absorption (Rozanov and Rozanov, 2010). As discussed in
Sect. 2.2, the fitted third-order polynomial compensates for
all additional broadband absorption and scattering features.
The parameters Aqv, Aqoc, g, and SC; and the polyno-
mial coefficients a; are the unknown parameters and were
obtained by computing the least square minimisation solu-
tion of Eq. (33). All DOAS algorithms require an accurate
spectral calibration. In order to correct even for small spectral
misalignments between the reference and the measured spec-
tra, a non-linear shift-and-squeeze spectral correction algo-
rithm is usually applied for standard DOAS retrievals, and is
also applied for the WF-DOAS algorithm used in this study.
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Figure 14. Resulting relationship of the VRS fit factor with the dif-
fuse attenuation coefficient for a SZA of 40°, which is used as a
LUT for the retrieval of Kq(Aiex) from SCIAMACHY satellite
data.

Global VRS fit factors Agy were obtained by applying
the WF-DOAS technique described above to SCIAMACHY
nadir measurements of October 2008. An example of a VRS
WEF-DOAS fit from a SCIAMACHY measurement over the
South Pacific on 23 October 2008 is shown in Fig. 11. At
this site (126.71° W, 34.85° S) very low chl a and high Eg
values are expected (see Morel et al., 2007). In Fig. 11 the
scaled VRS weighting function compares well to the overall
fit residual, which equals the measurement subtracted by all
components other than VRS. The results clearly show that
the spectral structures of the VRS signal were extracted from
the TOA radiance measurement.

Applying the reference LUT from Fig. 9 without SZA cor-
rection, a global distribution of anc is derived, which is
shown in Fig. 12. Regions with high Egnc values, coloured
in blue/violet, correspond to well-known large areas of olig-
otrophic waters. These regions also correspond to a high scal-
ing of the VRS weighting function. The map shows similar
variability and patterns to global satellite chl a from imag-
ing spectrometers like SeaWiFS, MODIS and MERIS. This
is coherent insofar as the main optical driver in open ocean
case-1 waters is phytoplankton, which here dominates the ab-
sorption of light.

Applying the SZA correction introduced in Sect. 3.4, dif-
ferent dependencies are distinguishable (see Fig. 13): gen-
erally, there is low light availability at the high latitudes
and high light availability at the low latitudes. However, in
tropical regions (latitude < £30°), patterns of phytoplank-
ton abundance are observable, whereas for higher latitudes
the SZA dependency dominates Eo.
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Figure 15. Density map of the scatter plot of Kg(AXex) retrieved
from SCIAMACHY data and the K4(490) GlobColour data prod-
uct, matched by daily grids with a spatial resolution of one degree.

5 Comparison

In this section our WF-DOAS approach to derive Eg is com-
pared to another satellite product. Unfortunately, no appro-
priate and independent data sets of Ep, to test the accuracy
of our retrieval results, were available. However, global satel-
lite data sets of the diffuse attenuation coefficient at 490 nm,
Kq(490), exist. For our comparison, the operational Glob-
Colour K4(490) product was used (see Barrot, 2010). The
GlobColour K4(490), an indicator of the turbidity of the wa-
ter column, is computed directly from the CHL-1 chlorophyll
product, merged from data of the three different satellite sen-
sors SeaWiFS, MODIS-Aqua, and MERIS (Barrot, 2010).

As shown in Sect. 3.1, we used the underwater down-
welling flux simulations to calculate Kq(AXex) (see Fig. 4).
In the same way as in Sect. 3.4, the relationship between
the VRS fit factor and K4(AMex) was derived and expressed
in a LUT. In particular, by combining Eqgs. (24) and (30),
the non-linear relationship between the VRS fit factor and
Ky(AXex) was obtained as follows:

Ko(Ahen) = fic[ 17 HAqw) ] (34)

and is shown in Fig. 14 for a SZA of 40°.

Additionally, identical to Sect. 3.4.1 and Fig. 10, a three-
dimensional LUT was built up to consider the SZA depen-
dency of the Kq(AAex) <> Agy relationship.

For the comparison in Fig. 15, the Kq(AAex) values were
calculated from the VRS retrieval for each SCIAMACHY
pixel by applying the three-dimensional LUT for October
2008 and then averaging for each day on a 1° x 1° grid.
The same spatial and temporal resolution was chosen for
the GlobColour data and then matched to the SCIAMACHY
daily grids. To exclude case-Il water pixels, the first nearest
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coastline pixels were excluded. This leads to a pixel match-
ing number of nearly 77 000 pixels.

This comparison is shown in the density scatter plot of
Fig. 15, which reveals an ambivalent behaviour: a good
agreement between K4(490) and Kq(AAex) up to values of
~0.06 m~1 is observable, whereas for higher values of K,
the scatter plot shows a butterfly shaped distribution. The
comparison of K4 in the range 0.02-0.06 m~1 shows a small
offset for small Ky values, where the SCIAMACHY results
are generally a bit lower than GlobColour. This is consistent
with the wavelength dependence of K4(1). Indeed, Fig. 4a
shows that K4(A) in the VRS excitation wavelength region is
lower than K4(490) for low chl a and higher than K4(490)
for high chl a.

Furthermore, the comparison shows that high GlobColour
K4(490) values could not be reproduced by the SCIA-
MACHY VRS retrieval results, and vice versa. We suppose
that such a butterfly distribution can be explained firstly by
the impact of some cloud-contaminated SCIAMACHY pix-
els. Indeed, if one SCIAMACHY pixel with a spatial resolu-
tion of 30km x 60 km is contaminated with clouds, this leads
to an erroneous decreasing of the VRS signal and an overes-
timation of Kq(AAex) Values in the daily grid cell. This can
explain the horizontal wing of a butterfly distribution.

Secondly, the vertical wing of the butterfly distribution
may be explained by variation in IOPs and in vertical chl a
profiles. We like to point out that the calculation of Ky(490)
of the GlobColour product is performed according to the fol-
lowing expression (Barrot, 2010):

Kd(A) = Kyy(A) + x()chlé®), (35)

where K, (490) = 0.0166 m—1, x (490) = 0.08349,
e(490) = 0.63303, and chl is the chlorophyll a concen-
tration expressed in mgm~3. Here, chl a is the main
parameter which is required to estimate the diffuse attenua-
tion coefficient. Taking into account that the DOAS retrieval
algorithm based on the VRS fit factor is not designed to
retrieve chl a as an end product, its concentration can
diverge significantly if e.g. the specific absorption of the
phytoplankton differs highly from that which is considered
in the reference scenario of the RTM. In such cases an
underestimation of Kq(AAex) can explain the vertical wing
of butterfly distribution.

The comparison of the two data sets, presented in Fig. 15,
has a correlation coefficient of ~0.42. However, removing
the outliers by simply cutting the wings of the butterfly,
nearly 10000 (~ 13 % of all data used in the comparison)
pixels were excluded (see grey boxes in Fig. 15) and a corre-
lation coefficient of 0.69 was derived.

We want to note that in this study we are not proposing
a new method to retrieve a diffuse attenuation coefficient
from space, but just use the GlobColour Ky(490) product
to verify our SCIAMACHY Ej results. Nevertheless, the
comparison shows, in regions of Ky values lower than 0.06,
where the variability of the IOPs is expected to be low, good
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agreement between the two data sets. This confirms our de-
rived relationship between VRS signals and the availability
of light in the ocean.

6 Discussion and outlook

The rate of photosynthesis of phytoplankton depends on sev-
eral parameters: phytoplankton biomass, light availability,
and the so-called P-I (photosynthesis—irradiance) parameters
(e.g. Jassby and Platt, 1976; Morel, 1991). Thus, in order to
develop realistic models of ocean primary productivity, and
carbon and heat fluxes, global knowledge of the availabil-
ity of underwater light is required. To date, most approaches
to determine the amount of light in the ocean, incorporating
satellite ocean-colour data, have been based on the determi-
nation of the diffuse attenuation coefficient K4(490) and the
estimation of the photosynthetically active radiation at the
ocean surface PAR(0™) using atmospheric corrected satellite
reflectance measurements (e.g. Mueller, 2000; Werdell and
Bailey, 2005; Lee et al., 2005b; Frouin and Pinker, 1995).

With the method developed in our study, we overcome
the determination of Kgq and PAR(0™) by allowing the re-
trieval of Eq for the wavelength region of 390-444.5 nm di-
rectly as a columnar value, by retrieving the VRS signal in
hyper-spectral satellite data. As shown in our model study
(see Sect. 3), the strength of the VRS signal correlates di-
rectly with the amount of light in the water. Changes in IOPs
lead to adequate changes in the VRS signal, which is shown
in a sensitivity study, where different phytoplankton absorp-
tion spectra and profiles were included (see Sect. 3.4). The
retrieval is still very robust despite such variations in IOPs:
its error is below 10%. Additional testing of the retrieval
with a different aerosol loading (here a maritime background
aerosol with an optical thickness of 0.05 was considered) re-
vealed low impact on the VRS fit. For clear water conditions
this led to a deviation below 8 % for the retrieval of Eq and
to much lower deviation (< 1 %) for higher concentrations
of water constituents. To parameterise the relationship of the
VRS signal at the TOA with Eg, extensive radiative trans-
fer simulations were calculated. This relationship was then
expressed in a three-dimensional LUT, including a SZA cor-
rection, and an adequate VRS weighting function was calcu-
lated.

The determination of the depth integrated scalar irradi-
ance Eo was derived from satellite SCIAMACHY measure-
ments without former retrieval of certain 1OPs, in particu-
lar the absorption and (back-)scattering coefficients, and the
phase function of the water constituents. With the LUT and
the VRS weighting function, Eq at 390-444.5 nm was deter-
mined from hyper-spectral SCIAMACHY satellite data using
an improved WF-DOAS method in a fitting wavelength re-
gion of 450-524 nm. We restricted the retrieval to this wave-
length window, because the broader the fit window, the fewer
spectral long-wave effects (compared to VRS structures) can
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be compensated for by an additional fitted polynomial, which
can lead to deviations in the fit of the target species (Wo. and
Wvrs). Also, spectral changes in absorption and scattering
by water constituents in the ocean which are not considered
by the Wo. weighting function and include long-wave struc-
tures are compensated for by the fitted third-order polyno-
mial in the WF-DOAS retrieval. Uncompensated structures
are left in the residual and lead to high fit errors and high
chi-square (x2) values. However, the x2 values in the VRS
fit retrieval were in the range of 10~ and show reliable fit
quality.

In this study we focused on the wavelength region around
400-500 nm for the purpose of feasibility and comparison to
other satellite products. The comparison for 1 month of data
with an independent data set (GlobColour K4(490) prod-
uct) and retrieved values of the diffuse attenuation coeffi-
cient from the VRS signal show consistent results. Neverthe-
less, this method is easily applicable to other wavelength re-
gions to retrieve a wavelength-dependent Eq. Former studies
showed good VRS fit results from SCIAMACHY measure-
ments in the UV wavelength region (Mountas et al., 2007,
Bracher et al., 2009). As discussed above, the challenge is to
find appropriate fit windows where

1. the spectral signature of VRS does not significantly cor-
relate with other effects, such as filling-in of Fraunhofer
lines by atmospheric rotational Raman scattering,

2. the fit window is not too wide, otherwise long wave ef-
fects (broadband structures) are not compensated for by
the fitted polynomial, and

3. the instrument provides an appropriate spectral resolu-
tion (at least better than 0.5nm) and a high signal-to-
noise ratio (e.g. > 2000 for SCIAMACHY) to resolve
the filling-in of Fraunhofer lines by weak VRS signals.

Morel (1991) defines PAR as the photosynthetically avail-
able radiation where PAR(X,z,t) = Eg(X,z,t) (Morel,
1991, p. 276, and Appendix 1). Generally, PAR is deter-
mined as an integrated value over the wavelength A, depth z,
and time ¢. Usually the integration ranges between the lim-
its of the photosynthetic spectral domain (400-700 nm), the
euphotic depth, and the time length of 1 day. RTM simu-
lations show that the retrieval of Eg at 390-444.5nm con-
siders from 10 % (high chl a) to 40% (low chl a) of Eg in
the spectral domain up to 700 nm. Extending the retrieval of
VRS in hyper-spectral satellite data to multiple wavelength
regions has the potential to retrieve directly the availability
of the photosynthetically active radiation PAR in the water
column. But, the retrieval of Eq for the UV-A and UV-B re-
gion is also possible. For SCIAMACHY data this task is lim-
ited by the changing of the integration time within channels 3
and 4, which changes the pixel size from 30km x 60 km to
240km x 60 km.

Improvements in VRS fitting may be achieved by includ-
ing the chl a product from multispectral satellite imaging:
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the appropriate VRS weighting functions determined for the
correct chl a (from the chl a satellite product) should be cal-
culated and used as a starting point for the WF-DOAS min-
imisation algorithm in order to fulfil the assumption of lin-
earity around the reference point. In addition, changes from
a homogeneous to a heterogeneous profile lead to consistent
changes in the VRS signal and Eg, which have been shown
in the sensitivity study in Sect. 3.4. But, for the purpose of
refinements, more diverse scenarios have to be simulated by
radiative transfer calculations, and different sets of weight-
ing functions may be taken into account within the retrieval
process.

Limitations to our VRS and Ej results are the coarse spa-
tial and temporal resolution of SCIAMACHY, which will be
overcome by adapting this retrieval to similar hyper-spectral
satellite missions, such as GOME-2 on the METOP series,
OMI on AURA and the upcoming TROPOMI sensors on
the Sentinel-5-Precursor, Sentinel-4 and Sentinel-5 missions
(launches are scheduled for 2015, 2019 and 2020, respec-
tively). All of these sensors have global coverage within
1 day and the latter have a pixel size of 7km by 7km.
With this analytical and generic method, the establishment
of unique long-term information on light availability in the
ocean will be enabled.
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