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Abstract

Oxygenic photosynthesis is responsible for virtually all of the biochemical production
of organic matter, and regulates atmospheric carbon dioxide and oxygen concentrations,
which profoundly affects both climate and biogeochemical cycles. Observations of biomass,
health and productivity of ocean and land ecosystems are crucial for monitoring changes
in the Earth system. Here, space-borne hyperspectral data, mainly of the SCTAMACHY
instrument (onboard ENVISAT), have been investigated in terms of application to global
observations of marine and terrestrial primary producers.

This study focuses primarily on retrieving inelastic processes from the natural waters:
CDOM and chlorophyll (chl) a fluorescence. Originally, the chl a fluorescence retrieval
was developed in its red peak and for the ocean application only. However, it was further
extended to the far-red peak of chl a fluorescence, and subsequently applied to terrestrial
scenes. All retrievals are based on the Differential Optical Absorption Spectroscopy
(DOAS), and involve fitting spectral features of the filling in of the Fraunhofer lines by
fluorescence processes. The reference spectra of chl ¢ and CDOM fluorescence, used
in the DOAS fits, were calculated with the ocean-atmosphere coupled radiative transfer
model SCTATRAN. Furthermore, a simple algorithm to retrieve a chl proxy of terrestrial
vegetation was developed.

The retrievals were developed with the use of simulated radiances, and subsequently
applied to SCTAMACHY data. Although the original aim of the SCTAMACHY instrument
was to monitor atmospheric composition, its unique spectral characteristics (namely broad
spectral range from 240 nm to 2380 nm, and high resolution of 0.2 nm to 1.5 nm) have
enabled previously other novel retrievals to be developed. These included observations of
inelastic processes (rotational and vibrational Raman scattering), and marine phytoplank-
ton. In this thesis, the chl a fluorescence and chl proxy retrievals were applied to eight
years of the SCTAMACHY data (2004-2011). In addition to presenting yearly composites
and monthly climatologies of the obtained results, monthly averages were applied to study
the seasonality of both, marine phytoplankton and terrestrial vegetation.

Modeling studies of CDOM fluorescence, followed by preliminary retrievals applied to
SCIAMACHY data, have not been successful in retrieving CDOM fluorescence from
hyperspectral satellite data. On the other hand, the obtained chl a fluorescence results
showed good spatial agreement with other datasets. Marine observations of the red peak of
chl a fluorescence captured successfully the phytoplankton seasonal cycles and interannual
variability for two studied regions: a subregion of the Indian Ocean near Madagascar,
and the equatorial Pacific. Good agreement with multispectral ocean color products
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(MODIS nFLH and MODIS Chl a) was obtained. Response of phytoplankton to climate
fluctuations, as expressed by Multivariate ENSO Index, was observed for the equatorial
Pacific.

In case of land observations, all retrieved parameters (red and far-red chl a fluorescence,
and chl proxy) followed the seasonal cycles of vegetation for five regions representing
different biomes worldwide (croplands in the North America, evergreen needleaf forest in
Euroasia, evergreen broadleaf forest in Central Africa, woody savannas in Central Africa
and savannas in Southern Africa). However, the three SCTAMACHY datasets did not
show exactly the same seasonal pattern, and their relationship varied over time and among
biomes. This proves that the retrieved parameters do not carry the same information on
vegetation, and hence suggests that they all should be used simultaneously for observations
of vegetation dynamics. The calculated ratio and the difference of the two peaks of chl a
fluorescence, followed the increase of chl content and canopy development, which supports
previous findings by in situ measurements and models.

The red and far-red chl a fluorescence and chl proxy algorithms have enabled simultane-
ous retrievals of multiple parameters of marine phytoplankton and terrestrial vegetation.
While the application of the SCTAMACHY results is still constrained (mainly by the
noisiness of the results and spatio-temporal resolution of the satellite measurements), the
developed retrievals and their successful application to studies of ocean and land phenology
have advanced the prospects of observations of phytoplankton and terrestrial vegetation
with hyperspectral satellite instruments.
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Chapter 1

Introduction

1.1 Motivation and goals of the study

Anthropogenic pressure on aquatic and terrestrial ecosystems has never been as high as
it is now (MEA, 2005; IPCC, 2013)). Rapid increase of human population accompanied
by, among others, development of technology, global agriculture practices, production of
energy and extraction of natural resources, have been changing the Earth system. Lately,
the value of natural ecosystems has been increasingly acknowledged, and it has been
recognized that ecosystem goods and services benefit human population with its economic
value estimated to be on average 33 trillion US$ per year globally (Costanza et al., 1997)).
The exponential growth of human pressures has reached a point where humanity is close
to transgressing planetary boundaries, within which humanity is expected to be able to
operate safely (Rockstrom et al.2009). Such transgression destabilizes critical biophysical
systems and triggers abrupt or irreversible environmental changes that would be delete-
rious or even catastrophic for human well-being (Rockstrom et al., 2009). Rockstrom
et al.| (2009) defined nine such planetary boundaries, which include climate change, ozone
depletion, ocean acidification, interference in the global nitrogen and phosphorus cycles,
land-use change, global freshwater use, biosphere integrity, air pollution, and novel entities
(such as organic pollutants, radioactive materials, nanomaterials, and micro-plastics)
(Fig. . All these boundaries are directly related to or mitigated by the Earth’s
biosphere. Earth’s ecosystems change has been driven by humans to such an extent,
that a new geologic chronological term, the anthropocene, has been employed to denote
the current epoch, which began when human activities started to have a significant global
impact on the Earth’s ecosystems (Crutzen, |2002; Zalasiewicz et al., 2008). With global
changes happening fast and worldwide, the need for accurate assessment, observation and
modeling of the Earth’s ecosystems has clearly become urgent.

All organisms on Earth (with only a very few exceptions) depend upon photosynthesis as
their food and energy source, which is also the source of the oxygen, which we, humans,
breathe. In both land and ocean components of the biosphere, oxygenic photosynthesis
is responsible for virtually all of the biochemical production of organic matter (Field,
1998)), and regulates atmospheric carbon dioxide and oxygen concentrations, by which it
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Figure 1.1: The nine plantery boundaries identified by Rockstrom et al| (2009):
climate change, ozone depletion, ocean acidification, interference in the
global nitrogen and phosphorus cycles, land-use change, global freshwater
use, biosphere integrity, air pollution, and novel entities. Illustration: Steffen
et al. 2015 (http://www.stockholmresilience.org/).

profoundly affects climate and biogeochemical cycles (Chavez et al., 2011) (Fig. [1.2]).

Plants and phytoplankton fix carbon dioxide (COg) as organic compounds, generating a
carbon flux, also known at the ecosystem level as gross primary production (GPP). GPP
diminished by the respiration of the primary producers amounts to net primary production
(NPP). Global terrestrial and marine NPP has been estimated to be approximately on the
order of 50 PgC per year each , . Although oceanic producers are responsible
for nearly half of the biospheric NPP, they represent only 0.2% of global primary producer
biomass. This is a consequence of the more than three orders of magnitude faster turnover

rate of plant organic matter in the oceans (average of 2 to 6 days, Falkowski & Raven|2007)
than on land (average of 19 years, Thompson & Randerson|1999)). In addition, GPP is one
of the major processes controlling land-atmosphere CO2 exchange, providing the capacity
of terrestrial and marine ecosystems to partly offset anthropogenic CO5 emissions

ot all 20T0).

Satellite observations

The global satellite-based observations of terrestrial vegetation and aquatic phytoplankton,
which are commonly used for estimates of global primary production, have traditionally
been focused on the standing stocks of chlorophyll (chl) a. Chl a concentration is the
main product of multispectral ocean color instruments. In case of land, vegetation is
commonly characterized using chl-related indices, usually based on the steep increase
in vegetation reflectance in the VIS/NIR region (also called ‘the red edge’). However, in
addition to chl a absorption, another optical signal can provide supplementary information
on photosynthetic processes (Fig. . This signal is chl a fluorescence, which constitutes
of red and far-red light photons that are emitted by chl a pigments after the absorption of
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1.1. MOTIVATION AND GOALS OF THE STUDY
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Figure 1.2: Simplified schematic of the global carbon cycle. Numbers represent
reservoir mass, also called ‘carbon stocks’ (in PgC) and annual carbon
exchange fluxes (in PgC yr!). Black numbers and arrows indicate reservoir
mass and exchange fluxes estimated for the time prior to the Industrial Era,
around year 1750. Red arrows and numbers indicate annual ‘anthropogenic’

fluxes averaged over the 2000-2009 time period. Source: 2013

light. Chl a fluorescence originates from two different photosystems (complexes in which
light absorption and primary electron transfer take place), which is also reflected in the
two-peak spectral shape of the signal (see more in Section [2.2.2]).

The chl @ fluorescence signal has been recently gaining more attention for its potential
to be, in addition to chl absorption observations, a new source of information on both,
aquatic and terrestrial ecosystems. Regarding space-borne platforms, chl a fluorescence
has been retrieved from ocean in the form of Fluorescence Line Height, firstly from MODIS
(Abbott & Letelier} [1999), and subsequently from other multispectral instruments, MERIS
(Gower et al., 2004) and GOCI (O’Malley et al., 2014)). For the case of land, latest efforts
with respect to the observations of chl a fluorescence involve the proposal of the Earth
Explores 8 Mission FLEX , which aims for the global observation of the chl
a fluorescence signal at its two peaks in the oxygen absorption bands. CarbonSat, the other
Earth Explores 8 Mission candidate, is aimed at observations of CO2 and methane (CHy),
but could also perform measurements of the far-red peak of chl a fluorescence
2013). In the meantime, chl a fluorescence signal originating from land has been
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Figure 1.3: Photosynthetic energy partitioning at the leaf level. Grey arrows
represent the flow of energy. Red valve symbols indicate the action
of regulatory mechanisms which adjust the energy partitioning between
pathways (grey arrows). Optical signals available to remote sensing include
properties of reflected light (shown in green) and chlorophyll a fluorescence
(shown in red). LET, linear electron transport; CET, cyclic electron
transport; LUE, light use efficiency; GPP, gross primary production;
fAPAR, fraction of absorbed photosynthetically active radiation; PAR,
photosynthetically active radiation. Source: [Porcar-Castell et al.| (2014).

retrieved with the use of the current satellite hyperspectral instruments, primarily aimed at
the atmospheric chemistry observations: GOSAT and GOME-2 (e.g., [Frankenberg et al.,
2011b; |Joiner et al., |2011; |Guanter et al., [2012; |Joiner et al., [2013).

These atmospheric instruments have poorer spatial resolution, but an order of magnitude
better spectral resolution, as compared to multispectral spectrometers, which are primarily
designed for observations of the Earth’s surface. They also often cover a broad range of
wavelengths. Hence, novel and experimental algorithms, other than originally planned
products, can be developed for and tested on the hyperspectral radiance measurements.
It is especially important, because the upcoming space missions will have improved spectral
and spatial resolution, and increased number of channels, which will also enable application
of new and improved algorithms. Hyperspectral spectrometers can resolve narrow Fraun-
hofer lines, which can be used for observations of inelastic processes, such as fluorescence
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(of chl a, but also other compounds), and vibrational and rotational scattering (e.g.,
Vountas et al., [1998; Vasilkov}, 2002).

In addition to chl a, the fluorescent part of the the dissolved organic matter (DOM)
comprise other fluorescent compounds of the natural waters. DOM is a significant element
in the carbon cycle, and ~700 PgC is bound in DOM in the world’s oceans (Fig. .
Absorption of colored DOM (CDOM) has been commonly measured in situ, and is one of
the main error sources in satellite retrievals of chl a. CDOM absorption is also retrieved
together with other optical water properties by the semi-empirical ocean color algorithms
(e.g. QAA (Lee et al., [2002) and GSM (Garver & Siegel, 1997; [Maritorena et al., |2002]).

Overall, the hyperspectral observations from space platforms data are a new exciting
source of the top of atmosphere radiance signal, which can be used for novel algorithms
to retrieve key parameters of both marine and terrestrial ecosystems. In addition to the
retrieval of the inelastic scattering, space-borne hyperspectral instruments have previously
been used to retrieve marine chl and different phytoplankton functional types (e.g.,|Bracher
et al., 2009). In this thesis, fluorescence signals originating from CDOM and chl a have
been observed at multiple spectral windows, with the aim of studying CDOM distribution
and composition, and of obtaining information on photosynthetic activities of primary
producers. The retrievals of these inelastic processes are developed with use of the radiative
transfer model SCIATRAN and applied mainly to data from SCIAMACHY instrument.
SCIAMACHY data were also further exploited in terms of chl observations, but in the
context of terrestrial vegetation. A chl proxy is retrieved by using its absorption in the blue
range of electromagnetic spectrum, which is complementary to typical red-edge algorithms.
Since this retrieval does not require such high spectral resolution, it is interesting for
future multispectral missions dedicated to land measurements, which might have sufficient
spectral resolution.

The main objectives of this study were:

1. to model and investigate the fluorescence signal from different sources (chl a, CDOM)
by using the radiative transfer model SCIATRAN (Rozanov et al., [2014)), and asses
the potential to retrieve fluorescence from hyperspectral space-borne instruments;

2. to retrieve from high spectrally resolved satellite data:

(a) the CDOM fluorescence signal from the ocean,

the chl a fluorescence signal originating both from ocean and land, and at bot
b) the chl a 1 ignal originating both f d land, and at both
(red and far-red) fluorescence peaks,

(c) terrestrial chl absorption signal in the blue region of the electromagnetic spec-

tral region,

3. to test the applicability of the retrieved datasets for the global observation of aquatic
phytoplankton and terrestrial vegetation.
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1.2 Thesis outline

The structure of the thesis, which contains eight chapters, is as follows. In Chapter 1 the
general motivation and the objectives of the study are introduced. Chapter 2 summarizes
the relevant scientific background information. The basic principles of satellite measure-
ments of ocean color are introduced. The natural fluorescence processes of CDOM and chl
@ in marine environment are discussed. Chl a fluorescence of the terrestrial vegetation is
also briefly considered. In Chapter 3, the fundamentals of radiative transfer modeling and
the radiative transfer model SCTATRAN are introduced. All the radiative transfer simula-
tions used in this study were performed with the SCTATRAN model. The implementation
of fluorescence processes in water (CDOM and chl a) and land (chl @) in the SCTATRAN
model are described. In Chapter 4 the retrieval method and the hyperspectral satellite
data, to which retrievals were applied (and could be applied potentially in future), are
presented. Algorithms designed to retrieve CDOM fluorescence, red and far-red peak of chl
a fluorescence and chlorophyll proxy, are described in detail. The encountered challenges
and implemented solutions for each retrieval are discussed. In Chapter 5, the results of the
preliminary trial retrievals of CDOM fluorescence are presented. The implications for the
remote sensing, challenges and possible future improvements of the retrievals are discussed.
These results, regarding the implementation of CDOM fluorescence into the radiative
transfer model, and the investigation of the feasibility of retrieving different CDOM
fluorescent components from hyperspectral satellite-borne instruments, were published
in Wolanin et al| (2015a)). They are also a part of a larger manuscript, Rozanov et
al., (in prep), which explains the implementation of various inelastic processes into the
ocean-atmosphere coupled radiative transfer model SCIATRAN. Observations of chl a
fluorescence for both marine and terrestrial realms, and chl proxy for land vegetation,
are presented in Chapter 6. Results of the red peak of chl a fluorescence are presented,
firstly for oceans and subsequently for land, and finally globally. Marine fluorescence
results are compared to MODIS products, and are applied to study the seasonal vari-
ability in phytoplankton community and its response to climate fluctuations for chosen
regions. Land fluorescence results are discussed and compared with previous GOME-2
fluorescence observations and MODIS EVI product. The results for the red peak of chl a
fluorescence were published in (Wolanin et al.l 2015b)). Observations of the far-red peak
of chl a fluorescence are shown with a major focus on land observations. The results of
terrestrial vegetation chl proxy are briefly discussed. All terrestrial parameters, retrieved
with SCIAMACHY, are applied to observations of photosynthetic activity of terrestrial
vegetation for different biomes, which is shown in Chapter 7. The differences between
various parameters and biomes are discussed. The retrievals of far-red chl a fluorescence
and chl proxy, together with their application to study vegetation dynamics of different
biomes, are a part of a manuscript Wolanin et al., which is now in preparation. Finally, a
summary in Chapter 8 brings together main results and findings of this work. An outlook
describing the perspectives for future studies and identifying remaining knowledge gaps
are discussed.
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Chapter 2

Scientific Background

2.1 Basic principles of satellite observations of ocean color

The discipline of research concerned with observations of the ocean using satellite- or
aircraft-borne spectrometers, within selected spectral regions in the visible and near-
infrared domains of the electromagnetic spectrum, is commonly called ocean color ra-
diometry or ocean color remote sensing.

Passive ocean color remote sensing has been possible from space since 1978, when NASA
launched the first satellite sensor to monitor ocean color, the Coastal Zone Color Scanner
(CZCS). At that time, the goals of the mission were to measure water-leaving radiance

Data gap
VIIRS (JPSS-2) ]

VIIRS (JPSS-1)

OCM-3 (OCEANSAT-3)
OLCI (Sentinel-3A, B, C, D)

VIIRS (NPP-Suomi) | |

OCM-2 (OCEANSAT-2)
MODIS (Aqua)

MERIS (Envisat)

MODIS (Terra)
OCM-1 (OCEANSAT-1)
SeaWiFS (OrbView-2)

OCTS (ADEOS) L]

CZCS (Nimbus 7)
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Figure 2.1: Timeline 1970-2030 illustrating past, current, and future

global ocean-color satellite missions. Missions after 1999 were
extracted from the online CEOS Earth Observation Handbook
(http://www.eohandbook.com/). Satellite platforms are indicated.

Adapted from |Blondeau-Patissier et al.| (2014).
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Figure 2.2: Comparison of the spectral band positions for six ocean color
sensors: CZCS, SeaWiFS, MERIS, MODIS, VIIRS and OLCI. The potential
applications for each spectral region are indicated. Near-infrared bands used
for atmospheric correction are not indicated beyond 800 nm. Examples
of measured spectral remote-sensing reflectance (R,) from various waters
around the world (Lee et al.| @ are shown in the background. Adapted

from Blondeau-Patissier et al. (2014), who adapted it from (2007).

at a limited number of wavebands in the visible domain, and to infer from these data
the chl a concentration of top layers of the water column (Esaias et al. [1986). Since
the initial success of CZCS, many following sensors have been developed and launched,
with increasing numbers of spectral bands. Past, current, and future global ocean-color
satellite missions are shown in Fig. Simultaneously, mission goals have extended
far beyond measuring chl a concentration. The details of the progress, advantages and
limitations of the algorithms, used with the multi-spectral ocean color sensors (CZCS,
SeaWiFS, MODIS and MERIS), have been recently discussed in Blondeau-Patissier et al.|
. The comparison of the spectral band positions for these four ocean color sensors
and VIIRS (the most recently launched instrument) is shown in Fig.

Conceptually, passive ocean remote sensing instruments retrieving information about the
constituents of natural waters, their corresponding inherent optical properties (IOPs),
the bottom type and depth, from the electromagnetic radiation reaching the sensor.
However, the instruments measure the upwelling radiance that includes contributions by
the atmosphere, the water surface and the water column (Fig. . Main contributions
to the measured signal are as follows (Sathyendranathl 2000):

e light reaching the sensor after scattering of photons in the atmosphere;

e light reaching the sensor after reflection of direct sunlight at the sea surface, e.g.,
in sun glint, from whitecaps or foam, which will be attenuated by scattering and
absorption in the atmosphere before reaching the detector;

e light upwelling from the sea surface after back-scattering in water, which will be also
attenuated in the atmosphere before reaching the detector.
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Figure 2.3: Pathways of light reaching the remote sensor. Adapted from
Sathyendranath| (2000). (a) Light scattered in atmosphere. (b) Specular
reflection of direct sunlight at the sea surface. (¢) Upwelling light leaving
the water surface and traveling in the direction of the sensor. Instantaneous
field of view (IFOV) is determined by the geometry of the sensor, its altitude
and its viewing angle.

The only radiometric component of the measured signal, which carries useful information
about the water body, is the upwelling radiance from the sea surface. Thus, the atmo-
spheric contribution and the light directly reflected at the surface (e.g., in sun glint, or from
whitecaps or foam) have to be corrected for. They are typically removed in the ocean color
atmospheric correction procedure. However, highly glint or cloud contaminated scenes
are routinely screened out. The atmospheric signal, which includes, among others, the
Rayleigh and aerosols components, can contribute up to 90% of the detected signal. It
also changes with the geometry of illumination and observation as well as with the aerosol
type and optical depth. Hence, small errors in the estimated atmospheric contribution
can cause significant biases in the estimation of the water components.

Upwelling water leaving radiance is influenced by several factors. Direct sunlight and
scattered sky light that penetrate the sea surface may be absorbed or scattered within the
water column. In-water constituents that affect light optical properties are traditionally
grouped into the following components (Mobley, [1994)):

e sea water (pure water + inorganic dissolved materials),

phytoplankton,

e CDOM (colored dissolved organic matter),

non-phytoplankton organic particles (sometimes referred to as detritus or tripton),
e inorganic particles,

e bubbles.
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In shallow waters, a significant part of the light from the sun may also reach the bottom
and be reflected from it. Ocean color remote sensing analyses the variations in magnitude
and spectral dependence of the water-leaving radiance to derive information on the type
and concentration of substances present in the water. The retrievals of the different IOPs
and biogeochemical components of the water are performed with bio-optical algorithms
(e.g. [Lee, 2006)).

2.2 Natural fluorescence of biological sources

2.2.1 CDOM fluorescence

CDOM and its optical properties

CDOM is part of the dissolved organic matter (DOM) pool, which significantly absorbs
light in the UV and blue spectral region. Hence, it has a yellowish color, which is why
CDOM is also referred to as gelbstoff, gilvin or yellow substance. The term ’dissolved’
refers to its solubility in the water, but it is generally defined operationally as the fil-
trate of the mechanical separation by filtration through 0.2-pm pore size filter. CDOM
is ubiquitous in all natural waters and covers a wide range of compounds of different
chemical structures that are of biological origin. Additionally, part of the CDOM pool
also fluorescence.

CDOM is an important component of aquatic systems and plays an important role for
many physical, chemical and biological processes. First of all, CDOM strongly influences
the light field in water: it reduces UV radiation, which is potentially harmful to aquatic
organisms, within the water column. On the other hand,when abundant, it limits the
amount of light available for photosynthesis and decreases the light penetration depth.
CDOM absorption may also influence the vertical distribution of radiant heating in the
upper ocean and thus alter stratification, mainly in coastal waters where CDOM is most
abundant (Granskog et al., 2007)).

CDOM is the principal abiotic photoreactive constituent in marine waters and undergoes
photoprocceses, during which its average molecular weight is reduced and products are
formed, e.g., reactive oxygen species (ROS) and a number of trace gases, like COg,
CO and carbon sulfide (COS) (Bloughl |2001). Reducing molecular weight leads to the
formation of biologically available low molecular weight organic compounds and to the
release of available forms of nitrogen, thereby providing important compounds for growth
of microorganisms. Furthermore, the biological availability of some metals can be altered
by CDOM: directly through photochemistry or indirectly through reactions with the ROS
or sea-air exchange of trace gases by redox reactions of some trace metals mediated by
CDOM (Coble| 2007, and references therein).

DOM is a significant element in the carbon cycle - in fact, DOM is arguably the most
important intermediate component in global carbon cycling (Battin et al., |2008). The
amount of carbon bound in DOM in the world’s oceans is similar to the amount bound
as atmospheric CO2 (~700 PgC) (Siegenthaler & Sarmientol, [1993). Estimates of the
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contribution of CDOM to total dissolved organic carbon (DOC) in the ocean range
from 20% to 70%, with highest estimates for river-dominated coastal regions and lowest
estimates for the open ocean (Coble, 2007, and references therein). Besides CDOM being
a useful proxy for dissolved carbon, it is also an indicator of water exchange and mixing.
CDOM can be used as water mass tracer as it displays conservative behavior on the
time scales of physical mixing. It can be helpful in tracing inputs of rivers or pollutants,
distinguishing between waters of different origin and verifying exchange of ballast waters
in the ocean-going vessels (Coble, 2007, and references therein).

Optical parameters of CDOM are often used to characterize it both qualitatively and
quantitatively. The absorbance and fluorescence of CDOM are frequently measured locally
and globally to examine the water quality, the chemical composition of dissolved organic
matter, trace water masses and to study dynamical processes involving CDOM.

Absorption: CDOM absorbs strongly in UV and short-VIS wavelengths, with an
exponential decrease towards longer wavelengths (almost negligible above 550 nm) and
without any discernible peaks in the absorption spectrum. The CDOM absorption spec-
trum is usually described by an exponential model (Jerlovl 1976 [Shifrin, |1988)):

acdom(A) = acdom()\O) . 6—5(/\—/\0) (21)

where acgom (o) is the absorption of CDOM at the reference wavelength \g, and S is the
spectral slope coefficient of the exponential, which determines the shape of the absorption
curve. Value of acgom(No) is a proxy of concentration, and S is often used as an index
for changes in the composition of CDOM, reflecting the complexity and diversity of
compounds, marine or terrestrial origin of CDOM or ratio of humic to fulvic acids (Carder
et al., 1989 (Green & Blough, [1994). Bricaud et al.| (1981]) suggested that the model as in
Eq. can reasonably describe CDOM absorption in the near-UV-visible domain (350-700
nm) and that S is independent of the choice of \g. On the contrary, more recent studies
show that S values are highly dependent on the wavelength range used for the calculation.
Both \g and range over which S is calculated varied in previous studies (T'wardowski et al.,
2004, and references therein).

As an alternative to the exponential model, [T'wardowski et al.| (2004)) proposed a hyperbolic
model to describe acgom (A):

-
acdom(A) = acdom()\412) : <)\i\12> (22)

where acgom (A112) is the reference absorption of CDOM at 412 nm, and + is the hyperbolic
slope that was assumed by [Twardowski et al.| (2004) to be 6.92. Though this model has
the convenience to depend on one parameter only and can be considered to be a better
descriptor of CDOM absorption spectra than the exponential model by Bricaud et al.
(1981)), it still inadequately accounts for the CDOM variability in a wide range of natural
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waters (Shanmugam, 2011). Hence Shanmugam (2011) has proposed a new exponential
form with two slope parameters:

Qedom = acdom()\i) : 675()\7,\0)770 (23)

where acgom (i) is absorption of CDOM at 350 nm and the 4° is an additional parameter,
independent of S, which takes into account the large variability of CDOM in coastal and
ocean waters. The model was developed for satellite remote sensing and showed very
good agreement between the absorption spectra estimated by that model and the spectra
measured by spectrophotometer of discrete water samples (Shanmugam), [2011)).

Regardless of CDOM composition and the model used to describe its absorption spectrum,
the CDOM absorption spectra lack sharp features. This can possibly be explained by
the complex chemical composition of CDOM, with it’s various compounds that have
overlapping absorption spectra, and with no single compound dominating (Coble, 2007)).
Del Vecchio & Blough (2004) argued that CDOM absorption spectrum cannot solely result
from a simple linear superposition of the spectra of numerous independent chromophores,
but it might rather arise from a continuum of coupled states resulting from intermolecular
interactions.

Despite the invention and application of new models to describe the shape of the absorption
spectrum, the most commonly used models are still single absorption models (as in Eq.
. S is sometimes considered a constant for specific applications (usually between 0.014
to 0.016 nm~!), although in several studies its value varied from 0.003 to 0.0247 nm~!
(Twardowski et all 2004, and references therein). Changes in S have been attributed
to different compositions of CDOM; its marine or terrestrial origin and degradation;
photo-oxidation; bacterial remineralization; and water masses mixing. The slope of the
absorption curve is usually lower in freshwater and coastal environments than in marine
environments (Coble, 2007). Relationships between the spectral slope coefficient and the
absorption coefficient have been used to differentiate between terrestrial and marine origin

of CDOM (Kowalczuk et al., [2005; Stedmon & Markager, 2001)).

Fluorescence: Fluorescence of CDOM is one of several imperfect inelastic scattering
processes in natural waters, which include vibrational Raman scattering and chl a flu-
orescence. Fluorescence occurs when a molecule absorbs a photon, where loosely held
electron is excited to a higher energy level, and then shortly after it emits a photon of a
different wavelength as the electron returns to its original energy level. Between processes
of absorption and emission some energy is dissipated as heat, so the energy emitted is
lower than the energy absorbed (the Stoke’s shift). The wavelengths at which a photon is
absorbed and emitted depends primarily on the molecule itself (Lakowiczl, [1999)).

Fluorescent CDOM (FDOM) is a subgroup of CDOM (Fig. [2.4), and is (analogously to
CDOM) a complex mixture of many fluorescent compounds. Due to the difficulty of
identifying individual fluorophores (compounds that fluorescence) in natural waters, two
major types of FDOM are usually separated (Coble, 2007): humic-like, and protein-like
or amino acid-like (usually specifically tryptophan-, tyrosine- or phenylalanine-like). In
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Figure 2.4: Colored and fluorescent DOM (CDOM and FDOM, respectively)
represented as a subfraction of the total DOM pool. Based on
|& Alvarez Salgado| (]2011[).

general, humic-like fluorescence displays broader fluorescence peak with emission wave-
lengths typically above 400 nm, whereas protein-like display narrower peaks with emission
wavelengths below 400 nm.

Typically, humic substances are sub-divided into three categories, which are chemically
defined by the solubility at different pH: humic acids are insoluble in aqueous solution
at pH lower than 2, but soluble at higher pH; fulvic acids are soluble in water under all
pH conditions and humins are insoluble in water under any pH conditions (Aiken G.R.
. Fluorescent humic-like fluorophores are also usually divided into terrestrial and
marine origin. Terrestrial humic-like compounds display red-shifted fluorescence. This
means that they show excitation and emission maxima at longer wavelengths, which is
probably due to higher molecular weight.

The main components of protein-like FDOM are three fluorescent amino acids: trypto-
phan, tyrosine and phenylalanine. Tryptophan-like and tyrosine-like fluorescence has been
repeatedly observed (e.g. |Coble, [1996] 2007, Nieto-Cid et al., [2005; Yamashita & Tanoue,
2003; [Stedmon et al., 2007)). Their fluorescenc spectra show similarities to fluorescence
signals of pure tryptophan and tyrosine. Natural water samples display a blue shift to

shorter wavelengths because amino acids behave differently in different microenvironments
(Determann et al., [1998). Phenylalanine fluorescence has also been observed (Jorgensen
2011)), and showed a good agreement with the phenylalanine standard.

Besides being dependent on the molecule itself, fluorescence depends also on environmental
factors, which can affect both the wavelengths at which fluorescence is emitted and its
intensity. Fluorescence generally increases with increasing pH. However, in aquatic systems
where the pH ranges normally between 5-9, the intensities of fluorophores are found to
change only by about 10% and hence pH has a much lower effect on fluorescence than
the DOM molecular character (Hudson et al., 2007)). These changes in fluorescence result
from conformational changes in molecules (Hudson et al., 2007)), which are exposing or
hiding fluorescent parts of molecules. Low pH causes the molecule to coil, while raising
pH extends the molecule (Hudson et al.l 2007).

The presence of metals through the formation of organo-metal complexes can either
quench or enhance CDOM fluorescence in a certain spectral region (Hudson et al., 2007,
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Table 2.1: Fluorescence properties: excitation maxima FEx,,,; and emission
maxima EmMy,q,, for major fluorescent components of CDOM in seawater,

after |Coble| (1996))

Peak Expaz[nm]  Empee[nm]

B 275 310 Tyrosine-like, protein-like

T 275 340 Tryptophan-like, protein-like
A 260 380-460 Humic-like

M 312 380-420 Marine humic-like

C 350 420-480 Humic-like

and references therein). However, quenching by metals is not likely in natural waters
(Hudson et al., [2007). Fluorescence can also be quenched by increase in temperature,
as a rise in temperature increases the likelihood that an electron will come back to its
ground state by a radiationless process. Measurements of thermal quenching were also
suggested to provide another way to analyze CDOM composition or to fingerprint DOM
pollutants from different sources (Baker, 2005)). Hence, CDOM fluorescence measurements
are conventionally taken under constant temperatures in order to avoid the influence of
thermal quenching of fluorescence (Baker}, 2005]).

The dominant process for FDOM (and CDOM) removal from natural waters is photo-
bleaching, with microbial decomposition of lesser importance (Coble, 2007, and references
therein). Photodegradation alters both intensity and peak position of fluorescence. DOM
may be degraded by direct alteration of the DOM structure or indirect chemical changes
through reactions with free radicals created by the application of light (Hudson et al.,
2007, and references therein), with both its optical and chemical properties altered.

Fluorescence of CDOM has been observed for a long time in natural waters, but its
measurement has become relatively fast and easy only for the last 20 years. This is mainly
resulting from the excitation emission matrix fluorescence spectroscopy (EEMS), which
nowadays enables synchronous scanning of excitation, emission and fluorescence intensity.
As a result, a 3-D plot of fluorescence excitation wavelength, emission wavelength and
intensity is obtained (see example in Figure[3.4). This technique allows to perform analysis
over a vast array of available data. Fluorescence data reveal more details and provide
more information on CDOM composition than the smooth absorption spectra. The first
method to analyze EEMs of DOM and identify fluorescent compounds was proposed by
Coble (1996) and was rather descriptive and involved manual identification of peaks in
EEMs. |Coble (1996) based the characterization of FDOM on 3-D plots, contour plots,
number of fluorescence peaks, position of emission maxima at fixed excitation wavelengths,
fluorescence intensities and position of wavelength-independent fluorescence maxima, and
ratio of the two humic-like peaks. As a result, five major fluorescent components were
identified and designated by letters (Table . The nomenclature introduced by |Coble
(1996) has since then been commonly used and referred to in the literature.

To extend our understanding of the character of fluorophores, by utilizing such large
amount of data and separating contributions of individual fluorophores, which usually
have spectral overlap, multivariate and statistical methods have been applied to extract
the most information from the EEM data. Such methods include the Analysis of Variance
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(ANOVA), Partial Least Squares regression (PLS), Principal Component Analysis (PCA)
and Parallel Factor Analysis (PARAFAC) (Hudson et al., 2007, and references therein).
PARAFAC has turned out to be especially useful, as under some circumstances, it enables
a so-called mathematical chromatography to be performed; that is, to separate the mixture
of measurements into the contributions from the underlying individual chemical analytes.
For each analyte, the pure excitation and emission spectra are obtained as well as their
relative concentrations (Bro & Vidal, 2011). The PARAFAC model has its origin in
psychometrics. However, over the past thirty years it has successfully been applied to
decompose EEMs of complex mixtures into their fluorescent components, and it has been
used to analyze CDOM and fluorescence for over ten years (Stedmon et al., |2003)). Lately,
the PARAFAC method has been frequently used for CDOM fluorescence analysis and has
proven itself to be a useful and quite a reliable tool (e.g. Guéguen et al., [2011}; \Jorgensen
et all |2011; Murphy et al. 2008; [Singh et al. 2010; [Stedmon et al.| 2003} [Stedmon &
Markager, [2005; Stedmon et al., [2007; [Yamashita et al., [2010)).

Satellite remote sensing of CDOM

Due to its optical properties, CDOM can in principle be estimated by ocean color al-
gorithms. In the last decades, many algorithms have been developed to assess CDOM
concentration (IOCCG, [2006). The algorithms have been developed for a variety of
sensors, water types, input parameters, etc. Most of these algorithms aim at estimating
the CDOM absorption coefficients at 440 or 443 nm, which is widely accepted as the proxy
of CDOM content. Most of them (e.g. QAA, |[Lee et al.[2002, and GSM, |Garver & Siegel
1997; Maritorena et al.|2002) produce the combined absorption coefficient of detritus and
CDOM (aqq), as satellites cannot discriminate between dissolved and particulate material.
However, the effect of using such a hybrid coefficient is viewed as negligible when applied
to clear waters, where detrital materials are usually at very low concentrations (Nelson &
Siegel, 2013).

Empirical approaches relate a combination (e.g. ratio) of radiances at several wavelengths
to the desired parameter. In this case it is usually a CDOM absorption coefficient, and
sometimes additionally a spectral slope parameter S (e.g. Swan et al., [2013). Another
example is the CDOM index (Morel & Gentili, 2009), which reflects the relative anomalies
in the relationship between CDOM and chl a concentrations as compared to chl a for
the mean conditions of bio-optical model developed for Case 1 waters. These empirical
relationships are usually developed from in situ data sets, where radiometric measurements
and CDOM absorption have been collected simultaneously or in a narrow period of time.
Hence, the obtained relationships may be valid only for the specific locations, for which
the input data was available, and not appropriate globally. On the other hand, semi- or
quasi-analytical algorithms (e.g. QAA and GSM) make us of both empirical parameters
(the way the IOPs are parameterized i.e. how their variations and spectral shapes are
formulated), and bio-optical models relating radiometric parameters and IOPs (generally
absorption and backscattering coefficients). The inversion usually allows simultaneous
retrieval of several variables contained in the IOP terms. Alternative approaches have
also been suggested, e.g. an artificial neural network (aNN) inversion procedure, which
was developed for the MERIS instrument (Doerffer & Schiller], 2007).
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Figure 2.5: Dissolved and Detrital Organic Matter Absorption Coefficient at 443
nm (age) from MODIS-Aqua for year 2009, derived with GSM model (left
panel) and QAA algorithm (right panel). Data source: the Ocean Color
Data Portal, http://oceandata.sci.gsfc.nasa.gov/.

In principle, the most widely used algorithms, GSM and QAA, partition the satellite-
determined reflectance spectra into, among others, az,. One of the biggest drawback of
these methods is the assumption of a constant spectral slope of colored detrital material
(CDM, i.e. CDOM and detrital particulate combined), despite the known spatial and
seasonal variability of the slope (Bricaud et al., 2012).

Recently, the GSM model was used for studies of the global surface ocean distribution of
CDOM by Nelson & Siegel (2013), and authors stated that alternative bio-optical models
give largely similar results. The mean global surface distributions of a4, at 443 nm from
MODIS-Aqua using the GSM model and QAA algorithm are compared in Fig. (data
freely available at the Ocean Color Data Portal at http://oceandata.sci.gsfc.nasa.gov/).
Global distribution of the satellite-derived CDM illustrates an oceanic pattern that clearly

mirrors the chl a distribution, with low values in the oligotrophic waters of the subtropical
gyres, and high values in the subpolar regions and regions of persistent upwelling. Values
of aj, in the North Atlantic are often often up to 0.1 m~', while values found in the
South Pacific Gyre are often an order lower, and around 0.01 m~!. These pattern largely

reflect the distribution estimated from in situ observations of CDOM (Nelson & Siegel,
and references therein). Enhanced values are also observed in the coastal areas,
where big rivers (e.g., Amazon or Congo) discharge into the ocean. Despite overall good
agreement between the two products, some discrepancies can still be observed: e.g., in
the equatorial Atlantic and especially Arctic Ocean (Fig. , where unexpectedly low
values are observed in case of GSM product, while at the same time QAA ag, values are
remarkably high.

As mentioned above, CDOM fluorescence varies with the types of CDOM and with the
environmental conditions. However, fluorescence of CDOM only becomes an important
component of water leaving radiance for regions with very high CDOM concentration
(Conmy et all 2014, and references therein). Furthermore, high CDOM waters are
typically near-shore or inland water bodies, which are usually masked within the data
processing in order to avoid land reflectance contamination, which further complicates
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Figure 2.6: Dissolved and Detrital Organic Matter Absorption Coefficient at
443 nm (agqg) from MODIS-Aqua for year 2009, derived with GSM
model (left panel) and QAA algorithm (right panel), shown for a
subregion in the Arctic. Data source: the Ocean Color Data Portal,
http://oceandata.sci.gsfc.nasa.gov/.

possible satellite remote-sensing measurements. Additionally, a fluorescence signal fills
in Fraunhofer lines, which offers another potential remote sensing application. Although
some studies have shown promising results (Vodacek et al., [1994), sun-induced CDOM
fluorescence is a very weak signal and its emission spectrum might be to broad to enable
passive remote sensing of FDOM (Conmy et al., [2014), which was also supported by this
study (see Section [5)).

2.2.2 Chlorophyll a fluorescence and its relationship to photosynthesis
Basic mechanism of photosynthesis

Photosynthesis is a biological process whereby light energy is captured and stored by
an organism, and the stored energy is used to drive energy-requiring cellular processes
(Blankenshipl 2002). The most common form of photosynthesis involves chl-type pig-
ments and operates by using light-driven electron transfer processes. The light used for
photosynthesis that drives a series of chemical reactions, comes from the Sun. The solar
spectrum, along with absorption spectra of some photosynthetic organisms, is shown in

Fig. 2.7

In eukaryotic photosynthetic cells, photosynthesis is localized in subcellular structures
known as chloroplasts. The chloroplasts contain all the chl pigments and, in most organ-
isms, carry out all the main phases of the photosynthesis process. In prokaryotic photo-
synthetic organism, the early steps of photosynthesis take place in specialized membranes,
which are derived from the cell’s cytoplasmic membrane. In these organisms, the carbon
metabolism reactions take place in the cell cytoplasm, along with all the other reactions
that make up the cell’s metabolism.

For convenience, photosynthesis can be divided into four phases (Blankenship, [2002]):

1. light absorption and energy delivery by antenna systems,
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Figure 2.7: Solar irradiance spectra (blue and orange) and absorption spectra of
photosynthetic organisms (Rhodobacter sphaeroides in red and Synechocystis
PCC 6803 in green). The spectra of organisms are in absorbance units (scale
not shown). Source: Blankenship| (2002]).

2. primary electron transfer in reaction centers,
3. energy stabilization by secondary processes,

4. synthesis and export of stable products.

Traditionally, the first three phases make up the so-called ‘light reactions’, while the fourth
encompasses the so-called ‘dark reactions’.

Photosynthesis starts with absorption of light by one of the pigments associated with
the photosynthetic apparatus. Not every pigment carries out photochemistry: the vast
majority functions as antennas, collecting light and then delivering energy to the reaction
center, where the photochemistry takes place. In the reaction center, the energy of excited
states is transformed into chemical energy. The essence of photosynthetic energy storage
is the transfer of an electron from an excited chl-type pigment to an acceptor molecule in
the reaction center. The primary electron transfer event is then followed by a rapid series
of secondary chemical reactions (Blankenship, [2002).

Most of photosynthetic organisms have two photochemical reaction center complexes that
work together in a non-cyclic, linear electron transfer chain (LET) (Fig. [2.8). The two
reaction center complexes are called photosystem (PS) I and PS II, which operate in series
in the opposite order, so that electrons are transferred from PS II to PSI. PSII removes
electrons from water, which is oxidized to molecular oxygen, which is then released as a
waste product. The electrons extracted from water are transported via a quinone and the
cytochrome bgf complex to PS I and, after a second light-driven electron transfer step,
eventually reduce an intermediate electron acceptor, NADP™, to form NADPH. During
the process, photons are also transported across the membrane and into the thylakoid
lumen, creating a protonmotive force, which drives the ATP synthesis.
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Figure 2.8: Schematic diagram of the photosynthetic linear electron transfer
(LET) chain. In LET, excitation energy from absorbed photons in PSII
is used to reduce the plastoquinone pool (‘PQ’) and pump protons from the
chloroplast stroma into the thylakoid lumen via the cytochrome (Cyt) b6f
complex. Energy from absorbed photons in PSII is also used to operate the
oxygen-evolving complex (OEC) by which water molecules are split yielding
further protons. Simultaneously, the energy from photons absorbed by PSI is
used, via ferrodoxin (Fd), by ferrodoxin-NADPH reductase (FNR) to reduce
NADP+ to NADPH. The oxidized PSI reaction centre P700+ is reduced
back to P700 using an electron donated by plastocyanin (PC), originally
from PSII. In the cyclic electron transport (CET), an electron is passed from
Fd back to the PQ pool and again to PSI via PC. This results in pumping
of protons to the lumen but no NADPH synthesis. Protons accumulated in
the lumen (from either LET or CET) are used by ATP synthase (ATPase)
to synthesize ATP. Source: |Porcar-Castell et al.| (2014).

The final phase of photosynthetic energy storage involves the production of stable high-
energy molecules and their utilization to power a variety of cellular processes. This
phase uses the intermediate reduced compound, NADPH, generated by PS I, along with
the phosphate bond energy of ATP to reduce carbon dioxide to sugars. In eukaryotic
photosynthetic organisms, phosphorylated sugars are then exported from the chloroplasts.
The carbon assimilation and reduction reactions are enzyme-catalyzed processes that take
place in the chloroplast stroma.

As light and carbon reactions exhibit different sensitivities to environmental factors (e.g.
light, temperature, water stress), the production of ATP and NADPH by light reactions do
not always match the consumption of these metabolites by the carbon reactions. As energy
absorbed in excess by the light reactions can damage the photosynthetic apparatus (for
example in very sunny but cold environment), photosynthetic organisms use regulatory
mechanisms to adjust the energy balance between light and dark reactions. Thus the
performance of light reactions tend to emulate that of carbon reactions, which establishes
a link between optical data (related to the light reactions) and primary production. This
is potentially useful for remote sensing of photosynthesis (Porcar-Castell et al., [2014).
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Figure 2.9: Idealized Jablonski diagram illustrating the energy partitioning of
absorbed photons in a chl @ molecule. Source: [Porcar-Castell et al.| (2014).

However, there are several processes that can interfere with this relationship. A scheme of
the partitioning of photosynthetic energy at the leaf level with the regulatory mechanisms
is shown in Fig. ??. The regulatory mechanisms adjust energy partitioning between
different different pathways of energy flow are indicated in Fig. as red valves.

Fluorescence at the molecular level

Unlike CDOM, chl ¢ is not dissolved in water, but located within living cells, which alters
its spectral properties and fluorescence efficiencies. An idealized Jablonski diagram of
the energy levels and possible dissipation pathways for a chl a molecule embedded in a
photosynthetic antenna, from which most of the chl a fluorescence originates, is shown
in Fig. Even though energy levels are quantized, chl a molecules display continuous
absorption and emission spectra due to superposition of vibrational energy levels on each
electronic energy level. Because photosynthetic pigments in vivo are tightly packed into a
protein matrix, the vibration of the chemical bonds in the pigment-protein complex add
additional variability to the absorption and emission spectra of pigments in vivo. Due to
this phenomenon, also known as inhomogeneous broadening, pigments display different
spectral shapes in vivo (Vassiliev & Bruce, |2008), but not when isolated. Vibrational
energy is associated with vibrations of atoms around their equilibrium positions in the
molecule, while rotational energy is associated with the rotation of the molecule around
its axis, which is negligible in the solid state.

Chl a absorbs light in the blue and red part of the visible electromagnetic spectrum
(Fig. left). The red absorption band (which is centered at 661 nm when chl a is
dissolved in diethyl ether), corresponds to an electronic transition from the ground state
directly to the first excited state (S1) of the chl a molecule (Fig. [2.9). The blue absorption
band (centred at 429 nm in diethyl ether) corresponds to an electronic transition from the
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Figure 2.10: Absorption (left) and fluorescence (right) spectra of chlorophyll a
dissolved in diethyl ether. The Soret and Q, absorption bands of chl a are
indicated. Source: [Blankenship| (2002]).

ground state to the second excited state. Because vibrational energy levels from higher
excited states overlap with those of the S1 level, excited states can switch to the vibrational
manifold of the S1 level, and the vibrational energy is again rapidly dissipated. Hence, the
difference in excitation energy between blue and red photons is almost always dissipated
as heat.

For S; level vibrational states, lifetimes of excitations are a thousand times longer as
compared to higher energy levels, and their energy can be used for other processes besides
internal conversion (Porcar-Castell et al., 2014). For a chl a molecule embedded in a
photosynthetic antennae, in the non-stressed conditions, most of the energy is effectively
transfered to other pigments or to the reaction center pigments, which is a pathway
to perform photosynthesis. Excitation energy can also be re-emitted as fluorescence.
Additionally, via the process of inter-system crossing, a long-lived chlorophyll triplet state
can be formed. The triplet state is long lived and can relax either by reacting with oxygen
to produce reactive singlet oxygen, by transfer of energy to a carotenoids (what is their
photoprotective function, next to photosynthetic) or by emission of a phosphorescence
photon. As formation of singlet oxygen can cause oxidative damage to the pigments, lipids
and proteins of the photosynthetic thylakoid membrane, the triplet state is potentially
dangerous. One photoprotective mechanism to counter this problem is the so-called non-
photochemical quenching (NPQ), which is a physiology regulated component of thermal
dissipation.

The fluorescence spectrum of chl a peaks at slightly longer wavelengths than the absorption
maximum (Fig. [2.10)). It is usual that a fluorescence spectrum has a characteristic ‘mirror
image’ relationship to the absorption spectrum. This is because those molecular vibra-
tions that are activated during electronic absorption are also likely to be activated upon
fluorescence emission. However, in this case, prior to photon re-emission, some energy is
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lost first in the internal conversion process and the initial state is the ground vibrational
state of the excited electronic state, while the final state is the excited vibrational state of
the ground electronic state. This causes a shift of the emission to the longer-wavelength
side of the main transition, which is known as the Stokes shift (Blankenshipl 2002).

Chl a dissolved in ether is highly fluorescent, with quantum yield of 30%, in contrast to
quantum yield of fluorescence in vivo, which has typical values of 0.5-3%, and does not
exceed 10%. This difference is due to photochemical and non-photochemical quenching
of excitation energy in the photosynthetic antennae (Porcar-Castell et al., 2014, and
references therein).

Linking fluorescence at PS II and photosynthesis

The processes that control the energy partitioning in PS II are crucial for relating chl a
fluorescence with photosynthesis and primary productivity. Energy absorbed by pigments
of PSII can be used for photochemistry, dissipated non-radiatively as heat or re-emitted
as fluorescence. Because of dynamic and physiology-regulated non-radiative energy dis-
sipation, a unique relationship between fluorescence and photochemical efficiency cannot
be established. In low light and no stress environment, most energy is effectively used
for photochemistry and excitation lifetime in the antenna of PS II 7pg;s is short (in the
order of hundreds of picoseconds). Hence, the fluorescence yield is low. This de-excitation
pathway is called photochemical quenching (PQ). If light intensity increases, the carbon
fixation reactions and electron transport chain gradually become light saturated, which
causes an increase in 7pgys, and results in increasing fluorescence yield (Porcar-Castell
et al.l 2014) . The sudden increase of fluorescence is especially well observed when dark-
acclimated photosynthetic organisms (terrestrial plant or phytoplankton) are exposed to
strong light after previous dark acclimation, which is then followed by a sudden decrease.
This process is collectively called the Kautsky effect (e.g., |Govindje 1995, first observed
by Kautsky & Hirsch/|[1931). These dynamic changes reflect the rapid reduction and re-
oxidation of PS II electron acceptors and their influence on 7pg;;.

Increase in Tpgs raises the chance of the formation of hazardous chlorophyll triplet states.
Hence, plants and phytoplankton use a number of regulatory mechanisms that are capable
of dissipating the excess quanta as heat in order to minimize 7pgrr, while still allowing
electron transfer, hence photosynthesis, to take place. These mechanisms lead to a decrease
in the excitation lifetime in the antenna and subsequently a decrease in fluorescence yield
as well as PQ, and are collectively termed non-photochemical quenching (NPQ). The
primary modes of NPQ are antennae quenching (qE) and reaction center quenching (ql)
(Krause & Jahns, 2004). Antennae quenching functions by intercepting energy transfer
from the outer antennae to the PS II core, while gl is associated with damaged or down
regulated PS IT and heat dissipation at the core.

PSI and PSII fluorescence

Chl @ fluorescence originates from chl a pigments associated with one of the photosystems
(PSI or PSII), which co-operate in the electron transfer during photosynthesis. The
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reaction center of PSI and PSII contains a special dimer of pigments that is the primary
electron donor for the electron transfer cascade (Blankenship, 2002)). These pigments
are chemically nearly identical to the chlorophylls that form antenna pigments, but their
environment in the reaction center protein gives them unique properties. The pigments are
called P#+#+#, with ‘#+#4#  after the wavelength maximum of their Q, absorbance band
(see Fig. [2.10)), which is 680 nm for PSII (P680) and 700 nm for PSI (P700). Because of
this, the two photosystems show different spectroscopic properties (Fig. . At room
temperature, chl a fluorescence from PSI presents a peak at 730 nm and a shoulder at 690
nm, whereas fluorescence from PSII peaks at ~685 nm and has vibrational satellite bands
at wavelengths >700 nm, overlapping with PSI fluorescence (Porcar-Castell et al., 2014,
and references therein).

In contrast to PSII, the lifetime of excitation in PSI, 7pgr, does not seem to be affected by
photochemical or non-photochemical quenching processes (at least on short time scales),
possibly because its reaction center is very efficient at quenching excitation energy in the
oxidized state. The primary electron transfer rate (Blankenship, |2002) is slowed down
upon accumulating reduced quinone A acceptor (Q}) in PS II, which is the major effect
that gives rise to the fluorescence increase in PS II. Electrostatic repulsion of Q inhibits
the charge separation process and promotes the back transfer of the excitation to the
bulk antenna system, where fluorescence takes place. Some of the increase is also due to
recombination luminescence, in which the charge-separated state of P680 and pheophytin,
the primary electron acceptor of PSII, (P680"Pheo™), recombines to form excited state
P680*, followed by the back transfer of the excitation to the antenna system. Under most
circumstances, P6807" is never found, because it is such a strong oxidizer that there is
usually species to reduce it. Therefore it does not enter into the normal phenomenon of
fluorescence induction in PS II.

PS I has several important differences in comparison to PSII, which contribute to low
variable fluorescence (Blankenship, 2002)). First, the electron transfer process is largely
irreversible, due to the steeper redox gradient on the acceptor side of PS I. This rapdily
removes the electron that is transferred further from P700, compared to the situation in
PS II. This effect greatly reduces the probability of recombination luminescence due to
charge recombination. In addition, the larger distance of the electron acceptor diminishes
the electrostatic effect of the reduced acceptor on the primary electron transfer. Finally,
a significant amount of P700" is present under conditions of steady-state electron flow
through PSI. P700" quenches antenna excited states just as effectively as does P700,
although the mechanism is quite different. Probably, P700" quenches the antenna by
forming an excited state of the P700" complex (P700%*), which then rapidly decays by
nonradiative pathways (Blankenship, 2002)). All these effects lead to a semi-constant
pace of excited states quenching at PSI antenna pigments and hence low variability of
fluorescence yield.

Differences in yield and spectral properties between photosystems lead to variable con-
tribution of each of them to the total fluorescence signal. It is generally assumed, that
in natural conditions most of the fluorescence signal originates from PS II (Franck et al.,
2002). PSI fluorescence contributes from 0 up to 50% of total fluorescence, depending
on the method, measuring conditions, species, and especially the spectral region (Porcar-
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Figure 2.11: The relative spectral contributions of PSI and PSII fluorescence to
the total emission spectrum in (A )barley leaves at the minimal (Fy) and
(B) maximal Fj; fluorescence levels. Fluorescence is normalized to the
peak in Fyps. Source: |[Porcar-Castell et al| (2014), redrawn from [Franck
et al| (2002).

Castell et al. [2014). The contributions of PSI fluorescence has its maximum in the near
infrared and is considered insignificant in red wavelengths (Fig. [2.11)).

2.2.3 Chlorophyll a fluorescence in the marine environment
The variability of chl a fluorescence signal

The in vivo fluorescence flux emitted by an elementary volume (F) is often modeled as
a product of photosynthetically available radiation (PAR), chl a concentration (C), the
mean chl a-specific absorption coefficient a*(\), fluorescence intracellular reabsorption
factor (@QF) and quantum yield of in vivo fluorescence ¢ (Falkowski & Kiefer, 1985;

a

Babin et al., [1996; [Babin, [2008):

F=PARCT(\) Q" ¢p . (2.4)

Eq. reflects basic factors that influence fluorescence emission. As it implies, the
fluorescence that is measured does not dependent solely on fluorescence efficiency. In
nature, the variables that vary the most are PAR and C. PAR varies with changing sun
elevation, which depends on the location, the season and the time of day. It also varies
within the water column, and in response to atmospheric conditions (e.g., clouds). Changes
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in C can cover four orders of magnitude, with smallest values less than 0.03 mg m~2 in

oligotrophic waters and highest of 30 mg m~ and more in eutrophic waters (Babin et al.,
1996)). Nevertheless, the remaining terms are also largely variable and change in response
to environmental conditions.

The mean chl a-specific absorption coefficient a*()) is the chl a-specific absorption coef-
ficient of phytoplankton a*(\), weighted by the irradiance spectrum. In nature, a*(\) is
always influenced by accessory pigments present within algae. Therefore, a*(\) is highly
dependent on a phytoplankton species, but also changes with environmental conditions,
to which algae adjust their pigment concentration and composition. Additionally, with an
increase in chl concentration, molecular self-shading decreases a*(\) from its maximum
value. This phenomenon is usually called ‘package effect’.

Fluorescence is partly reabsorbed within the phytoplankton cell, since the chl a fluores-
cence emission spectrum overlaps the absorption spectrum of chl. The fraction reabsorbed
varies spectrally and depends on the absorption efficiency of the cell and, therefore, on its
size and internal pigment content (e.g. [Morel & Bricaud, 1981} Collins et al., [1985). The
portion of emitted fluorescence, which is not reabsorbed within the cell is characterized
by the factor ),. Theoretically, (), can vary between 0 and 1, but was found to usually
range between 0.66 to 1 (Collins et al., [1985).

Besides these primary factors forming the fluorescence signal, chl a fluorescence changes
in response to phytoplankton physiology, which in consequence could help to monitor
these changes and characterize photosynthesis, health and the productivity of oceans at
global scale (Lichtenthaler & Rinderle, |1988;|Babin et al.,[1996)). For example, fluorescence
variability can reflect the effect of nutrient limitations, e.g. macro-nutrients (Schallenberg
et al., [2008; |Abbott & Letelier, [1999) or iron (Behrenfeld et al., 2009). Chl a fluorescence
also depends on species composition (Maclntyre et al., |2010) and growth irradiance, i.e.
irradiance that phytoplankton has experienced during the growth phase of the cells and
hence to which it is acclimated (e.g. Morrison & Goodwinl, 2010; O’Malley et al., [2014).

In situ measurements of marine chlorophyll chl a fluorescence

The measurement of chl a in vivo fluorescence was introduced in oceanography by Loren-
zen (1966) to monitor changes in phytoplankton biomass. However, chl a fluorescence
measurements have expanded into a variety of measurement protocols, used for different
purposes, meant for different spatial and temporal scales, and from different platforms.
The most common use of in vivo chl a fluorescence in oceanography, is for an instantaneous
estimation of the phytoplankton biomass. The basic assumption for this principle is that
a product of a*(\) Q¥ ¢ is constant. Hence, having a constant light source to generate
PAR, then F is proportional to C, following Eq.

The excitation and emission spectra of fluorescence are often measured by spectrofluome-
ters. The excitation spectrum is commonly used to derive the absorption spectrum of
photosynthetic pigments. Some of the most recent fluorescence measurement techniques
are based on measuring variable fluorescence, i.e. the measurements of maximum and
minimum fluorescence by changing the illumination of the water samples. There are three
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different protocols to measure variable fluorescence (Huot & Babin|,2010)): pulse amplitude
modulation fluorometry (PAM), pump-and-probe fluorometry (P&P), and fast repetition
rate fluorometry (FRR).

In vivo emission of chl a fluorescence by phytoplankton typically creates a peak at 685
nm in the spectra of downward and upward irradiance measured in natural waters. With
increasing depth, the amplitude of the fluorescence peak observed in the upward light in-
creases relative to its background. At greater depths, due to high absorption of liquid water
in this spectral region, the scattering itself is greatly reduced, while inelastic scattering is
still relatively strong as a results of lower light attenuation within the water column at
the excitation wavelengths (Huot & Babin| |2010). The measurement of so-called ‘natural’
fluorescence (Kiefer et all 1989; Huot & Babin, 2010) are actually measures of vertical
profiles of nadir radiance around 685 nm and of PAR. This radiance can be measured
with underwater spectrometers that enable measurements of broader spectra, from which
a fluorescence signal can be extracted. More on in situ fluorescence measurements can be
found in Huot & Babin (2010]).

Remote sensing of marine chlorophyll fluorescence: normalized Fluorescence
Line Height

The marine chl-a fluorescence has been retrieved from space by ocean color retrievals.
The fluorescence line height algorithm (FLH), designed for MODIS (Abbott & Letelier,
1999) and later also applied to the MERIS instrument (Gower et al., 2004)), derives the
strength of the fluorescence signal by comparing radiance in the fluorescence channel to
the background radiance. MODIS and MERIS are high spatial resolution low spectral
resolution instruments, both having bands in the visible spectral region dedicated to
fluorescence measurements (Figure . For MODIS, the radiances are measured in
three channels in 10 nm windows, two of which are used to account for other effects
(backscatter and Raman scattering) by calculating the ‘baseline radiance’ for fluorescence
through interpolation of measurements at 667 nm (band 13) and 748 nm (band 15), the
latter one being far from fluorescence emission due to water vapor absorption lines near 730
nm. The third band, the fluorescence band, is centered at 678 nm (band 14). This band
does not cover the maximum of the fluorescence signal at 685 nm in order to avoid oxygen
absorption features (Abbott & Letelier, 1999). Because of these limitations on bands
placement, the measured MODIS FLH responds to only 57% of the actual fluorescence
signal (Gower et al. [2004). In case of the MERIS instrument, the FLH algorithm uses
bands 7, 8 and 9, located at 665 nm, 681 nm and 709 nm, respectively, and hence measured
MERIS FLH responds to 78% of the actual fluorescence signal (Gower et al., [2004). FLH
is calculated with use of water leaving radiances, while nFLH (normalized FLH) uses
normalized water leaving radiances. The schematic of the algorithm and corresponding
positions of relevant MODIS and MERIS bands are shown in Figure Using the
following algorithm, nFLH for MODIS is calculated as follows:

nFLH = Lwn 4 — Lwn s + (Lwnas — Lwnis) * [(As — Aa) /(A5 — Ai3)], (2.5)
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Figure 2.12: A schematic of the FLH algorithm, showing positions of MODIS and
MERIS bands. The actual fluorescence signal, as well as FLLH theoretically
retrieved by MODIS and MERIS are shown with arrows (red, purple and
green, respectively). Water leaving radiances, including (red solid line)
and excluding (red dashed line) chl a fluorescence were calculated with the
radiative transfer model SCIATRAN for a chl a concentration of 2 mg/m?3.

where Ly are the normalized water leaving radiances of the MODIS band number given
by subscript; nFLH is currently a MODIS Level 3 standard product (available online at
http://oceancolor.gsfc.nasa.gov /cgi/13).

MODIS nFLH delivered the first global picture of marine fluorescence and initiated global
studies on phytoplankton physiology and productivity (Behrenfeld et al., 2009; Morrison
& Goodwinl 20105 [McKibben et al., 2012; Huot et al., 2013; |Westberry et al., 2013).
However, detecting a weak fluorescence signal accurately is challenging. Atmospheric
corrections applied to multispectral data are based on several assumptions about the
atmospheric effects on different wavelength regions. The nFLH algorithm assumes the
spectral shape of the fluorescence. Further problems may arise from backscattered light
by particulate matter that scatters light in the red wavelengths and from which some
nFLH signal originates (Abbott & Letelier,|1999). Negative values of nFLH were observed
during blooms of some cyanobacteria species (Wynne et al., [2008), which was later used
for a cyanobacterial bloom forecast system in Lake Erie (Wynne et al., [2013a).

2.2.4 Chlorophyll a fluorescence of terrestrial vegetation
Variability of chl a fluorescence signal

For terrestrial vegetation, there are additional factors that need to be considered when
linking chl o fluorescence and photosynthesis on a leaf or canopy level. Similar to the
marine environment, the fluorescence signal is strongly reabsorbed by chlorophylls. Addi-
tionally, in case of terrestrial chl a fluorescence, the effect is differently modulated for the
two peaks of fluorescence, and interactions between leaf anatomy and the wavelength of
light determine the shape of absorption profiles (Vogelmann & Evans| 2002; Porcar-Castell
et al., 2014, and references therein). Red light penetrates deeper into the leaf, where it
is more scattered than blue light (Figure . This is primarily due to the carotenoids
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Figure 2.13: Wavelength dependency of light penetration and fluorescence
reabsorption within a leaf and a plant canopy. Source: [Porcar-Caste

et al] @01
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Figure 2.14: Emission and detection of light-induced chl a fluorescence with a
scheme indicating the re-absorption of primarily the red chl a fluorescence
band by the in vivo absorption bands of chl inside a bifacial leaf. Source:
\Buschmann! (2007).

absorbing strongly in blue (but not red) light in the upper layers of the leaf (Buschmann!
& Lichtenthaler], [1998). On the other hand, scattering in mesophyll tissue (the primary

location of photosynthesis in the plant), which increases the pathlength and hence the
probability of light absorption, is larger for red than blue light (Vogelmann & Evans,
. Furthermore, like in case of phytoplankton, because of the overlap of absorption
and fluorescence spectra, red fluorescence has a large probability (up to 90 % within the
leaf, |Gitelson et al.||1998]) of being reabsorbed by chl within the leaf or canopy.

As a result, far red fluorescence might have stronger contribution from a deeper part of
the leaf or canopy layer, and is, in general, less reabsorbed by chlorophylls, producing
a stronger signal. These differences are important to consider when interpreting the
fluorescence data in which signals are obtained from different spectral regions, which carry
information originating from different layer of the leaves and the canopy
et al) 2014). The original chl fluorescence emission spectrum of a leaf, and how it is
modified by re-absoprtion, is shown in Figure [2.14
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The chl a fluorescence signal is also modified by physiological and thermodynamic effects
(Porcar-Castell et al., [2014, and references therein). For example, a fluorescence emission
spectrum is known to change with temperature, and the range of temperature at which
observations are made can exceed 60 °C. Fluorescence yield also has shown to respond
to water stress. However, other processes, such as photorespiration, may undermine the
possibility of tracking plant stress under certain conditions. Satellite-derived fluorescence
has been shown to have a significant relationship to modeled GPP (Frankenberg et al.,
2011b; [Joiner et al., 2013; |Guanter et al., [2012), although this strong dependence was not
confirmed by the modeling study of [Mohammed et al.| (2014)). Hyperspectral measure-
ments of fluorescence above the canopy, and especially red fluorescence, were also shown
to improve the daily empirical model of GPP when used together with Photochemical
Reflectance Index (Cheng et all 2013). More on the link between chl a fluorescence and
photosynthesis, with focus on remote sensing application, can be found in the recent review
by [Porcar-Castell et al.| (2014)).

In situ measurements of terrestrial chlorophyll a fluorescence

In situ measurements of chl a fluorescence can be divided into active and passive methods
(retrievals of sun-induced fluorescence). In general, active methods are applied at leaf
level, and passive methods are typically used at the canopy level and beyond.

In one of the active instruments, pulse amplitude-modulated fluorescence (PAM) fluo-
rometers, a weak and pulsed measuring light is used to excite fluorescence. In PAM
fluorometers, the fluorescence signal measured shortly before or after an active pulse
is subtracted from the fluorescence signal measured during the active pulse. In this
process, virtually all non-PAM fluorescence signal is eliminated from the measurement. By
using a number of assumptions, and additionally performing PAM measurements on dark-
acclimated leaves, a number of parameters can be obtained using PAM fluorometry, e.g.,
quantum yield of photochemistry in PSII, electron transport rate, the maximum quna-
tum yield of photochemistry, regulated non-photochemical quenching or photochemical
quenching. While they need to be handled with careful consideration, PAM fluorometers
can be an effective tool for tracking the photoacclimation of photosynthesis (Porcar-Castell
et al., 2014).

With passive methods, it is possible to measure chl a fluorescence that originates from
excitation by sunlight photons. Sun-induced fluorescence can be measured passively from
a leaf-scale to satellite remote sensing. In principle, passive techniques use retrievals
based on observations of filling-in of the Fraunhofer lines by chl a fluorescence. Changes
in the fractional depths of Fraunhofer lines at several wavelengths are used to compute
sun-induced fluorescence. In contrast to PAM methods, where the light source is known,
here the adequate qualification of incident radiance is needed. Additionally, atmospheric
absorption and scattering need to be accounted for. Physiological interpretation of the
fluorescence signal depends also on the spectral window chosen (Porcar-Castell et al.|
2014).
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Remote sensing of terrestrial chlorophyll a fluorescence with hyperspectral
instruments

Remote sensing of terrestrial chl a fluorescence has been investigated in several studies, by
use of ground-based, airborne and spaceborne platforms (Meroni et al.[2009, and references
therein; [Frankenberg et al.| (2011b); |Joiner et al.| (2011); Guanter et al.| (2012); Joiner et al.
(2013))). For the last few years, chl a fluorescence received a lot of attention and has been
extensively studied. The development of techniques applied to spaceborne instruments
until now is briefly presented here. Such techniques utilized the filling in of Fraunhofer
lines and telluric absorption lines, and hence were applied to hyperspectral instruments.

First global observations of terrestrial chl a fluorescence were performed on the data from
the Fourier Transform Spectrometer on-board the Japanese Greenhouse Gases Observing
Satellite (GOSAT) (Frankenberg et al., [2011b} |Joiner et al.; [2011; |Guanter et al., [2012).
GOSAT-FTS has very high spectral resolution (~0.025 nm), which enables observations
of the in-filling of Fraunhofer lines. The proposed retrievals focus on the use of a strong
K line around 770 nm (Joiner et al., [2011), or additional use of a spectral region around
757 nm (Frankenberg et al.l |2011b; |Joiner et al., 2011), which contains several Fraunhofer
lines. These spectral regions are not much affected by atmospheric absorption. These
wavelengths are located close to the far-red peak of chl a fluorescence emission. While
GOSAT-FTS has excellent spectral resolution, it has poor spatial sampling and a relatively
high retrieval noise. Therefore, new algorithms have been developed for instruments with
better spatial sampling, e.g. GOME-2 (Joiner et al., 2013). The new proposed retrieval
extends the data-driven approach of |Guanter et al.| (2012)) to a broader spectral range,
which is then also more affected by atmospheric absorption. In such case, interactions of
fluorescence signal not only with Fraunhofer lines, but also with telluric absorption lines,
need to be taken into consideration within the retrieval.
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Chapter 3

Modeling of fluorescence processes

3.1 Principles of radiative transfer

The radiative transfer equation (RTE) governs the behavior of radiance within the medium,
which in the case here is the natural water body. RTE expresses conservation of energy
written for a collimated beam of radiance transferring through an absorbing, scattering
and emitting medium (http://www.oceanopticsbook.info/, acceded at 20" May). For
convenience, light can be depicted in the form of many beams of photons of various

wavelengths passing in all directions through each point of space, and possibly altered
underway. A single beam of radiance L, which is propagating in some direction (6, ¢)
and has a wavelength A is illustrated in (Fig. . The following six processes, which are
affecting it, and need to be considered in RTE, are (Mobleyl |1994):

1. loss of photons from the beam through annihilation of photons and conversion of

radiant energy to nonradiant energy (absorption),

2. loss of photons from the beam through scattering to other directions without change

in wavelength (elastic scattering),

incidN
radiance

L(r,B,@,A)

gain due to elastic
scattering into the
beam from (6".¢")

loss due to
scattering

out of the loss due to
beam absorption

gain due to
emission or
inelastic
scattering

final radiance
L(r+Ar,B,9,A)

Figure 3.1: Illustration of a single beam of radiance and the processes that affect it
as it propagates a distance Ar. Source: http://www.oceanopticsbook.info.
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3. loss of photons from the beam through scattering with change in wavelength (inelas-
tic scattering),

4. gain of photons by the beam through scattering from other directions without change
in wavelength (elastic scattering),

5. gain of photons by the beam through scattering with a change in wavelength (in-
elastic scattering),

6. gain of photons by the beam through creation of photons by conversion of nonradiant
energy into radiant energy (emission).

These six processes that change the radiance as the beam travels a short distance Ar
in passing through a small volume AV of water (represented by the blue rectangle of
Fig. , are quantitatively formulated below (Mobleyl 1994).

Processes 1 and 3. The change in radiance L, while traveling distance Ar, due to
absorption can be assumed to be proportional to the incident radiance, which can be
expressed as:

L(T + AT? 07 ¢7 )‘) B L(T’, 97 (b: )‘) . AL(T + AT’, 9, ¢, )\) .
Ar - Ar = —a(r,\)L(r,0,¢,)) . (3.1)

Here AL(r+Ar, 0, ¢, \) denotes the change in L between r and r+Ar. The proportionality
constant a(r,\) in Eq. is the absorption coefficient. Absorption at the wavelength A
of interest accounts for both energy converted to non-radiant form (”true” absorption)
and for energy that is redistributed from wavelength A to a different wavelength (inelastic
scattering). Either process leads to a loss of energy from the beam at wavelength A
(Mobley, 1994)).

Process 2. Analogously, the loss of radiance due to elastic scattering can be written as:

AL(r 4+ Ar,0, ¢, \)
Ar

- - b(/r.7 )\)L(T’ 97 ¢7 )\) I (3.2)
where b(r, \) is the scattering coefficient.

Process 4. Ambient radiance may be scattered from other directions into the beam
direction (6, ¢) (Fig.[3.2)). The scattering along Ar from direction (¢', ¢') into the direction

(0, ¢) corresponds to scattering angle 1 as shown in Fig. The contributions from all
directions can be integrated as follows:

AL (r+Ar 0,0,\) /2”/ (0,6, N)B(O', ¢/ — 0,¢; \) sin(6)d0'd¢ (3.3)

where 3(6', ¢ — 6, ¢; \) is the spectral volume scattering function.
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incident irradiance
E(®'9'N) =
L(8', @' A)AQB" ")

scattered intensity
I(r+Ar8,9,A) =
E(6.9"A) B(8",¢"0,¢) AV

Figure 3.2: Tllustration of a beam of radiance in direction (6’,¢') generating
radiance in the direction of interest (6,¢) by elastic scattering. Source:
http://www.oceanopticsbook.info

Processes 5 and 6. For simplification, processes 5 and 6, can be included in the RTE
as a generic source function S, which represents the creation of radiance by any inelastic
scattering or emission process, without specifying the mathematical form of S:

AL(r+ Ar,0,6,)\)
Ar

= S(r,0,6,)) . (3.4)

Each process, e.g., Raman scattering or fluorescence, requires a separate mathematical
formulation to specify .S, which for fluorescence processes will be discussed further in this
chapter.

In summary, changes in radiance with distance along a given beam direction can be related
to the optical properties of the medium and the ambient radiance in other direction. This
relationship can be expressed as the net change in radiance due to all six mentioned
radiative processes. By taking Ar as infinitesimally small (Ar — dr), it can expressed as:

dL(r, 0,0, ) —la(r,\) +b(r,\)]L(r,0,¢,\)

dr
2T T

+ / / Lm0, ¢ B 0,8 — 0,6:\)sin0'd0'ds) + S(r,0.6,)) . (3.5)
0 0

In oceanography, a coordinate system with the depth z being normal to the mean sea
surface and positive downward is often used. Changes in r are related to changes in z as
dr = dz/cosf (see Fig.|3.1)). Assuming that the ocean is horizontally homogeneous, one
obtains:

dL(z,0,¢,)

cos 6 = —Jla(z,\) +b(z,\)]L(z,0,0,\)

dz a
2T T

+ / / Lz 0,6 B0, & — 0,6: ) sin@df'd) + S(2,0,6,%) . (3.6)
0 0
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3.2 The SCIATRAN radiative transfer model

The ocean-atmosphere coupled radiative transfer model SCIATRAN was used within the
scope of this work (Rozanov et al. |2014). SCIATRAN was developed at the University
of Bremen to analyze measurements performed by the hyperspectral instrument SCIA-
MACHY onboard ENVISAT.

SCIATRAN is a comprehensive software package for the modeling of radiative transfer
processes in the atmosphere and ocean in the spectral range from the ultraviolet to
the thermal infrared (0.18-40 pm) including multiple scattering processes, polarization,
thermal emission and ocean—atmosphere coupling. The software is capable of modeling
spectral and angular distributions of the intensity or the Stokes vector (describing the
polarization) of the transmitted, scattered, reflected, and emitted radiation assuming
either a plane-parallel or a spherical atmosphere. Simulations are done either in scalar
or in vector mode (i.e. accounting for the polarization) for observations from multiple
platforms and in various viewing geometries (e.g. nadir, limb, occultation). All significant
radiative transfer processes are included. These are, e.g. Rayleigh scattering, scattering
by aerosol and cloud particles, absorption by gaseous components, absorption of chl and
CDOM in water, inelastic processes of Raman scattering and fluorescence, bidirectional
reflection by an under-lying surface including Fresnel reflection from a flat or roughened
ocean surface. The software package contains an extensive database, and a specific module
for solving inverse problems (Rozanov et al., 2014).

The SCIATRAN software package along with a detailed User’s Guide is freely available for
non-commercial use via the webpage of the Institute of Environmental Physics, University
of Bremen at http://www.iup.physik.uni-bremen.de/sciatran.

3.3 Fluorescence in natural waters modeled by the ocean-
atmosphere coupled radiative transfer model SCIATRAN

The implementation of inelastic processes (such as vibrational Raman scattering, VRS,
and chl a fluorescence) was performed in SCIATRAN following |Haltrin & Kattawar| (1993).
The verification of VRS implementation was achieved by comparing the calculated VRS
reference spectra with model data (Kattawar & Xul [1992), as well as with VRS spectra,
obtained from hyperspectral ship-borne measurements of the solar radiation reflected from
the ocean surface (Peters et al., [2014). The accuracy of the implementation of chl a or
CDOM fluorescence has not been verified by a dedicated study, but the method is similar
to that used for VRS and gives very good results.

Fluorescence is an additional component in the RTE equation, and can be expressed as
the source function S of fluorescent process F' (Eq. and [3.5]), which is called hereafter
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Sr. The source term Sp can be expressed as (Mobley, [1994)):

o) 2T i

Se0.00) = [ [ [ D06 030(0 6 0.6:X > N sind'do'dgVa,
0 0 0

(3.7)

where fp(z;6,¢ — 0,6; N — ) is the spectral volume inelastic scattering function
of the fluorescence process F; and X' and A are an excitation and emission wavelength
respectively.

Function Bp(z;60',¢" — 6,¢0; N — ) was implemented following Mobley| (1994):

Br(z:6,¢ = 0,0 = A) = ap(z N)Rp(XN — NBr (¢,¢' = 6,0)  [m~'sr 'nm™Y]

where ap(z;\') is an absorption coefficient of a fluorescent substance at the depth z and
wavelength ), usually expressed as a product of a specific absorption coefficient of a
fluorescent substance a}.(\) and concentration of that substance Cp(z). Rp(N — A) is a
wavelength redistribution function which describes the energy transport out of excitation
wavelength X to emission wavelength X. Bp(#,¢' — 0,¢) is a phase function and is
assumed to be isotropic for both CDOM and chl a fluorescence (Mobley, |1994]).

3.3.1 Modeling of CDOM fluorescence

The CDOM fluorescence was implemented into the SCTATRAN radiative transfer model
on the base of two different approaches as described below.

CDOM as mixture of humic and fulvic acids

Hawes (1992) assumed that fulvic and humic acids comprise the sum of total CDOM
(although it contains also amino acid-like components, see Section [2.2.1]). [Hawes| (1992)
isolated humic and fulvic acids from several samples and measured their absorption and
fluorescence properties. Specific absorption coefficient of CDOM, a&pon (), and spec-
tral fluorescence quantum efficiency functions ncpom(N — A) were parameterized into
mathematical functions with linear regression, in order to be used afterwards in optical
models. Hawes (1992) calculated ncpom(N — A) (units of numbers of photons), from
which Rcpom (N — A) (units of energy) was obtained, following [Mobley| (1994)):

!/

Rcpom(N = A) =n(\N — N5 [nm™1] . (3.9)

For the purpose of this study, absorption and fluorescence parameters of samples numbered
FAT (of fulvic acids) and HA6 (of humic acids) from |[Hawes (1992)) were used (of a total of
four fulvic acid and seven humic acid samples, for which ncpom (N — ) was determined
by Hawes|1992)). Specific absorption spectra and fluorescence quantum efficiency functions
for components FA7 and HA6 are shown in Fig. [3.3]
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CDOM abundance is typically quantified by its absorption coefficient at a given wavelength
(e.g. 443 nm, see Section. For most of the ocean, acponr(443 nm) is below 0.1 m~!
(Morel & Gentili, [2009), but can be much higher for coastal waters. In European coastal
waters acpons (443 nm) ranges approximately between 0.01 and 1 m~! 2003). In
case of the data used here, 1 gm™3 of fulvic or humic acids corresponds to acpons(443
nm) of 0.075 m~! for FA7 and 0.011 m~! for HAG.
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Figure 3.3: Specific absorption spectra and fluorescence quantum efficiency
functions for samples numbered FA7 (of fulvic acids) and HA6 (of humic

acids). Redrawn from (1992).

Excitation-emission matrices and PARAFAC approach

A PARAFAC (PARAllel FACtor analysis) model was used in the second approach of imple-
menting CDOM fluorescence into SCIATRAN. Nowadays, PARAFAC is widely applied to
EEMs and enables qualitative and quantitative characterization of CDOM samples (Ishii

& Boyer, 2012).

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

N
Tijk = Z binCindin + €ijk, (3.10)

n=1

i=1,....0;5=1,....;k=1,... K

According to [Stedmon et al| (2003), when applying the PARAFAC model to EEMs, x;j;,
is the intensity of fluorescence for the ith sample at emission wavelength j and excitation

wavelength k; b;, is directly proportional to the concentration of the nth component in
sample ; ¢jy, is linearly related to the fluorescence quantum efficiency of the nth component
at emission wavelength j, dp,, is linearly proportional to the specific absorption coefficient
at excitation wavelength k. N defines the number of components in the model, and a
residual €;;; represents the variability, which is not accounted for by the model. The
parameters of the PARAFAC model are found by the least-square minimization.

For this study, the PARAFAC data from Jorgensen et al.| (2011) were used. Jgrgensen et al.|
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Figure 3.4: Fluorescence characteristics of the seven components identified by
the PARAFAC analysis and included into radiative transport model
SCIATRAN. Redrawn from Jgrgensen et al. (2011)

(2011) conducted a broad analysis of CDOM fluorescence samples collected worldwide and
identified seven components with the PARAFAC model, with use of split half analysis for
validation (introduction to the PARAFAC technique and description of its application
to CDOM fluorescence are presented in more detail in [Stedmon & Bro|[2008). |Jgrgensen
et al. (2011)) characterized these components by comparing their spectral characteristics to
components identified in earlier studies as well as pure fluorophores (fluorescent chemical
compounds). Spectral characteristics (product of matrices ¢ and d) of seven PARAFAC
components are shown in Fig. Jorgensen et al. (2011) identified components 1 and 4 as
humic-like FDOM. Components 2, 3, 5 and 7 were characterized as amino acid-like FDOM,
which had spectral similarity to phenylalanine, tryptophan and tyrosine. Component 6
had characteristics similar to both humic- and amino acid-like groups.

Since, it is not known, in principle, what the fluorescent components exactly are, the
molar absorbance, quantum efficiency and concentration cannot be calculated explicitly.
Hence, the terms of the PARAFAC model are only proportional to the molar absorbance,
quantum efficiency and concentration. As the optical properties of CDOM vary spatially
and temporally, the matrices were scaled in order to obtain values that are realistic and
comparable to the first approach that was used for CDOM modeling. Although the
applied scaling is not explicitly correct, it is sufficient for the feasibility study of CDOM
fluorescence modeling and retrieval, as presented here. Fluorescence quantum yields of
CDOM were previously reported to range from 0.005 up to 0.025 (Green & 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, matrix ¢ was scaled 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. These matrices were scaled so that the absorption obtained was similar to the first
modeling approach. In case of humic and fulvic acids, their concentrations were set to 1
gm™3 and 10 gm™3, and the sum of 1 gm™ of fulvic and 1 gm™ of humic acids lead
to the absorption of 0.086 m™' at 443 nm. To be consistent, the product of matrices was
scaled so that the final absorption of all components at 443 nm would be similar. In fact,
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Figure 3.5: The chl a-specific phytoplankton absorption coefficient, as used in this
study. Source of data: [Prieur & Sathyendranath| (1981)); (Haltrin| (2006).

it is only component 1 of PARAFAC model that absorbs at this wavelength region, and
after scaling was applied its absorption equaled 0.088 m~! at 445 nm. The scaled matrices
were used to calculate Ropon (N — A), with which the form of spectral volume inelastic
scattering function Scponr(z;6', ¢ — 0, ¢; N — X) was derived (Eq. [3.8). It is important
to bear in mind, that matrices could only be scaled to the values similar to the previous
approach, but their correct values remain unknown.

3.3.2 Modeling of marine chl a fluorescence

The chl a-specific phytoplankton absorption coefficient used in the calculations (Prieur &
Sathyendranathl 1981} Haltrin, [2006)) is shown in Fig.|3.5l The wavelength redistribution
function for chl a fluorescence R.p (N — A), was calculated analogously to CDOM
fluorescence according to Eq. from spectral fluorescence quantum efficiency function
for chl a fluorescence 7.5 (A — X), which here is described as:

Nent(X' = A) = Pera(X) fam(N) fai(A) - [nm™], (3.11)

where ®.,;()\') is a quantum efficiency (or quantum yield) of chl a fluorescence, which is
defined by

the number of photons emitted at all wavelengths A

Qe (N) = (3.12)

the number of photons absorbed at A’

The chl a fluorescence excitation function f&()\’) is defined as a unitless function that
specifies the interval over which light is able to excite chl a fluorescence, and f}(\) as
the chl @ fluorescence wavelength emission function.

For chl a a fluorescence of marine phytoplankton, ®.,;(\") ranges from less than 0.01 to
0.10, with 0.01 to 0.05 being typical (Mobley, 1994). ®.,;(\") depends in a complicated
manner on a number of parameters, which include phytoplankton species and physiological
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state, as well as environmental conditions such as the ambient irradiance, availability of
nutrients, or the presence of toxic pollutants (see Section and . In the case of
simulations performed in this study, ®.;;(\) was assumed to be 0.02, which is within the
range of the typical yield.

The chl a fluorescence excitation function, f55(\') was implemented in Mobley| (1994) as:

1, if370 <N <690 nm,
em(N) = { (3.13)

0, elsewhere.

The emission function f77}(\) was was modeled by a Gaussian (Mobley, 1994):

1 (A — /\9)2]
_ N , 3.14
o [ = (3.14)

where \) = 685 nm is the wavelength of maximum emission and o7 = 10.6 nm is the
standard deviation of the Gaussian, which corresponds to a value of 25 nm for the full
width at half maximum of the emission band.

enl (V)

3.4 Terrestrial fluorescence in SCIATRAN

Terrestrial vegetation fluorescence can be included in the SCIATRAN model in the form of
a known emission spectrum, which is considered in the model as an emission source located
at the lower boundary level. It is assumed that the fluorescence emission is unpolarized
and isotropic (uniform in all orientations).

Top of canopy fluorescence spectra can vary significantly, depending on the light condi-
tions, vegetation type, canopy structure, pigment composition, soil type, etc. Following
Joiner et al.| (2011}, 2012)), fluorescence emission was assumed to be spectrally constant
within the narrow windows (of few nanometers) that were used in the retrievals developed
in this study. Since the shape of filling-in structures within such narrow windows are
mostly driven by the depth and width of Fraunhofer lines, such approach expected to
have no influence on the retrieval.
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Chapter 4

Development of satellite retrievals
of fluorescence and chlorophyll

proxy

4.1 Overall retrieval approach

4.1.1 Retrieval technique: DOAS

In order to retrieve the fluorescence signal from high spectrally resolved satellite data, a
modified approach, based on the Differential Optical Absorption Spectroscopy (DOAS)
technique (Perner & Platt, 1979) was used. DOAS was originally developed for active
long path remote sensing (Perner & Platt,|[1979)), but was subsequently extended to passive
remote sensing ground-based observations (e.g., Eisinger et al.;|1997). The DOAS retrieval
approach utilizes the separation of high frequency from low frequency spectral features in
wavelength space. Variants of this approach have been applied for several years for remote
sensing of atmospheric trace gases (e.g., Burrows et al., [1999; Richter et al.,[2005), and has
been lately extended to the aquatic domain as PhytoDOAS (Vountas et al., 2007, Bracher
et al., 2009, Sadeghi et al., |2012)). A theoretical consideration of the relationships between
different DOAS algorithms is given by [Rozanov & Rozanov| (2010)). The family of DOAS
algorithms exploit the fingerprint spectral features in backscattered solar radiance spectra
that are caused by i) molecular absorption by atmospheric constituents (e.g., Richter et al.|
2005), ii) spectral re-distribution features that are induced by inelastic processes in the
atmosphere and ocean and fill in the solar Fraunhofer lines (e.g., Vountas et al.| [1998;
Vasilkov, 2002; Vountas et al., 2007; Dinter et al., 2015), iii) absorption features from
terrestrial plants and marine phytoplankton (e.g., [Wagner et al., [2007; Bracher et al.|
2009; [Sadeghi et al., 2012).

Inelastic processes (Raman scattering, Brillouin scattering and fluorescence) lead to a
redistribution of solar backscattered electromagnetic radiation, and shift of the frequency
toward higher or lower energies. Inelastic scattering by molecules in the air (mostly No and
O2) is called rotational Raman scattering (RRS). In lakes, rivers and oceans there are two
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dominant inelastic processes: vibrational Raman scattering (VRS) by water molecules, and
fluorescence (of phytoplankton pigments, mainly chl a, and CDOM). The effect of those
processes on the backscattered radiation at the top of atmosphere is possibly identified
in the filling-in of Fraunhofer lines (spectrally narrow and often saturated absorption
features in the solar spectrum), known as the Ring effect after its discoverer James Ring
(Grainger & Ring, [1962). The spectral shift due to Brillouin scattering, which also may fill
in Fraunhofer lines, is typically smaller than the spectral resolution of the hyperspectral
instruments such as SCTAMACHY and GOME-2, and is not considered further here. The
discussion of the impact of Brillouin scattering on the spectral structure of the radiation
reflected from the ocean surface can be found in [Peters et al.| (2014).

The DOAS method 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 poly-
nomial 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

N K
T(A) =Y _0i(N)Si — or(N)Sk — av (M) Sy — a5 (\)Sf = 0p(N)S, — Y axA*|| — min .
i=1 k=0
(4.1)
Here, 7(\) = —ln% is the so-called slant optical density, I(\) and Iy(\) are the

measured backscattered radiance and extraterrestrial irradiance, respectively, o;(\) is the
absorption cross-section of the ith atmospheric absorber, N is the number of absorber,
op(A) is a specific phytoplankton absorption spectrum, ogr(A), oy (A), and of()) are
reference spectra of RRS, VRS and chl a fluorescence, respectively, Z,I::O ap\¥ is the
low order polynomial, typically of the order K < 4. The ratio of I(\) and Iy(A) is taken
in order to make the retrieval less sensitive to absolute radiometric calibration.

The minimization is carried out with S;, Sg, Sy, Sy, Sp and polynomial coefficients
as the fitted parameters. The parameter S; is the integrated number density of the
1th atmospheric absorber along the slant optical path, which is generally related to the
concentration of a given absorber, while the parameter S, is generally related to the chl
a concentration. Sg, Sy, and Sy parameters are called scaling or fit factors and carry
information about the strength of the corresponding inelastic process. The method can be
applied to SCTAMACHY and GOME-2 data or data sets of similar instruments, which take
measurements of both extraterrestrial radiation, Iy(\), as well as backscattered radiation,
I()), with sufficient spectral resolution.

4.1.2 Reference spectra

In order to perform the retrievals with the DOAS method, adequate reference spectra have
to be determined for use as a priori information. Because the effect of inelastic processes
on the top of atmosphere radiation can be modeled, the reference spectra for fluorescence
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processes were calculated, following [Vountas et al. (2003), as:

j = R7 V7 f7 (4'2)

where IT()\) and I~ ()\) are the modeled radiances at the top of atmosphere accounting
for the jth inelastic process and neglecting all other inelastic processes, respectively.

The radiances I (\) and I~ (\) have been calculated using the coupled ocean-atmosphere
radiative transfer model SCIATRAN (Rozanov et al., 2014; Blum et al., 2012). The
details of the solution and the verification of the radiative transfer equation, including the
rotational Raman scattering in the atmosphere, can be found in [Vountas et al. (1998)) and
Rozanov & Vountas| (2014)).

All reference spectra were determined using average conditions, namely the pressure,
temperature, and water vapor profiles were set to default in the model for April and
a latitude of 45°, according to a climatological data base obtained using a 2D chemical
transport model developed at the University of Bremen (Sinnhuber et al.; 2009)).

Reference spectra for all components (described in Eq. involved in the DOAS fitting
process were pre-calculated with high spectral resolution (0.01 nm). To account for
the different spectral resolution of the instruments, the simulated spectra needed to be
convolved with the appropriate slit function. A Gaussian type slit function was used, of
which the full width at half maximum (FWHM) parameter was optimized with respect
to the chi-square errors (x?) for each retrieval for a sample dataset (odd days of January
2009). The process was done for each instrument separately (SCIAMACHY, GOME-
2). Additionally, the simulated data of top of atmosphere radiances, that were used for
development of the retrievals, were also convolved with a Gaussian type slit functions,
with appropriate FWHM corresponding to each instrument.

4.1.3 Hyperspectral satellite data
SCIAMACHY

SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Chartogra-
phy) is a grating spectrometer measuring transmitted, reflected and scattered sunlight
in three different viewing geometries: nadir, limb, and both solar and lunar occultations
(Burrows et al.l 1995; Bovensmann et al., [1999). In addition, it measures solar irradi-
ance. SCTAMACHY performs measurements of the upwelling radiation at the top of the
atmosphere in nadir and in limb viewing geometries from 214 to 2380 nm in eight spectral
channels, continuously from 214 to 1750 nm at relatively high resolution (0.2 nm to 1.5
nm). The channels with high spectral resolution have a variable ground scene footprint,
which is typically 30 km x 60 km, but varies for different clusters. The instrument was
launched in February 2002 on board the ENVISAT satellite into a sunsynchronous orbit
in descending node having a 10:00 am equator crossing time. ENVISAT was in operation
until April 2012 when ESA unexpectedly lost contact. Each nadir measurement is followed
by a limb measurement, which leads to intermittent nadir scans along-track. The swath
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width for both measurement cycles is 960 km. SCIAMACHY’s primary objective was
to measure trace gases in the atmosphere; however, part of the detected radiation is
influenced by absorption and scattering from the surface layer of the ocean or land. This
characteristic was already used to estimate vibrational Raman scattering by water (e.g.,
Vountas et al., 2007) and identify different phytoplankton groups (e.g., Bracher et al.,
2009).

GOME-2

GOME-2 are a series of three identical instruments operating from polar orbiting meteoro-
logical satellites MetOps (Callies et al., 2000; Munro et al., [2006). The data used here are
from the first GOME-2 instrument, which was launched in October 2006 onboard Metop-
A, which flies in a sun-synchronous orbit having an equator crossing time of 9:30 a.m.
It measures the Earth’s backscattered radiance and the solar irradiance at wavelengths
between 232 nm and 793 nm. In comparison to SCTAMACHY, GOME-2 has a larger
footprint (40 km x 80 km) and a large nominal scan swath width (1920 km), though
approximately once a month a narrow swath mode (320 km) is used. GOME-2 has a near
daily global coverage whereas SCTAMACHY, with its alternating limb and nadir viewing
geometry coupled with a swath width of 960 km, achieves global coverage in only six
days at the equator. Moreover, as the second GOME-2 onboard Metop-B was launched in
September 2012, from July 2013 onwards the Metop-B/GOME-2 instrument replaced the
Metop-A/GOME-2 in a default swath mode, and Metop-A/GOME-2 is now in a reduced
swath mode, which means that the swath is reduced to 960 km and pixel size is 40 x 40
km. The third satellite, Metop-C, is scheduled for launch at the end of 2017.

Future missions

The retrieval methods presented here are generic, and in future can be applied to other
hyperspectral instruments with similar (or better) spectral and radiometric performance.
New space missions will provide better spatial, temporal and spectral resolution and hence
better coverage of hyperspectral data, on which fluorescence retrievals can be performed.

Orbiting Carbon Observatory-2 (OCO-2), was successfully launched in July 2014. Like
other hyperspectral missions, its primary purpose is to investigate atmospheric chemistry
(mainly COy), but its spectral resolution allows retrieving chl a fluorescence near wave-
lengths 750 nm (Frankenberg et al., [2014).

Upcoming ESA Sentinel missions, under the Copernicus Programme, will also provide
better coverage and continuity of previous hyperspectral spectrometers. TROPOMI, on-
board Sentinel 5P, planned for launch early 2016, and future Ultraviolet Visible Near-
infrared (UVN) spectrometer on-board Sentinel 5 planned for launch in 2020 will have
spatial resolution of 7 km x 7 km, and the UVN spectrometer on geostationary Sentinel 4
mission, planned for launch in 2020, will have 10 km x 10 km spatial resolution.

GOSAT, the instrument, from which chl @ fluorescence was retrieved for the first time
in 2011 (Joiner et al., 2011} [Frankenberg et al. [2011b)), is planned to have its successor
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GOSAT-2. GOSAT-2 is planned for launch in 2018 and will provide further opportunity
to estimate chl a fluorescence.

Besides hyperspectral spectrometers, primarily designed to monitor atmospheric chem-
istry, the FLEX mission (Moreno et al., 2006) is specially designed to map chl a flu-
orescence at high spatial and temporal resolution. FLEX is now in competition with
CarbonSat (Bovensmann et al., 2010)) in the latest stage of evaluation for ESA’s Earth
Explorer 8 mission. CarbonSat, the other candidate aimed at observations of CO2 and
CHy, is a hyperspectral instrument that would also enable measurements of the far-red
peak of chl a fluorescence (Buchwitz et al., [2013). Such combined and simultaneous
CarbonSat measurements of COs2, hence possibly of COy uptake, and chl a fluorescence
could further improve the knowledge on productivity of different ecosystems and their
role in the carbon cycle. The final decision on Earth Explorer 8 mission is expected to be
announced by ESA by the end of year 2015.

4.2 Retrieval of CDOM fluorescence

4.2.1 Reference spectra of CDOM fluorescence

Reference spectra for fulvic and humic acids (according to [Hawes, [1992) and for seven
PARAFAC components identified by |Jgrgensen et al.| (2011]), were calculated according to
Eq. The simulated radiances were convolved with a Gaussian type slit function with
a FWHM of 0.4 nm.

The spectral characteristics of different CDOM components were investigated, particularly
in terms of their possible application in the DOAS satellite retrieval. In particular, the
narrow and sharp features resulting from filling-in of Fraunhofer lines were studied. For
the investigation of CDOM fluorescence, which was performed in the broad spectral range,
concentrations of fulvic and humic acids were set separately to 1 gm™ and 10 gm™2 in the
100 m deep water column. For narrow-band modeling in the spectral region of Fraunhofer
line HBG at 486 nm concentrations of fulvic and humic acids were set simultaneously to 1,
10, 50 and 100 gm™3 for four different modeling scenarios.

Reference spectra for fulvic and humic acids and PARAFAC components, calculated
according to Eq. are presented in Fig. [4.Th, b and c¢. The noticeable sharp and narrow
features correspond to filling-in of Fraunhofer lines or telluric absorption lines. In general,
reference spectra of amino acid-like components have much smaller amplitude (up to three
orders of magnitude) than the humic-like (Fig.[4.1p). Amino acid-like components exhibit
the fluorescence excitation at shorter wavelengths, usually below 300 nm (Jgrgensen et al.,
2011)). Due to this, the fluorescence signal is strong when measured with active techniques,
but 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
(Fig. , 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 spectral excitation region
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Figure 4.1: Calculated reference spectra for: (a) fulvic and humic acids
1992), (b,c) PARAFAC components (Jorgensen et all 2011), (d) RRS and
VRS. The shaded areas cover the wavelength regions used in the retrievals
(fit windows).

is at longer wavelengths, above 300 nm, where more light is available in the water column.
Among the amino acid-like PARAFAC components (Fig. ), fluorescence of component
2 is noticeably stronger than the others at wavelengths above 310 nm. This component
was identified by [Jorgensen et al| (2011) as trypthophan-like. Components 3 and 7 have

very weak fluorescence, and component 5 did not produce any observable fluorescence
signal.

The spectral shape of humic-like PARAFAC components differs significantly from the two
spectra of humic and fulvic acids obtained using the approach (Fig. )
In case of the latter, their fluorescence emission starts in longer wavelengths and reaches
further up to 700 nm, which is not the case for the PARAFAC measurements. This
difference can be due to the techniques used by 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 water sample (e.g., , . This conclusion
is supported by the results of |Green & 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. According to the
performed simulations, 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
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approaches.

4.2.2 Spectral windows of the retrieval

Two simple DOAS retrievals were performed, to test applicability of the DOAS method
to CDOM fluorescence observations, in the two following wavelength regions:

e 343 - 345.5 nm, around Fe I lines at 344 nm (<400 nm, corresponding to strong
amino acid-like fluorescence),

e 484 - 490 nm, HS line at 486 nm (>400 nm, corresponding to strong humic-like
fluorescence).

These spectral windows are highlighted in Fig. [4.1] along with the calculated reference
spectra. The Fe I and HS Fraunhofer lines are ones of the strongest within the wavelength
regions of amino acid-like and humic-like fluorescence emission, respectively. Additionally,
Fraunhofer line HB at 486 nm lies close to the CDOM fluorescence maximum reported in
previous studies at 490 nm (e.g., Vodacek et all 1994; Pozdnyakov et al., [2002]).

The relative contribution of the inelastic processes to filling in of Fe I and HS Fraunhofer
lines, was studied by comparing the reference spectra of CDOM, VRS and RRS (Fig. .
RRS produces especially strong features in the short wavelength region, the region of
amino acid-like fluorescence. Amino acid-like fluorescence is generally weak (Fig. .
However, one has to bear in mind that the PARAFAC components were calculated using
a scaling (introduced in this study) and hence the obtained estimations might deviate from
the correct values. The differential part (after subtracting the polynomial in the spectral
region of interest) of the reference spectra, for different inelastic processes is shown in
Fig. The contributions from all defined components of either approach of CDOM
fluorescence modeling (CDOM concentration of 1 gm™3 of fulvic and 1 gm™2 of humic
acids, and corresponding PARAFAC concentrations) were summed up for the presented
CDOM spectra. 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. left panel).

In case of longer wavelengths (Hf at 486 nm), all processes lead to filling-in of the strength
of the same order (Fig. right panel). The impact of varying concentration of fulvic
and humic acids (from none to 100 gm™2 each) on the differential reference spectra
of CDOM and VRS is investigated in Fig. In this wavelength region it is more
likely to observe CDOM fluorescence with satellite measurements than in the shorter
wavelengths (<400 nm). In clear waters, the VRS signal is dominant, but it weakens with
increasing CDOM concentrations (Fig. [£.3]middle panel). In case of CDOM concentration
of 1 gm™ fulvic and 1 gm™3 humic acids, both CDOM fluorescence and VRS lead to
similar filling-in. In case of CDOM being a mixture of 50 gm™2 of fulvic and 50 gm™>
humic acids, VRS signal is one order of magnitude weaker than CDOM fluorescence,
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Figure 4.2: The differential part of the reference spectra calculated according to
Eq. for different inelastic processes in the spectral region of Fraunhofer
lines Fe T at 344 nm (left panel) and HS at 486 nm (right panel). The
contributions from all defined components of either approach of CDOM
fluorescence modeling (CDOM concentration of 1 gm ™2 of fulvic and 1 gm~3
of humic acids, and corresponding PARAFAC concentrations) were summed
up for the presented CDOM spectra. VRS spectrum was calculated for clear
water. In the left panel, RRS and fulvic and humic acids spectra were scaled
for the clarity of the figure.

and for 100 gm™3 of fulvic and 100 gm™2 of humic acids, the VRS signal is negligible
(Fig. . However, the filling-in due to CDOM fluorescence itself remains almost constant
throughout all the scenarios of various CDOM concentrations. This is due to the fact that
with increasing CDOM concentration, light is almost completely absorbed stronger within
the top surface layers and does not penetrate that deep into the water column. Hence, the
bulk CDOM fluorescence signal originates from thinner surface layers of the ocean and is
not significantly higher for very large CDOM concentrations.

The results obtained here 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 with increase of CDOM. However, contrary to
their results, in this study the VRS in clear water was found to be stronger than CDOM
fluorescence in water of high CDOM concentration. These discrepancies might be due to
the fact that while here the impact of inelastic process is investigate in terms of the filling-
in of Fraunhofer lines at the top of the atmosphere, Pozdnyakov et al.| (2002)) focused on the
water volume reflectance (where atmosphere contribution is corrected for). Furthermore,
the coupled ocean-atmosphere radiative transfer model is applied here, while [Pozdnyakov
et al.| (2002) used simple hydro-optical models, and calculated the volume reflectance
arising from CDOM fluorescence directly from optical properties of water and CDOM.
For scenarios of simultaneous CDOM fluorescence and VRS, the combined filling-in signal
is overall getting weaker with increasing CDOM concentration (Fig. right panel).

Hence, filling-in signals due to CDOM fluorescence and VRS are coupled: when there is
no CDOM, the VRS signal is strongest. On the other hand, when CDOM concentrations
are high, VRS signal is very weak and a significant CDOM fluorescence signal can be
observed. It follows, that the filling-in can be due either strong CDOM fluorescence or
strong VRS. However, VRS has generally higher impact on filling-in of Fraunhofer lines.
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Figure 4.3: The differential part of the reference spectra calculated according to
Eq. in the spectral region of Fraunhofer line HS at 486 nm calculated for
different concentrations of humic and fulvic acids (see legend above) and for
different inelastic processes: CDOM fluorescence (left panel), VRS (middle
panel), CDOM fluorescence and VRS simultaneously (right panel). Here,
only fulvic and humic acids approach was applied.

CDOM fluorescence emitted from the ocean surface does not increase with increasing
CDOM concentration enough to produce a signal of filling-in, which would be higher than
a VRS signal for clear waters. As a result, with increasing CDOM concentration it is
expected to observe weakening of filling-in of Fraunhofer lines, due to decreasing light
penetration depth, and hence a decreasing VRS signal.

4.3 Retrieval of the red chl a fluorescence peak

4.3.1 Reference spectrum of red chl a fluorescence and selection of
spectral window of retrieval

The DOAS retrieval technique, generally and as implemented in this study, is sensitive
to errors resulting from correlations between the reference spectra in the fit, i.e. the fit
algorithm will not be able to distinguish between similar spectral features originating from
different sources. Unfortunately, all inelastic processes have similar spectral behavior, as
they all lead to the filling-in of Fraunhofer lines. Hence, some of the retrieved signal
does not originate from fluorescence, but from Raman scattering. As in the wavelength
region where chl a fluoresces, Raman scattering is not negligible, an optimal selection of
the spectral region is essential. Ideally, a window where fluorescence is at its strongest
and Raman scattering is relatively weak, is required. The choice of the fitting wavelength
region is also limited by strong atmospheric absorption features of Os and water vapor.
These regions are avoided because they attenuate the solar radiation, and for that matter,
the fluorescence. The selection of an optimal spectral fitting window is especially critical
for the retrieval performance because the marine fluorescence itself is a very weak signal
(Neville & Gower), 1977, |Abbott & Letelier, |1999)).

The deepest Fraunhofer lines in the chl a fluorescence emission region, which lead to the
strongest features of filling-in, are Ha and Fe 1. Although the Fraunhofer Ha line at 656
nm is the strongest, it was not used in this work, because it is located in a spectral region
of weak fluorescence and where rotational and vibrational Raman scattering is relatively
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Figure 4.4: Left panel: simulated reference spectrum of chl a fluorescence for a
concentration 1 mg/m3. Locations of the oxygen B band and Fraunhofer
lines Ha and Fe I are also shown. The green area covers the wavelength
region used in the retrieval (fit window) and is shown expanded in the right
panel. Right upper panel: polynomial (blue) subtracted from the absolute
reference fluorescence spectrum (red). Right lower panel: the fluorescence
differential fluorescence spectrum (magenta).

strong. This wavelength region is also substantially affected by water vapor absorption.
The second deepest Fraunhofer line is the Zeeman triplet line Fe I at 684.3 nm, which is
located close to the maximum of the fluorescence emission peak and was thus chosen for
this study. The DOAS fit was carried out in the wavelength window 681.8 - 685.5 nm,
which is close to, but outside of the oxygen-B band. This spectral region exhibits features
originating from other inelastic processes and weak water vapor absorption, but to a much
lesser extent than the region around the Fraunhofer Ha line.

The reference spectrum of chl a fluorescence calculated according to Eq. is shown
together with the selected fit window in the left panel of Figure[f.4] In order to demonstrate
the differential structure of the obtained reference spectrum within the selected fit window,
the reference spectrum before and after polynomial subtraction is shown in the right panels

of Figure [4.4

As pointed above, in the selected fit window not only the contribution of inelastic processes,
but also the absorption by water vapor, is accounted for. Because water vapor cross-
sections depend on temperature and pressure, it was decided not to choose one absorption
cross-section for a given temperature and pressure, but to calculate the reference spectrum
for water vapor analogously to the reference spectra for inelastic processes. Specifically, the
reference spectrum for water vapor was calculated according to Eq. , where I1(\) and
I~ (X) are modeled radiances at the top of atmosphere calculated including and excluding
the absorption by water vapor, respectively.

68 A . WOLANIN



4.3. RETRIEVAL OF THE RED CHL A FLUORESCENCE PEAK

Wr spectral window W spectral window Wy, spectral window
5.5e+14

5e+14
4.5e+14
4e+14
3.5e+14
3e+14
2.5e+14

2e+14 —— Solar spectrum
= 200 - Earthshine spectrum

Radiance [phot nm ™' em™2s7']

1.5e+14

620.0 640.0 660.0 680.0 700.0 720.0
Wavelength [nm]

Figure 4.5: The locations of all the spectral windows used in the DOAS chl «a
fluorescence retrieval. SCIAMACHY measurements (9th April 2009; lat
= 47°S, lon =40°E) of extraterrestrial irradiance (red line) and scaled
backscatter radiance (green) correspond to the sample DOAS fit shown
further in Figure 6.1}

4.3.2 Retrieval technique of the red peak of chl a fluorescence

Using the information and settings described in the previous Section the DOAS
algorithm used for the retrieval of chl a fluorescence in the spectral window 681.8 - 685.5
nm, which will be referred to hereafter as Wyg spectral window, is formulated as follows:

2

K
T(A) = 0w(N)Sw — 04(N)Se — Y arAF|| — min, (4.3)

k=0

where o0,(\) and S, are the water vapor reference spectrum and scaling parameter,
respectively, S, is the effective scaling parameter of the fluorescence reference spectrum,
which in fact accounts for the filling-in of the Fe I Fraunhofer line caused by all inelastic
processes.

Despite the fact that water vapor is fitted in the fluorescence DOAS fit, numerous nu-
merical experiments have shown that the retrieved fluorescence fit factors are still to some
extent sensitive to changing water vapor concentrations. As the fluorescence retrieval is ad-
ditionally sensitive to the Raman scattering, additional corrections for these processes were
applied. In order to estimate the influence of water vapor absorption and the contribution
of Raman scattering, two additional DOAS retrievals were performed in spectral windows
688.0 - 700.0 nm and 615.9 - 620.9 nm, respectively. Hereafter these spectral windows will
be referred to as Wy and Wg spectral windows. The Wy spectral window has been used
by Noél et al.| (2005, 2008)) to retrieve water vapor from SCIAMACHY. The locations of all
the spectral windows are shown along the example of a sample SCIAMACHY measurement

in Figure [4.5]

By performing the DOAS retrieval on the simulated data in the fluorescence, water vapor,
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Figure 4.6: Simulated reference spectra of RRS and VRS and the locations of all
the spectral windows used in the DOAS chl a fluorescence retrieval.
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Figure 4.7: Differential spectra for chl a fluorescence, RRS and VRS in the
spectral window Wpg. Spectra of RRS and VRS were scaled by factors 5
and 10, respectively, for the clarity of the picture.

and Raman scattering spectral windows for the different atmospheric scenarios and solar
zenith angles, the correction scheme was derived for the obtained fluorescence fit factors.
The specific corrections are explained in detail below.

The FWHM functions used for convolving simulated radiances were 0.4 nm and 0.488
nm for SCIAMACHY and GOME-2, respectively, for the main fluorescence and water
vapor correction retrievals; those values have already been previously used in other DOAS
retrievals at Wy spectral window (Noél et al., 2005, Noél et al., 2008)). For the Raman
scattering simulations (important for further correction of the fluorescence results as
detailed below), the radiances were convolved with a Gaussian of the FWHM of 0.3 nm
for SCIAMACHY and 0.4 nm for GOME-2. Those values were based on the difference
between the optimized FWHM for the reference spectra for fluorescence and the Raman

scattering.
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4.3.3 Accounting for effects of water vapor absorption and Raman scat-
tering

Water vapor correction To obtain the water vapor correction, the uncoupled version
of the radiative transfer model SCIATRAN was used. In this case, the fluorescence
emission was set in the window Wr to a number of specific constant values at the surface
and hence it was not further dependent on other environmental parameters such as solar
zenith angle (SZA), chl a absorption, light penetration depth, etc. The simulations were
performed for the aerosol free atmosphere and the following scenarios:

2,

I

the water vapor vertical column was set to 0.1, 1.0, 2.0, 3.0, 4.0, and 5.0 [gcm™

fluorescence emission at the surface was set to 0.1, 0.5, 1.0, and 2.0 [mW m~2sr~'nm™

SZA varied from 20° to 70° with 10° step;

the surface albedo was set to a constant value of 0.1 (following Noél et al.|2004)).

The water vapor fit factors were obtained solving two following minimization problems:
2

K
T(A) = Swrow(N) = 0(N)Se = Y _apA*| = min, Wp € [681.8,685.5], (4.4)
k=0

2

K
7(A) = Sww Tww(X) = S0, 00,(X) = Y apA*|| = min, Wy € [688.0,700.0],

k=0

(4.5)

where S,y and Sy, are the water vapor fit factors in Wr and Wy spectral windows,
respectively, oy (A) and oo, (A) are reference spectra of the water vapor and O2-B ab-
sorption band in the Wy window calculated in the same way as described above for water
vapor reference spectrum in the Wy window.

The results obtained show that the retrieved S, values are much noisier than Sy, as the
water vapor absorption is smaller in W window. Moreover, the retrieved fluorescence fit
factors are still sensitive to the variation of the water vapor concentrations. To mitigate
the impact of water vapor on the fluorescence fit factors, the following correction algorithm
was used:

Se = Se — Apw (4.6)

where 5’6 is a corrected fluorescence fit factor. The function A, was calculated as a
difference between the retrieved fluorescence fit factors Sy, and Sy obtained for the case
of simulations with and without water vapor in the atmosphere, respectively. The function
was described best in a least-squares sense by a second order polynomial:

Aww = Spw—Spo = 0016052, + 0.0029 S,y + 0.0024 . (4.7)

The introduced correction enables the obtained fluorescence fit factor to be extrapolated
to the case of a water vapor free atmosphere using the retrieved water vapor fit factor Sy, .
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Figure 4.8: Corrections applied to original fluorescence fit factors based on
modeled data. Left panel: water vapor correction. Right panel: Raman
scattering correction.

It follows from the left panel of Figurethat the relationship between A, and Sy, does
not change significantly with respect to SZA (different angles were not highlighted) and chl
a fluorescence emission, even though water vapor and fluorescence fit factors themselves
are dependent on these parameters. It should be noted that due to the weak dependence
of the water vapor correction factor on the surface albedo, only a single albedo value was
used for performing these radiative transfer simulations (Noél et al., 2004). This allows
employing the same correction factor for the fluorescence retrieval over both ocean and
land. It is assumed that this approximation is suitable in the framework of this study and
can easily be improved in the future.

Raman scattering correction In order to account for Raman scattering, its contri-
bution to filling-in of Fraunhofer lines was separated from filling-in originating from fluo-
rescence. The reference spectra of all inelastic scattering processes show similar spectral
structures mirroring the spectral structures of the solar irradiance spectrum, even though
within the broad spectral range they exhibit significant differences (Fig. 4.6)). However,
within a narrow spectral range, as used in this study, after polynomial subtraction they
differ only by a scaling factor (Fig. |4.7). From the mathematical point of view this
means that in the fluorescence fit window the Raman scattering reference spectrum can
be represented by a scaled fluorescence reference spectrum, i.e.,

or(A) = Cor(N). (4.8)

It follows that the effective scaling parameter S, introduced in Eq. (4.3)) can be represented
as a linear combination

S. = S;+CSg. (4.9)

Thus, to correct the impact of Raman scattering on the filling-in of the selected Fraunhofer
line, C'Sk needs to be estimated and subtracted from the effective parameter S,.

For this purpose, Raman scattering was retrieved in the Wgx window using the DOAS

72 A . WOLANIN



4.3. RETRIEVAL OF THE RED CHL A FLUORESCENCE PEAK

algorithm. This wavelength region is already outside, but it is still close to the fluorescence
emission band. This assures that the relationship between the Raman scattering fit factors
obtained in Wgr and W spectral windows does not change significantly with respect to
atmospheric/aquatic conditions.

The modeled radiances at the top of atmosphere were calculated including the rotational
Raman scattering, but neglecting the water vapor absorption and fluorescence emissions.
The DOAS fit can be formulated under these assumptions in the form of two following
minimization problems:

K 2

T(A) —zop(\) = > _apd*|| = min, Wge[615.9,620.9] (4.10)
k=0
K 2

T(A) —yor(\) = > _apA*| = min, W€ [681.8,685.5] (4.11)
k=0

where 0,(A),  and or(\), y are the Raman scattering reference spectra and fit factors
from Wgr and Wy spectral windows, respectively.

The simulations of RRS were performed for the following atmospheric scenarios:

e aerosol optical thickness at 650 nm was set to 0, 0.05, and 0.12;
e SZA varied from 20° to 70° with 5° step;

e the surface albedo varied from 0.01 to 0.5 with 0.01 step.

Preliminary simulations showed that VRS leads to minor filling-in as compared to RRS,
what can also be seen in the comparison of the amplitudes of their differential reference
spectra (Fig. . As a result, the impact of VRS for only a limited set of conditions was
modeled. VRS was modeled using the ocean-atmosphere coupled version of SCIATRAN
for the aerosol free atmosphere, the wind speed of 5 m/s, and the following scenarios:

e chl a concentration was set homogeneously to 0, 1 and 10 mg/m? ;

e SZA varied from 20° to 70° with the step 10°.
As expected, VRS leads to negligible filling-in, as compared to RRS. As a result the
correction was calculated based on RRS simulations only. Having solved the minimization
problems given by Egs. and for different SZAs, it was found that the relationship

between RRS fit factors in both spectral windows can be represented in the form of the
following regression:

y = a () 2+ b (V) z + ¢ (V) , (4.12)

where coefficients a, b and ¢ depend slightly on SZA (a € [0.0116, 0.0182], b € [0.0701, 0.0849],
¢ € [0.0138, 0.0288)).
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A subset of these resulting relationships for three SZAs is shown in the right panel of
Figure The fit factor values determined from the Raman scattering fit in the Wg
window are subtracted from the retrieved fluorescence fit factors, according to the following
equation:

Se = SE_C(y)7 (4‘13)

where S, is the fluorescence fit factor calculated according to Eq. C' is the factor
obtained by scaling of the reference fluorescence spectrum according to Eq. y is
calculated according to Eq. for a given SZA of the measurement, and for SZAs not
used in the simulations, the y value is interpolated between the two nearest SZAs.

Taking the above corrections into account in order to remove the interference of water
vapor and Raman scattering in filling of the Fraunhofer Fe I line in the 681.8 nm - 685.5
nm spectral window, the retrieved fluorescence emission fit factor Sy is calculated as
follows:

St = S.—(0.0160 S3,,+0.0029 Sy, +0.0024)—C' [a (99) SE + b (Yo) Sk + ¢ (¥o)] , (4.14)

where, the parameters S, Syw, and Sg are obtained performing multi-window DOAS fit
in Wg, Wy, and Wg spectral window, respectively.

4.3.4 Conversion scheme to fluorescence emission (SCIAMACHY FLH)

The fluorescence DOAS fit factor Sy obtained as a solution of the corresponding mini-
mization problem is readily recalculated in the form of the absolute fluorescence emission
spectrum. To demonstrate this, the fluorescence reference spectrum given by Eq. can
be and rewritten in the following form:

I-(\) +AI(\) _ AI(N)
- I ST

(4.15)

where it was taken into account that the variation of radiance at the top of atmosphere,
AI(X), caused by the fluorescence emission is much smaller than the elastic radiance,
ie., AI(\) < I~ (X). Assuming further that the a priori absolute fluorescence emission
spectrum at the surface is e, (), it can be written

AI(N) = Cheq(N), (4.16)
where the factor C, depends on the environmental conditions, i.e., I~ ().
Comparing Egs. and , it can be stated that for the elastic radiance I~ (\):
e(A) = Sreqa(N), (4.17)

i.e., the fluorescence DOAS fit factor Sy is also the scaling factor of the a priori absolute
fluorescence emission spectrum; e(\) is then the resulting fluorescence emission spectrum
at the surface.
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Figure 4.9: Conversion scheme for red chl a fluorescence between retrieved
fluorescence fit factors Sy and the fluorescence emission at the surface, for
a subset of calculated mean polynomial values.

The elastic scattering varies over an orbit and is not constant for the satellite measure-
ments. As a result, the conversion from retrieved S; into fluorescence emission at the
surface is a function of I7(A). As explained in Section and seen in Eq. the
polynomial carries the information about the background signal and broad-band effects.
To address this issue, a conversion scheme from Sy to absolute fluorescence emission was
developed, which is dependent on the measured radiance, i.e., on the mean value of the
polynomial fitted in the Wy spectral window. In order to simulate a variety of atmospheric
and surface conditions and hence different background radiances and different polynomials
obtained in the DOAS fitting, the following simulations were performed for a water-vapor
free and excluding RRS atmosphere:

e three atmosphere scenarios: no aerosols and Rayleigh optical thickness at 600 nm
amounting to 0.07 or 0.1; aerosol optical thickness at 650 nm amounting to 0.3 with
Rayleigh optical thickness at 600 nm amounting to 0.07;

e fluorescence emission at the surface varying from 0.01 to 5 mWm™2sr~'nm~! with

0.01 mW m—2sr~'nm~" step;
e SZA varying from 17° to 70° with 1°step;

e the surface albedo varying from 0.01 to 0.5 with 0.01 step.
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The top of atmosphere radiances were simulated for all the combinations of these parame-
ters (4’050°000 combinations). The fluorescence retrieval was performed on simulated data
for which the mean value of the polynomial fitted within the spectral window was calcu-
lated. It was obtained that the relationship between the absolute fluorescence emission
and the fluorescence fit factor Sy can be represented in the following form:

e =aS; + bS; + c, (4.18)

where the polynomial coefficients depend on the mean radiance value, i.e., on the mean
value of the polynomial fitted within the spectral window Wg. Coefficients a, b, and ¢ in
Eq. were calculated for the mean polynomial values between 2.2 and 5.4 with 0.01
step. As the obtained results of marine chl a fluorescence are compared with MODIS data
(see Section[6.1.1), the resultant absolute fluorescence emission will be called a fluorescence
line height for SCTAMACHY (FLH) for the Fe I Fraunhofer line. The latter is given by:

FLH = S;e,(Wr). (4.19)

4.3.5 Conversion from SCIAMACHY FLH into SCIAMACHY snFLH

The standard MODIS chl a fluorescence product is available in the form of nFLH. Ac-
cording to |Gordon & Voss (2004) and |Gordon & Clark (1981) the following relationship
between nFLH and FLH can be easily derived:

Fo(A1a)

nFLH = FLH —————— .
Eq(07, A14)

(4.20)

Here, Fy(A14) is the solar irradiance at the top of atmosphere and E4(07, A\14) is down-
welling irradiance just above the surface, both measured in MODIS band 14. It follows
that the quantitative comparison requires the calculation of E4(0", A14), which depends
on the aerosol optical thickness and solar zenith angle among others. FE4(0%, A\14) can
be calculated running any coupled ocean-atmosphere radiative transfer model. However,
this is a very time-consuming process requiring the global information of all atmospheric
and oceanic parameters. Vice versa, the MODIS Terra Level 1 data in combination
with SeaDAS software (http://oceancolor.gsfc.nasa.gov/seadas/) can be used to calculate
MODIS FLH for each single measurement point. However, to obtain yearly composite
average values, which are needed for comparison, a very large number of MODIS Level 1
data has to be reprocessed.

In order to estimate the expected quantitative relationship between FLH and nFLH
representation of fluorescence emission, the measurements for an arbitrary chosen day
(20th January 2009) of MODIS Terra FLH and nFLH were compared. For this purpose
the Level 1 data were downloaded and processed with SeaDAS software. The default
setting for atmospheric corrections and standard flags as in the Level 3 nFLH product
were used. The obtained results show that nFLH values are on average ~1.5 times larger
than FLH. However, they are up to four times different for low FLH values and highest
solar zenith angles (data not shown).
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Having this in mind, the SCTAMACHY results were additionally presented in the form of
simplified nFLH (snFLH), in which case at least the SZA dependence could be accounted
for. Hence, for the purpose of this study, snFLH is defined as follows:

Fy(Wp)

snFFLH = FLH ——————— .
Eq (0T, Wr)

(4.21)

where Ed78(0+WF) is a simplified downwelling radiance, calculated with the SCIATRAN
radiative transfer model with Fy(Wg) as extraterrestrial irradiance, in the wavelengths
of fluorescence fit window Wpg. It is called simplified, as only the changes in the SZA
are accounted for. Since the main goal of this study is to demonstrate the applicability
of the DOAS approach to derive information about chl a fluorescence, this study was
restricted to the qualitative comparison of SCIAMACHY FLH and snFLH with MODIS
nFLH data. For snFLH calculations, the aerosol optical thickness 7, and Rayleigh optical
thickness 7p were set to constant values for all scenarios (7p was set to 0.04, following
Bodhaine et al.[|1999 and 7, was set to 0.05 after Halthore & Cafifrey|[2006)). Halthore &
Caffrey| (2006) investigated 7, at remote Pacific Ocean locations, and found a minimum
74 0f 0.017 at 670 nm for the Coconut Island measurements. However, for most presented
measurements, the common values were ~0.05, and this value was chosen for this study.
The aerosol distribution varies over oceans, and is highest in the Atlantic Ocean next to
the Sahara, the Arabian Sea and the Bay of Bengal. However, this study focused solely
on SZA dependency. For these SCIATRAN calculations, the Bidirectional Reflectance
Distribution Function was used as surface reflection type, and the wind speed was set to
5 m/s.

4.4 Retrieval of the far-red chl a fluorescence peak

4.4.1 Reference spectrum of far-red chl a fluorescence and selection of
spectral window of retrieval

Chl a displays a double-peak fluorescence spectrum, with a second, far-red peak located
near 740 nm (Fig. 2.11). The far-red peak is located in the vicinity of the oxygen A-band
(Fig. , which is commonly used in remote sensing for the determination of cloud and
aerosol properties (e.g., [Sanders & de Haanl [2013; (Geddes & Bosch, 2015). Hence, this
spectral region is often measured by satellite-borne spectrometers with good spatial and
spectral resolution.

As in the case of the retrieval of the red peak of chl a fluorescence at 685 nm, the fit
window was chosen to stay outside of the oxygen absorption band in order to focus solely
on the filling-in Fraunhofer lines. To stay within a cluster of a good spatial resolution of
SCIAMACHY data, the wavelength region was limited to a very close proximity to the
02-A band, where the cluster of the best spatial resolution was available. Here, a very
narrow spectral window of around 4 nm in the wavelength boundaries of 754.0 - 758.1 nm
(O2-A band is located between 759 and 770 nm) was chosen. Similarly to the DOAS fit for
red chl a fluorescence, the fit window is outside of main water vapor absorption, but the
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Figure 4.10: Emission spectrum of simulated chl a fluorescence with locations of
oxygen absorption bands and several solar Fraunhofer lines (at leaf level).
Adapted from |Joiner et al.| (2011]).

retrieval is still slightly affected by its weak features. Hence, besides fluorescence, water
vapor reference spectrum was also fitted in the DOAS fitting procedure.

The reference spectrum of fluorescence in this spectral region was calculated as before
according to Eq. with the simulated radiances convolved with a Gaussian type slit
function with a FWHM of 0.42 nm. However, the ocean-atmosphere coupled version of
SCIATRAN was not used for calculating chl a fluorescence spectrum in this case. Instead,
chl a fluorescence was modeled as an emission source of 1 mW m~2sr~'nm~! at the surface.
Albedo was set to 0.1, while the atmosphere was assumed to be free of aerosols and the
SZA was set to 45°. As the fit window is very narrow, it was not additionally accounted
for the spectral dependency of fluorescence . Hence, fluorescence emission was modeled as
a spectrally constant additional signal, following Joiner et al.| (2011}, 2012)). The obtained
reference spectrum is clearly reflecting the Fraunhofer structures of the solar spectrum

(Fig. [L11).

To investigate the effect of other inelastic processes, namely VRS and RRS, on the retrieved
fluorescence, VRS and RRS spectra were additionally calculated and later compared for
this wavelength region. In case of VRS, its spectra were calculated with the use of the
ocean-atmosphere coupled version of SCIATRAN, so no albedo value was defined a priori.
Instead, two scenarios were modeled with a homogeneous chl a concentration in the water
column of 0 and 1 mg/m3. RRS spectra were calculated with the uncoupled SCIATRAN
version for surface albedo of 0.01 and 0.5, and additionally with the ocean-atmosphere
coupled SCIATRAN version for waters with no chl.

The spectra calculated for chl a fluorescence, RRS and VRS are compared in Fig.
According to the previous SCIATRAN simulations, VRS was already very weak for the
region of shorter wavelengths used in the retrieval of the red peak of chl a fluorescence
(see Section . Here, in case of longer wavelengths, VRS effect gets even smaller. In
similar retrievals of far-red chl a fluorescence, RRS was previously neglected as generally
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Figure 4.11: The solar spectrum (top panel), and the obtained reference spectrum
(bottom panel), which is clearly mirroring the Fraunhofer structures of the
solar spectrum, calculated from RTM simulations with SCTATRAN.

small, even though it was found to be a non-negligible effect (e.g., Joiner et al., [2013).

Nevertheless, the calculated VRS and RRS spectra are compared for this specific applica-
tion. For comparison of chl a fluorescence and RRS, the spectra were calculated for those
two surface albedo values representing the extreme values of very low and high albedo:
0.01 and 0.5. The spectra were calculated for two different albedo values, because, as in
the previous retrieval, the spectra depend on the surface reflectance. Very low albedo is
typical for oceans, as liquid water absorbs very strongly in this wavelength region. This
spectral region is typically used as the ‘black pixel’ for atmospheric correction in ocean
color algorithms for multispectral instruments. In contrast, a high albedo corresponds
to high reflectivity of vegetation in the near infrared (Fig. 4.13). The reflectivity of the
vegetation surface in NIR is mainly determined by the properties of the leaf tissues: their
cellular structure and the air-cell wall-protoplasm-chloroplast interfaces (Kumar & Silva,,
1973). It is further affected by environmental factors such as soil moisture, nutrient status,
soil salinity, and leaf stage (Ma et al., 2001). Even bar soils or other unvegetated surface
reach in the far-red a quite albedo >0.33

The reference spectra calculated for VRS, RRS and chl a fluorescence for different surface
scenarios are shown in Fig. Filling-in of Fraunhofer lines due to RRS is similar
to the filling in originating from fluorescence emission of 0.3 mW m™2sr~'nm~! for the
surface albedo of 0.01, or 0.1 mW m~2sr~!nm~! for the surface albedo of 0.5 (Fig. [4.12
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Figure 4.13: Typical spectra of different surface covers. Data source: ASTER
Spectral Library (Baldridge et al., [2009).

left panel). These estimations are of the same order as the study of |Vasilkov et al. (2013),
who compared the impact of RRS and chl a fluorescence on the O2-A and -B bands. RRS
impact also depends on SZA, surface albedo and pressure, aerosol loading, as well as the
spectral resolution of the instrument (Vasilkov et al., 2013)).

VRS impact on filling-in of Fraunhofer lines is small, even if there is no chl in the water
(Fig. right panel). It is around fifteen times weaker than the effect of fluorescence
of 0.1 mWm™2sr~'nm™! calculated for an albedo of 0.01. In case of RRS, an additional
spectrum was calculated in the ocean-atmosphere coupled SCIATRAN version for the
purpose of comparison with VRS (for condition with no chl a in the water). VRS spectrum
is twenty times smaller than RRS spectrum for albedo of 0.01, and as much as forty times
smaller for the ocean-atmosphere coupled scenario. This also shows, that even an albedo as
small as 0.01 is even higher than the ocean albedo calculated within the ocean-atmosphere
coupled model.

To conclude, Raman scattering causes only small filling-in of Fraunhofer lines. Impact of
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VRS is found to be particularly weak and even for clear waters it is of a few percent of RRS
only. Hence, Raman scattering was not taken further into account in the development of
the far-red chl a retrieval. Other potential sources of filling-in include luminescent minerals
in soil and/or rocks (e.g., fluorite compounds) or emission from flaming fires and volcanoes
(Joiner et al., [2012), which are out of scope of this study.

4.4.2 Offset correction

Already in previous studies, a zero-level offset was identified in the data, which is probably
caused by instrumental effects. The issue was first discussed by Frankenberg et al.| (2011a),
who suggested that its source can be stray-light in case of grating spectrometers (such as
SCIAMACHY), or detector signal non-linearity in case of FTS systems (such as GOSAT).
Various correction schemes were applied in previous studies in order to account for this
effect. In case of GOSAT retrievals, Frankenberg et al. (2011b) proposed an empirical
correction of the offset by calibrating measured radiance as a function of the average
radiance over Antarctica. This idea was followed by (Guanter et al.| (2012), who additionally
included numerous vegetation-free spectra to generate corrections curves on a monthly
basis. A different idea was proposed by |Joiner et al.|(2012), who suggested to use ocean
spectra with similar background radiance to reduce the errors from instrumental effects.
In the following algorithms developed for GOME-2, |Joiner et al. (2013) used a statistical
approach, which uses spectral principal components measured above vegetation-free pixels.
In such case, calculated principal component probably also compensate for the zero offset.

In order to investigate the issue of zero offset in this retrieval, ocean and non-vegetated
land scenes of the SCTAMACHY data for years 2004-2011, for which no fluorescence is
predicted, were examined. No observable fluorescence signal is expected above any ocean
scenes. If emitted, the chl a fluorescence signal is completely re-absorbed within the water
column due to a very strong liquid water absorption. Nevertheless, for this investigation
three oligotrophic regions of ocean gyres were chosen, where the chl a concentration
remains very low for the whole year (Fig. . In case of land scenes, a subregion of
Greenland (with some pixels being partly in the water) and a part of the Sahara desert were
chosen (Fig. . Both regions have very little or no vegetation during the whole year.
The pixels were filtered only for SZA (<70°), which means that a complete variety of cloud
contamination was included, ranging from cloud-free scenes to a complete cloud cover.
Therefore, the scenes represent a variety of solar zenith angles and background radiances,
as shown in the histograms in Fig. (the background radiance, or the brightness of
measured scene, correspond to the optical depth or polynomial fitted in the DOAS fitting
procedure). Especially ocean scenes represent a full spectrum of pixel brightness: water
is almost black in this wavelength range, but scenes can be much brighter when the ocean
surface is covered with waves and foam, or if the pixels are cloud- or glint- contaminated.

These regions, for which it is not expected to observe any fluorescence signal, were inves-
tigated in terms of retrieved fluorescence fit factors. Analyzing histograms of fluorescence
fit factors retrieved over them, a broad distribution of values around the mean value of
~1 is seen (Fig. top panels), despite the fact that no fluorescence signal is expected.
This shifted position of the mean value corresponds to the systematic, zero error of the
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Figure 4.14: Locations of chosen ocean and non-vegetated land regions, on which
the offset corrections were based. Ocean regions: nAtln (north Atlantic),
nPac (north Pacific) and sPac (south Pacific). Land regions: Greenland
(Grend) and Sahara (Sah).

retrieval, while the bell curve of the distribution of fluorescence fit factors reflects the effect
of the random noise. The scatter is larger for ocean regions, for which pixel brightness
extends over a wider value range. However, the dependency of the fluorescence fit factors
on the mean polynomial value is not easy to notice, even though the scatter is broadened
with the increase of the mean polynomial value, which corresponds to the darkening of
scenes (Fig. . For darker scenes higher chi-square values (x2) are also observed, which
is related to a weak signal arriving at the detector over dark ocean pixels (Fig. 4.17]).

In order to investigate the dependency of retrieved fit factors on the scene brightness, the
data were divided into subgroups based on the mean polynomial value. For each subgroup,
a mean value of the retrieved fit factors was calculated. After such averaging, a dependency
of the fluorescence fit factors on the mean polynomial value can be better identified
(Fig. [4.18). First of all, the mean fluorescence factor values exponentially increase for the
dark scenes where the polynomial equals five or more (Fig. left panel). On the other
hand, polynomial values below two represent exceptionally bright scenes (note that such
values are not common, even not for Sahara and Greenland, Fig. middle panel), which
would be screened out as clouds or ice and hence excluded from the measurements in the
data processing of the retrieval. Therefore, the offset correction was defined for the mean
polynomial value between two and four only, for which a simple monotonic function can
be fitted. A second order polynomial function that relates the retrieved mean polynomial
value to the expected value of the offset, St offset, was fitted (Fig. . Eventually, from
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Figure 4.15: Histograms of retrieved fluorescence fit factors, mean polynomial

values and SZAs over selected areas.
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Figure 4.16: 2D histogram of eight years (2004-2011) of SCIAMACHY

measurements for a range of retrieved fluorescence fit factors and mean
polynomial values.

each retrieved fluorescence fit factor Sy a calculated Sy ofset is subtracted:

St corrected = Sf — St ofiset = Sy — (—0.00612% — 0.0056 + 0.9122) ,

where the independent variable x is a mean polynomial value.

0 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70
SZA °

(4.22)
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Figure 4.17: 2D histogram of eight years (2004-2011) of SCIAMACHY
measurements for a range of chi-square and mean polynomial values.
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Figure 4.18: Relation between the offset value Sy omset and retrieved mean
polynomial value for the regions defined in Fig. for the whole range
of data points (left panel), and for the limits within the offset correction
function is defined (right panel).

4.4.3 Conversion scheme into fluorescence emission

Retrieved and offset-corrected fluorescence DOAS fit factor St corrected Can be recalculated
in the form of the absolute fluorescence emission spectrum at the surface, analogously to
the approach introduced for red peak of chl a fluorescence (Section. The conversion
scheme is based on the radiative transfer simulations with SCIATRAN. As compared to
the red chl a fluorescence retrieval, a number of scenarios simulated with SCIATRAN
was decreased in case of the far red chl a fluorescence retrieval in order to minimize
the computational cost. The simulations with following settings were performed in the
aerosol-free, Rayleigh atmosphere:

e fluorescence emission at the surface varying from 0 to 3 mW m™2sr~'nm ™! with 0.1

1

mW m2sr~'nm ™! step;

e SZA varying from 17° to 70° with 1°step;
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e the surface albedo varying from 0.01 to 0.5 with 0.01 step.

A conversion scheme for the far-red peak of chl a fluorescence was developed similarly to
the red peak of chl a fluorescence. However, here the conversion factor is not dependent
on the mean polynomial value, but depends directly on the mean value slant optical
density within the spectral window of the retrieval (slant optical density defined as 7(\) =
—1In 110(7):\))7 see Eq. . Based on the SCIATRAN simulations, it was found that this change
leads to obtaining Iinear functions (instead of polynomials of second degree). Using linear
functions is important for the retrieval in the far-red peak of chl a fluorescence, because
of the observed zero-offset and introduced zero-offset correction. In case of a second order
conversion function, the error introduced by a not fully corrected offset would lead to
much higher differences in the absolute values. To further minimize the error introduced
by the offset correction, the conversion scheme was applied to the mean gridded values of
the offset-corrected fluorescence fit factors, based on mean gridded slant optical densities
(on 0.5° grid).
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Figure 4.19: Conversion scheme for far-red chl a fluorescence between retrieved
and offset-corrected fluorescence fit factors Sy corrected and the fluorescence
emission at the surface, for a subset of calculated mean slant optical density
values. Each color refers to the mean optical depth value in the range
starting from a value as indicated in the legend, to this value incremented
by 0.05. The larger spread of values as compared to Fig. [£.9]is due to a
smaller number of simulations and a smaller number of different ranges of
values for which different functions were calculated.
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The relationship between the absolute fluorescence emission at the surface and the cor-
rected fluorescence fit factor Sy corrected Can be expressed in the following form:

€ = an,corrected + b, (423)

where the polynomial coefficients a and b depend on the mean slant optical density within
the fit window. Coefficients a and b in Eq. were calculated for the mean slant optical
density values between 2.0 and 5.4 in 0.05 step increments, based on simulated radiances.
Since the number of simulations is lower than in the case of red chl a fluorescence, the
step increments are bigger in order to ensure enough data points to fit the function. The
obtained linear functions of the conversion scheme for far-red chl a fluorescence for a subset
of calculated mean slant optical density values are shown in Fig.

4.5 Retrieval of the chl proxy

By adding a chl a-specific absorption spectra of phytoplankton to the DOAS fit, the
DOAS method was previously extended to PhytoDOAS and applied to global observations
of phytoplankton overall and group-specific biomass (Vountas et al., [2007; Bracher et al.,
2009; Sadeghi et al.,|2012)). The basic idea of this approach is also adequate for observations
over land. Earlier applications of DOAS to terrestrial vegetation by |Wagner et al. (2007)
focused on the analysis of weak narrow-band reflectance structures of three types of
vegetation (conifers, deciduous trees, grass) in the red spectral range. Wagner et al.
(2007) found that some vegetation features are also retrieved from ocean pixels, especially
with respect to the retrieval of conifers. Here, the application of the DOAS method was
extended to observations of the global terrestrial vegetation by adding a chl absorption
spectrum characteristic for terrestrial plants to the DOAS fit. The absorption features
were retrieved in the blue spectral region, which covers the Soret band of chl absorption

(see Fig. [2.10).

4.5.1 Reference spectrum of chlorophyll

Modeling simulations are not needed to calculate the absorption spectra used as the
reference in the DOAS retrievals, as no wavelength shift needs to be simulated (which is the
case for inelastic processes). Hence, in case of a chl absorption spectra, an a priori known
spectrum can be directly used. However, chl absorption exhibits different spectra when
isolated, as when it is embedded in a photosynthetic antenna (Section. Furthermore,
there are always other pigments than chlorophylls present in the photosynthetic organism,
which all together create the specific absorption spectra. Hence, a chl a absorption
spectrum as shown in Fig. was not used in the developed retrieval. Instead, a chloro-
phylls (a+b) absorption spectrum, which is also used in a widely-used leaf directional-
hemispherical reflectance and transmittance model, PROSPECT-5 (Jacquemoud & Baret),
1990; Feret et al., [2008), was adopted. To calculate the specific spectral absorption
coefficients, Feret et al.| (2008]) used a Gaussian approximation proposed by |[Maier| (2000)),
which models the absorption of pigments located in antenna complexes, assuming a
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Figure 4.20: A chlorophylls (a+b) absorption spectrum used in the chl proxy
retrieval (Maier}, |2000; [Feret et al.l [2008)), with the wavelength region of
the DOAS chl proxy retrieval highlighted.

chlorophyll a:b ratio of about three, which is typical for terrestrial plants (Maier et al.,
1999; Feret et al., 2008, and references therein). The specific absorption spectrum of
chlorophylls, which is used in the retrieval, is shown in Fig.

4.5.2 Spectral window of retrieval

The applicability of the DOAS retrieval for estimating chl concentration, in the blue
spectral region of chl absorption (Soret band, Fig. was investigated. This is a similar
spectral region as used in earlier studies of marine phytoplankton (Vountas et al., 2007}
Bracher et al., 2009; Sadeghi et al., 2012). Wagner et al.| (2007), on the other hand,
focused on the spectral region of the Q, absorption band (see Fig. for chl absorption
bands). Most of the widely used vegetation indices are also designed to exploit the spectral
reflectance in the red edge wavelengths (e.g., NDVI, MTCI, see Section . In this
sense, since the algorithm developed here retrieves a chl proxy in a different spectral
region, it provides additional and independent information on the vegetation biomass.
The summary of spectral regions used in the previous DOAS applications focused on
biosphere observations is shown in Table

Because of the slowly-varying shape of the chl absorption spectrum, the fit window needs

Table 4.1: Spectral regions previously used in DOAS retrievals of marine
phytoplankton and land vegetation.

Reference spectral region phytoplankton/vegetation retrieved
~ |Vountas et al.[[2007 428 — 496 nm phytoplankton

Bracher et al.[[2009 429 — 495 nm diatoms & cyanobacteria

Sadeghi et al.[[2012 429 — 521 nm diatoms & coccolithophores

Wagner et al.||2007 605 — 683 nm conifers, deciduous, grass

this study 429.2 - 583.8 nm terrestrial vegetation

A . WOLANIN 87



4. DEVELOPMENT OF SATELLITE RETRIEVALS

to be broader in order to capture chl-specific features. As only certain wavelength clusters
of SCTAMACHY instruments have high spatial resolution (e.g., O2 A-band), the need of
using a broader fit window leads to a decrease of spatial resolution, since the measurements
within the clusters of higher spatial resolution are binned. Eventually, the final spatial
resolution is the worst one of all the included clusters. Here, the chl proxy retrieval was
performed in the spectral window of 429.2 - 583.8 nm, which covers four SCIAMACHY
clusters of the channel three. Hence, the pixels spatial resolution is 240 km across track
and along track 30 km, for most of the years. The spectral window is also highlighted in
Fig. [1.200

As in the previous DOAS retrievals, in addition to the chl absorption spectrum, atmo-
spheric components, which absorb within the selected fit window, must be included in the
DOAS fitting procedure. Since in contrast to the application of DOAS to the fluorescence
retrievals, here a broad fit window was used for the chl proxy retrieval, a higher number
of strong atmospheric absorbers dominate the spectral features within the wavelength
window (Fig. top panel). Additionally, the reference spectra of inelastic scattering
processes (RRS, VRS) are shown in Fig. bottom panel. For the chl proxy retrieval,
the absorption spectra of Os, O4, NO2, water vapor and the reference spectrum of RRS

were fitted. Since it was not aimed here to retrieve chl over the ocean, VRS was not
considered in this DOAS fit.

In principle, most satellite vegetation products are given in form of indices (e.g., most
commonly used NDVI, which is based on the contrast between the maximum absorption
in red and the maximum reflection in near-infrared, Curran| e.g., [1980). The retrieved
values of chlorophyll fit factors were not converted into physical values (e.g., chl content),
as such a conversion would need to take into account that the radiance originating from the
top of the canopy results from photon interactions within the whole canopy, the canopy
surface included. Important features that must be considered to estimate the canopy
radiation regime include (Knyazikhin et al., [1998):

e the architecture of individual plants and the entire canopy,

e optical properties of vegetation elements (leaves, stems) and soil, the former also
depend on physiological conditions (water status, pigment concentration, etc.),

e atmospheric conditions, which determine the incident radiation field.

Since the aim of this study was to test the feasibility of the global application of the DOAS
method for terrestrial chlorophyll observations, no specific biome type was chosen for
conversion scheme to chl concentration. Hereafter, chlorophyll fit factors will be referred to
as chl proxy. Hence, neither correction nor conversion scheme was needed to be developed
for this retrieval.
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Figure 4.21: Absorption spectra of atmospheric absorbers included in the chl
proxy retrieval (top panel) and the reference spectra of inelastic processes
RRS and VRS (bottom panel), within the spectral window of the chl proxy
retrieval.
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Chapter 5

Observations of CDOM

fluorescence with hyperspectral
data

Two simple DOAS retrievals of CDOM fluorescence at two wavelengths regions (343 - 345.5
nm and 484 - 490 nm, see Section were applied to two months of SCIAMACHY data
(June and July 2009). As both spectral windows are very narrow and only one reference
spectrum is fitted for each retrieval (which reflects all inelastic processes), the retrieved
CDOM fluorescence fit factors can translate, in principle, into the overall strength of the
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