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Abstract Absorption and fluorescence of CDOM are widely used to characterize
its concentration and composition, both in situ and with remote sensing techniques.
As fluorescence is an inelastic scattering process, it can potentially be observed in
filling-in of Fraunhofer lines with the DOAS method in high spectrally resolved
satellite data. Here, we perform a theoretical model study and preliminary DOAS
retrieval on SCIAMACHY data in order to test the feasibility of such an approach.
Our results show that retrieving CDOM fluorescence is difficult, due to its relatively
weak signal in global oceans (in comparison to Raman scattering of clear water)
and varying broad spectral features. Detailed studies of the synergistic use of
narrow and broad fluorescence features, and an appropriate scheme to account for
disturbance effects of Raman scattering, are needed for further investigating the
retrieval of CDOM fluorescence.

1 Introduction

Colored or chromophoric dissolved organic matter (CDOM) is part of the dissolved
organic matter (DOM) pool, which significantly absorbs light in the UV and blue
region of the light spectrum. CDOM plays a role in many physical, chemical and
biological processes in aquatic systems. Primarily, it reduces potentially harmful
UV radiation within the water column, but on the other hand—when abundant—
limits the amount of light available for photosynthesis.

Optical parameters of CDOM are widely used to characterize it both qualitatively
and quantitatively. Absorbance and fluorescence of bulks of CDOM are measured
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locally and globally to examine water quality, chemical composition of dissolved
organic matter, trace water masses and study dynamical processes involving CDOM.
CDOM fluorescence is a significant inelastic process in natural waters, along with
vibrational Raman scattering (VRS) and chlorophyll fluorescence.

Between processes of absorption and emission some energy is dissipated, so the
energy emitted is lower than the energy absorbed. The wavelengths at which a
photon is absorbed and emitted depend mainly on the molecule itself, but can also
depend on several environmental factors, e.g. pH, temperature, a presence of certain
metals (Hudson et al. 2007). Fluorescent CDOM is a complex mixture of many
fluorescent compounds, and individual fluorophores are hard to identify.

Because of the shift of wavelength in the fluorescence process, its effect on the
backscattered radiation at the top of atmosphere is possibly identified in the filling-
in of Fraunhofer lines, which are spectrally narrow, often saturated absorption
features in the solar spectrum. Other inelastic processes have been already retrieved
from hyperspectral satellite data with the Differential Optical Absorption Spec-
troscopy (DOAS) method (e.g. Vountas et al. 1998, 2003, 2007). In this work we
test the use of the filling-in signal originating from CDOM fluorescence to char-
acterize CDOM composition and concentration independent from chlorophyll. This
method would also help to improve chlorophyll retrievals in regions of high CDOM
concentrations.

2 Methods
2.1 DOAS Retrieval Technique

Different variants of the DOAS technique have been applied for several years for
the retrieval of atmospheric trace gases from satellite measurements (e.g. Burrows
et al. 1999; Richter et al. 2005), and have lately been extended to the aquatic
domain as PhytoDOAS (Vountas et al. 2007: Bracher et al. 2009; Sadeghi et al.
2012). The DOAS method is based on Beer-Lambert’s law (e.g. Rozanov and
Rozanov 2010) and determines the amount of molecular absorbers along the
effective optical light path by fitting and scaling spectra within a given wavelength
window. The broad-band effects (e.g. Rayleigh and Mie scattering) are removed by
a low-degree polynomial that is also fitted. The fitting in the DOAS method is
formalized as a least-squares minimization and is described by the following
equation:

2
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Here, t(A) = — ln% is the so-called slant optical density, I(A) and Ip(A) are

the measured backscattered radiance and extraterrestrial irradiance, respectively;
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o,(\) is the absorption cross-section of the nth atmospheric absorber; N is the
number of absorbers; og()), oy (L), and or(A) are reference spectra of rotational
Raman scattering (RRS), VRS and CDOM fluorescence, respectively; Zﬂm/lzo amh"
is the low order polynomial, typically of the order M <4.

The minimization is carried out with S,,, Sk, Sy, Sy and polynomial coefficients
as the fitted parameters. The parameter S, is the integrated number density of the
nth atmospheric absorber along the slant optical path, which is generally related to
the concentration of a given absorber. Parameters Sg, Sy, and Sy are called scaling
or fit factors and carry information about the strength of the corresponding inelastic
process.

2.2 CDOM Fluorescence Modeling

In order to perform the CDOM fluorescence retrieval with the DOAS method, an
adequate fluorescence spectrum has to be used as a priori information, which is then
scaled in the fitting procedure. The reference spectrum for CDOM fluorescence is
calculated as the difference between the optical density modeled without and with
CDOM fluorescence (after Vountas et al. 1998):

I-(A)’ @)

where I'T(L) and I~ (X) are modeled radiances calculated including and excluding
inelastic processes, respectively.

The radiances I () and I~ () at the top of the atmosphere have been calculated
by using the coupled ocean-atmosphere radiative transfer model SCIATRAN
(Rozanov et al. 2014; Blum et al. 2012). Atmospheric conditions, namely the
pressure, temperature, and water vapor profiles were set as default in the model for
April and latitude of 45°, according to a climatological database obtained using a 2D
chemical transport model developed at the University of Bremen (Sinnhuber et al.
2009). The solar zenith angle was set to 45°. Fluorescence was implemented using
the spectral volume inelastic function f(z; & — & A" — ), after Mobley (1994):

B(z; & — EN — ) =a(z V)R — k)[f(f_' — Om srtom — 1], (3)

where a(z; ) is an absorption coefficient at the depth z and wavelength 1’, usually
expressed as a product of a specific absorption coefficient a*(A") and concentration
C(z). R(\" — 1) is a wavelength redistribution function from excitation wavelength
) to emission wavelength A. ,B (& — &) is a phase function for the radiance emitted
from a direction & to a direction ¢, which is assumed to be isotropic. The CDOM
fluorescence was implemented into the SCIATRAN radiative transfer model on the
base of two different approaches as described below.
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2.2.1 CDOM as Mixture of Humic and Fulvic Acids

In his work, Hawes (1992) assumed that fulvic and humic acids comprise the sum
of total CDOM (although it is not usually true). Hawes (1992) isolated humic and
fulvic acids from several samples and measured their absorption and fluorescence;
a*()\') and spectral fluorescence quantum efficiency functions n(A" — A) were
converted into mathematical functions with linear regression in order to use the data
in optical models. He used 7(A" — A) (formulated in numbers of photons), from
which we obtained R(A' — A) (formulated in terms of energy), according to
Mobley (1994). For the purpose of our study, absorption and fluorescence
parameters of samples numbered FA7 (of fulvic acids) and HA6 (of humic acids)
from Hawes (1992) were used. Specific absorption spectra and fluorescence
quantum efficiency functions for these components are shown in Fig. 1. For the
investigation of fluorescence structures in the whole spectral range, concentrations
of fulvic and humic acids were set separately to 1 and 10 g m ™ in the 100 m deep
water column. For narrow-band modeling in the spectral region of Fraunhofer line
Hp at 486 nm (see Sect. 3) concentrations of fulvic and humic acids were set
simultaneously to 1, 10, 50 and 100 g m .

CDOM abundance is typically quantified by its absorption coefficient at a given
wavelength (e.g. 443 or 355 nm). For most of the ocean a(443 nm) is below
0.1 m! (Morel and Gentili 2009), but can be much higher for coastal waters. In
European coastal waters a(443 nm) ranges approximately between 0.01 and 1 m ™"
(Babin, 2003). In our case, 1 g m™> of fulvic or humic acids corresponds to
a(443 nm) of 0.075 m™"' for FA7 and 0.011 m™" for HAG.

2.2.2 Excitation-Emission Matrices Approach

In the second approach of implementing CDOM fluorescence into SCIATRAN we
used a PARAFAC (PARAllel FACtor analysis) model. Nowadays, PARAFAC is
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Fig. 1 Specific absorption spectra and fluorescence quantum efficiency functions for samples
numbered FA7 (of fulvic acids) and HA6 (of humic acids). Redrawn from Hawes (1992)
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widely applied to excitation-emission matrices (EEMs) and enables qualitative and
quantitative characterization of CDOM samples (Ishii and Boyer 2012).

The PARAFAC model is similar to a principal component analysis (PCA), but
decomposes the data matrix into a set of trilinear terms and a residual array:

F
xje = Y bycydi + i,
=1 (4)

i=1,...; j=1,...0; k=1,...K

According to Stedmon et al. (2003), when applying the PARAFAC model to
EEMEs, x5 is the intensity of fluorescence for the ith sample at emission wavelength
Jj and excitation wavelength k; by is directly proportional to the concentration of the
fth component in sample i; cj is linearly related to the fluorescence quantum
efficiency of the fth component at emission wavelength j, djy is linearly proportional
to the specific absorption coefficient at excitation wavelength k. F defines the
number of components in the model, and a residual &;; represents the variability not
accounted for by the model. The parameters of the PARAFAC model are found by
the process of minimizing the sum of squared residuals.

For our study we used the data from a paper by Jargensen et al. (2011), who
conducted a broad analysis of CDOM fluorescence on a global scale and identified
seven components with the PARAFAC model, using split half analysis for vali-
dation (introduction to the PARAFAC technique and description of its application
to CDOM fluorescence are presented in more detail in Stedmon and Bro (2008)).
Jorgensen et al. (2011) characterized these components by comparing their spectral
characteristics to components identified in earlier studies and pure fluorophores.
Spectral characteristics (product of matrices ¢ and d) of seven PARAFAC com-
ponents are shown in Fig. 2. Jargensen et al. (2011) identified components 1 and 4
as humic-like DOM. Components 2, 3, 5 and 7 were characterized as amino acid-
like DOM, which had spectra similar to phenylalanine, tryptophan and tyrosine.
Component 6 had characteristics similar to both groups.
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Fig. 2 Fluorescence characteristics of the seven components identified by the PARAFAC analysis
and included into radiative transport model SCIATRAN. Redrawn from Jergensen et al. (2011)
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Because it is not known what the fluorescent components are, the molar absor-
bance, quantum efficiency and concentration cannot be calculated correctly. Hence,
the terms of the PARAFAC model are only proportional to the molar absorbance,
quantum efficiency and concentration. We decided to scale the matrices in order to
obtain values that are realistic and comparable to the first approach we used for
CDOM modeling. Fluorescence quantum yields of CDOM were previously reported
to range from 0.005 up to 0.025 (Green and Blough 1994). The values obtained by
Hawes (1992), used in the first approach of modeling CDOM fluorescence, vary
within these limits (0.009 to 0.019). In order to obtain fluorescence yields of the
same order for the PARAFAC components, we scaled matrix ¢ by a factor of 0.001,
after which the fluorescence yields varied between 0.009 and 0.024.

The absorption of the PARAFAC components is calculated as a product of
matrices b and d. We decided to scale these matrices so that we obtain absorption
similar to the first modeling approach. In case of humic and fulvic acids, we set
their concentrations to 1 and 10 g m™>, and the sum of 1 g m~> of fulvicand 1 g m™>
of humic acids lead to the absorption at 443 nm of 0.086 m™ L. To be consistent, we
scaled the product of matrices so that the final absorption of all components at
443 nm would be similar. In fact, it is only component 1 that absorbs at this
wavelength region, and its absorption after applied scaling equaled 0.088 m™" at
445 nm. The scaled matrices were used to calculate R and then the form of spectral
volume inelastic scattering function f§ was derived (Eq. 3). Just like in case of the
first modeling approach, we also simulated scenarios for ten times higher con-
centrations of PARAFAC components. It is important to bear in mind, that we
could only scale matrices to realistic values, but their correct values remain
unknown.

3 Results and Discussion

With the methods described above, the reference spectra were calculated for fulvic
and humic acids (according to Hawes 1992) and for seven PARAFAC components
identified by Jergensen et al. (2011). We investigated the spectral characteristics of
different CDOM components, particularly in terms of their possible application in
the satellite DOAS retrieval technique. In particular, we looked into the narrow
sharp features resulting from filling-in of Fraunhofer lines.

We present reference spectra for fulvic and humic acids and PARAFAC com-
ponents, calculated according to Eq. 2, in Fig. 3a—c. The noticeable sharp and
narrow features correspond to filling-in of Franuhofer lines or telluric absorption
lines. Among the amino-acid like PARAFAC components (Fig. 3c), fluorescence of
component 2 is noticeably stronger than the others at wavelengths above 310 nm.
This component was identified as trypthophan-like (Jorgensen et al. 2011). Com-
ponents 3 and 7 have very weak fluorescence, and component 5 did not produce
any fluorescence signal. In general, amino acid-like components have much smaller
(up to three orders of magnitude) reference spectra than the humic-like (Fig. 3b).
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Fig. 3 Calculated reference spectra for: a fulvic and humic acids (Hawes 1992), b, ¢ PARAFAC
components (Jorgensen et al. 2011) d RRS and VRS

Amino acid-like components exhibit the fluorescence excitation at shorter wave-
lengths, usually below 300 nm (Jergensen et al. 2011). Due to this, when it is
measured with active techniques, the fluorescence signal is strong; however, it is
much weaker in natural conditions as there is little electromagnetic radiation
reaching the ocean surface in this wavelengths region. One reason is the shape of
the solar spectrum, which has its maximum irradiance in longer wavelengths near
500 nm, and is rapidly decreasing towards shorter wavelengths. The second reason
is the strong absorption of ozone in the UV region. Humic-like components of
CDOM show stronger fluorescence features under natural conditions, as their
excitation spectral region is in longer wavelengths, above 300 nm, where more light
is available in the water column.

The spectral shape of humic-like PARAFAC components differs significantly
from the spectra of humic acids obtained using the Hawes (1992) approach
(Fig. 3a). In case of the latter, their fluorescence emissions start in longer wave-
lengths and reach further up to 700 nm, which is not the case for the PARAFAC
measurements. This difference is probably due to the techniques used by Hawes
(1992) to separate and measure humic and fulvic acids absorption and fluorescence.
It was shown in previous studies that CDOM extracted with C-18 cartridges (which
were used in this case) did not always retain the optical properties of the original
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water sample (e.g. Vodacek 1989). This conclusion is supported by the results of
Green and Blough (1994), which indicate that this isolation procedure preferentially
extracts longer wavelength absorbing and fluorescing material that also exhibits
higher quantum yields. However, EEMs from oligotrophic waters might also
underestimate absorption and fluorescence at longer wavelengths. We can also note,
that a ten fold increase in the concentration of CDOM leads to a much smaller
increase in filling-in of Fraunhofer lines. This is true in case of both modeling
approaches.

In the following, the fluorescence reference spectra were compared to the ref-
erence spectra for RRS and VRS, which also lead to filling-in of Fraunhofer lines
(Grainger and Ring 1962; Kattawar and Xu 1992). These features can be observed
in the whole spectral region of the CDOM fluorescence (Fig. 3d). We can detect
that RRS produces especially strong signature in the short wavelength region,
where the amino acid-like part of DOM produces weak fluorescence. However, we
have to bear in mind, that the PARAFAC components were calculated using a
scaling introduced by us and hence the values obtained might deviate from the
correct values.

In Fig. 4 the differential parts (after subtracting the polynomial in the spectral
region of interest) of the reference spectra, calculated according to Eq. 2, for dif-
ferent inelastic processes are shown. Their structures originate from filling-in of two
Fraunhofer lines: Fe I lines at 344 nm (region of relatively strong fluorescence of
amino acid-like DOM) and Hf at 486 nm (the region of fluorescence of humic like
DOM). Fraunhofer line Hf at 486 nm also lies close to the CDOM fluorescence
maximum reported in previous studies at 490 nm (e.g. Vodacek et al. 1994; Po-
zdnyakov et al. 2002). For CDOM spectra we summed up contributions from all
defined components of either model. Filling-in of those Fraunhofer lines due to the
CDOM fluorescence is relatively weak when compared to filling-in resulting from
Raman scattering (RRS, VRS for clear water) for both spectral ranges. For the
short-wave fluorescence of amino acid-like components (Fe I lines at 344 nm), the
strength of RRS is absolutely dominant over all other inelastic processes (Fig. 4, left
panel).

In case of longer wavelengths (Hf at 486 nm), all processes lead to filling-in of
the similar strength (Fig. 4, right panel). In addition, we investigated the effect of
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Fig. 4 The differential parts of the reference spectra calculated according to Eq. 2 and Sect. 2.2 for
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CDOM fluorescence and VRS simultaneously (right panel)

varying concentration of fulvic and humic acids (from none to 100 g m™> of each)
on the differential reference spectra of CDOM and VRS. In this wavelength region
it is more likely to observe the CDOM fluorescence with satellite measurements.
However, in clear waters, the VRS signal is dominant, but is weakening with
increasing CDOM concentrations (Fig. 5 middle panel). In case of CDOM con-
centration of 1 g m ™ fulvic and 1 g m™> humic acids, both CDOM fluorescence and
VRS lead to similar filling-in. In case of CDOM being a mixture of 50 g m > of
fulvic and 50 g m~> humic acids, VRS signal is one order of magnitude weaker than
CDOM fluorescence, and for 100 g m ™ of fulvic and 100 g m™> of humic acids, the
VRS signal is negligible (Fig. 5). However, the filling-in due to CDOM fluores-
cence itself remains almost constant through all the scenarios of different CDOM
concentrations (Fig. 5 left panel). It is due to the fact that with increasing CDOM
concentration, light is absorbed stronger and does not penetrate that deep into the
water column, hence the bulk CDOM fluorescence signal originates from thinner
surface layer of the ocean and is not significantly higher. Our results agree with the
previous studies by Pozdnyakov et al. (2002), who showed that VRS is negligible
for waters with high CDOM concentrations. Their results also indicate that the
CDOM fluorescence signal does not increase substantially with much higher
CDOM concentrations, even though it becomes relatively more significant, as in
general the upwelling radiance decreases. However, contrary to their results, we
found that the VRS in clear waters is stronger than CDOM fluorescence in waters of
high CDOM concentration. These discrepancies might be due to the fact that while
we are investigating the impact of inelastic process on the filling-in of Fraunhofer
lines at the top of the atmosphere, Pozdnyakov et al. (2002), focused on the water
volume reflectance. Furthermore, we used the coupled ocean-atmosphere radiative
transfer model, while Pozdnyakov et al. (2002), used simple hydrooptical models,
which calculate the volume reflectance arising from CDOM fluorescence directly
from optical properties of water and CDOM. For scenarios of simultaneous CDOM
fluorescence and VRS, we observe that the combined filling-in signal is in fact
getting weaker with increasing CDOM concentration (Fig. 5 right panel).

Hence, filling-in signals due to CDOM fluorescence and VRS are coupled: when
there is no CDOM, the VRS signal is strong. On the other hand, when CDOM
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concentrations are high and VRS signal is very weak, there is still significant
CDOM fluorescence signal. It follows, that the filling-in signal can be due to strong
CDOM fluorescence or strong VRS. However, the VRS is in general a stronger
process and filling-in originating from CDOM fluorescence does not increase
strongly with increasing CDOM concentration, so in the regions of high CDOM we
see in fact weaker filling-in due to absorption of CDOM and weakening of VRS.

As an example, we have run two simple DOAS retrievals for June and July 2009
on the SCIAMACHY (Bovensmann et al. 1999) data in the spectral regions of
those Fraunhofer lines (343-345.5 nm and 484-490 nm). For each retrieval we
fitted only one reference spectrum, which was a sum of reference spectra of all the
PARAFAC components for a respective spectral window. In fact, due to spectral
similarities of the filling-in of Fraunhofer lines caused by different processes, the
fitted spectra correspond to the contribution from all inelastic processes. We
focused on the Atlantic area close to the river mouth of the Amazon, where loading
of the terrestrial CDOM into the ocean is generally very high, and where the highest
CDOM absorption in the surface waters of open ocean was found in a study by
Nelson and Siegel (2013). In Fig. 6 results of fit factors for the two spectral
windows are compared to the MODIS-Aqua absorption coefficient for dissolved
and detrital particulate matter at 443 nm derived from the Garver-Siegel-Maritorena
algorithm (Garver and Siegel 1997; Maritorena et al. 2002). In case of using the
filling-in of Hp line in the retrieval (Fig. 6b), in the area of high CDOM concen-
tration, where we expect strong CDOM fluorescence, the retrieved filling-in of
Fraunhofer lines is in fact weaker. It is due to weaker VRS, as described above. For
the CDOM fluorescence retrieval in shorter wavelengths (Fig. 6a), when prelimi-
narily examined, the spatial structure of the Amazon plum is not seen and the
results are completely dominated by RRS (which is stronger towards higher solar
zeniths angle hence higher latitudes). However, these results do not include
correction for Raman scattering contribution to filling-in of Fraunhofer lines, which
would be necessary for a solid comparison.
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Fig. 6 Maps of retrieved CDOM fluorescence fit factors for 2 months (June and July 2009) in two
different spectral regions (a, b) compared with MODIS-Aqua absorption coefficient for dissolved
and detrital particulate matter a4, at 443 nm [m~!] ()
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4 Conclusions and Outlook

Our study shows that although it was possible to estimate inelastic processes with the
DOAS method (Vountas et al. 1998, 2003, 2007), it is difficult to use this approach
to retrieve CDOM fluorescence from hyperspectral satellite data, mainly because of
dominant effects of other inelastic processes (RRS, VRS). However, our modeling
studies prove that for coastal areas, where VRS is weak, fluorescence of humic-like
CDOM s a significant source of filling-in. Hence, selection of waters with high
CDOM concentration should be further studied with satellite or airborne sensor
providing much smaller footprints, as well as the good choice of wavelength regions.
It is even more difficult to study the composition of CDOM and retrieve fluorescence
for the amino acid-like components of DOM, which have excitation and emission in
UV-wavelengths. It is due to stronger RRS for shorter wavelengths, very low
electromagnetic radiation reaching the surface in the excitation wavelengths, and
similar effects in filling-in of Fraunhofer lines. In addition to looking at filling-in of
individual Fraunhofer lines, it could be possible to compare broader structures, as
filling-in spectra of different CDOM components have spectra distinct from RRS and
VRS (Fig. 3). However, due to various composition of CDOM worldwide, those
structures vary significantly in time and space, and are not known a priori. Addi-
tional precise EEM measurements accompanied by correctly calculated molar
absorbance, quantum efficiency and concentration, are needed for improving the
modeling of CDOM fluorescence. Combined use of narrow and broad fluorescence
features and an appropriate method to account for inelastic processes are as well
necessary for further investigating the retrieval of CDOM fluorescence.
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