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Abstract

When phytoplankton are bathed in the natural radiance field of the ocean, some of
the chlorophyll molecules emit red light in a phenomenon known as sun-induced
chlorophyll fluorescence (SICF). In this thesis, I approach the study of SICF from several
perspectives. For field studies deploying floating spectroradiometers, an inversion model
of reflectance in the fluorescence band is developed and applied. The model is used in
two optical regimes: in coastal waters of Nova Scotia, where chromophoric dissolved
organic matter absorption was sufficiently high to prevent the retrieval of phytoplankton
biomass using standard ocean color algorithms; and in the Bering Sea, where
phytoplankton biomass dominated the optical signal. In the first example, the retrieval of
phytoplankton biomass was possible using the fluorescence signal corrected for changes
in the quantum yield of fluorescence with irradiance. In the second application, the
accurate retrieval of phytoplankton absorption from ocean color allowed the quantum
yield of fluorescence to be estimated. For global observations of fluorescence from space
(i.e., provided by the MODIS spectroradiometer on the Aqua and Terra satellites), I
created and applied two algorithms for retrieving the quantum yield of fluorescence or
phytoplankton biomass. A comparison with the MODIS chlorophyll data product showed
that 86% of the retrievals using the new fluorescence algorithm were within a factor of
two of the standard ocean color algorithm. The new algorithm for the quantum yield will
be an improvement in regions where the 412 nm band is poorly retrieved, but will
perform similarly to the previous algorithm in other regions. Lastly, in a theoretical study
I developed a mechanistic model of phytoplankton fluorescence at the level of the
chloroplast. This approach reconciles fluorescence emission with photosynthesis and heat
dissipation in phytoplankton on timescales varying from seconds to days. The model
includes photochemical and non-photochemical quenching, damage and repair of
photosystem II (PSII), acclimation of the antenna size of PSII, the ratio of
photoprotective to photosynthetic pigments, and nutrient limitation. The results of this
thesis should allow better retrieval and interpretation of the physiological and taxonomic
information contained in sun-induced fluorescence.
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Chapter 1 Introduction

1.1 Phytoplankton physiology and global issues

Phytoplankton are the ocean’s primary producers: they form the basis of nearly all
marine food webs. Their growth rate and biomass determine the overall productivity of
marine ecosystems, including the biomass of commercially important species. The
influence of phytoplankton reaches beyond the marine ecosystem. Since phytoplankton
are responsible for nearly half of all carbon fixed by primary producers on earth (Field et
al. 1998), they play a central role in the earth’s carbon cycle and have a potentially
important role in mediating present and future climate change (Chisholm et al. 2001;
Geider et al. 2001). We have long known, however, that assessing the impact of
phytoplankton requires going beyond measuring biomass to quantifying their
physiological state, on which their growth rates depends (Geider et al. 1998). Thus, to
advance our understanding of how marine ecosystems will respond to — or mediate —
global problems such as climate change (Houghton et al. 2001) and declining fish stocks
(Myers and Worm 2003), we need to quantify phytoplankton processes on global scales.

Tremendous progress has been made in the past 30 years in understanding global
marine ecosystems (e.g. Longhurst 1996). Much of this progress has been driven by

satellite remote sensing. Since the launch of the Coastal Zone Color Scanner (CZCS)
satellite in 1978, we have been able to obtain global estimates of phytoplankton

biomass. However, quantifying the physiology of phytoplankton remotely has
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remained elusive, and we have continued to rely on ship-based measurements.
Very recent developments cast new light on the problem, providing hope of
further understanding phytoplankton physiology globally and remotely through a
better description of the species composition (Alvain et al. 2004), their
stoichiometry (Behrenfeld et al. in press). In addition, one of the most promising
technological advance to understand phytoplankton physiology globally has been
the recent addition on satellites of spectral bands allowing the detection of sun-
induced chlorophyll fluorescence (Gordon 1979). While chlorophyll fluorescence
has long been known to provide information about the physiology of plant and
algae (Govindjee 1995 and references therein), we have presently little basis for
interpreting the satellite measurement of sun-induced fluorescence (Abbott and

Letelier 1999). This thesis focuses on this measurement and its interpretation.

1.2 Fluorescence and oceanography
When phytoplankton absorb light, a portion of the absorbed energy is used in

photosynthesis, another portion is dissipated as heat, the remainder, which is a small but
variable fraction, is re-emitted as fluorescence, observable as a dim red glow. Despite its
dimness, the fluorescence signal is one of our most powerful probes of phytoplankton
photosynthesis and physiology. This signal can be observed actively by modifying the
incident irradiance with an artificial light source to measure specific aspects of the
emission, or observed passively by measuring the amount of light fluoresced under

natural lighting conditions. Studies of active fluorescence have led to leaps in our
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understanding of photosynthesis (Butler 1978; Govindjee 1995; Falkowski and Raven
1997; Joliot and Joliot 2003). In the ocean, the observation of passive fluorescence has
been proposed as a way to measure chlorophyll concentration (e.g. Neville and Gower
1977; Kiefer et al. 1989; Fisher and Kronfeld 1990; Cullen et al. 1997; Coleman et al.
2000; Fell et al. 2000) and primary productivity (e.g. Topliss and Platt 1986; Kiefer et al.
1989; Chamberlin et al. 1990; Chamberlin and Marra 1992). However, fluorescence
emission is also dependent on biochemical and biophysical processes within the cell
which is itself influenced by interactions with the environment, and, consequently,
extracting information from the fluorescence signal is not a simple endeavor (Lazar 1999;
Maxwell and Johnson 2000).

Active fluorescence can be measured at sea, using both in situ profiling
fluorometers as well as on-board fluorometers in a flow-through mode or configured for
processing discrete samples. Although caution is required when interpreting depth
profiles or time series obtained from fluorometers (Strickland 1968; Maerker and
Szekielda 1976; Slovacek and Hannan 1977; Cullen 1982; Ostrowska et al. 2000a;
Ostrowska et al. 2000b; Cullen and Davis 2003), fluorescence is probably the best
method to estimate quasi-synoptically in situ chlorophyll concentration (one index of
autotrophic biomass) on short temporal or spatial scales, especially in oligotrophic areas.
In addition to providing estimates of chlorophyll concentration, active fluorometry allows
the estimation of the photosynthetic efficiency of the phytoplanktonic assemblage (Butler
1978; Vincent 1981; Genty et al. 1989) and parafneters related to the dissipation of heat

(Schreiber et al. 1986). However, until recently, only benchtop fluorometers could
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measure these parameters (Falkowski and Kolber 1995). The recent development of the
pump and probe (Kolber and Falkowski 1993) and the Fast Repetition Rate Fluorometer
(Falkowski and Kolber 1995; Kolber et al. 1998) (FRRF, see List of abbreviations at the
front of the thesis) which are sufficiently sensitive to make measurements on open-ocean
concentrations of chlorophyll a (ch{, mg chla m™), has allowed in situ estimation of some
photosynthetic parameters.

Sun-induced or passive fluorescence can also be measured at sea (Morel and
Prieur 1977) using profiling (e.g. Topliss and Platt 1986; Kiefer et al. 1989; Chamberlin
et al. 1990; Chamberlin and Marré 1992; Garcia-Mendoza and Maske 1996; Maritorena
et al. 2000) and floating radiometers (e.g. Cullen et al. 1997; Letelier et al. 1997) or from
radiometers on moored buoys (Abbott et al. 2000). From these measurements, by
dividing the measured fluorescence signal by an estimate of the amount of light absorbed
by phytoplankton (Cullen et al. 1997; Abbott and Letelier 1999; Maritorena et al. 2000;
Morrison 2003) an apparent fluorescence yield can be obtained. In surface waters,
however, this signal is strongly influenced by non-photochemical processes that divert
energy away from the fluorescing pigments (for example through increased dissipation of
absorbed energy as heat), which complicates interpretation (Cullen and Lewis 1995; |
Cullen et al. 1997).

Fluorescence, photosynthesis, and heat dissipation are competitive and mutually
exclusive processes, and it is possible to derive models relating the yield of one process
to the others (e.g. Butler 1978; Havaux et al. 1991; Lavergne and Trissl 1995). Given

these relationships, profiles of fluorescence yield have been used to estimate primary
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production (Topliss and Platt 1986; Kiefer et al. 1989; Chamberlin et al. 1990;
Chamberlin and Marra 1992; Garcia-Mendoza and Maske 1996); at least one
commercially available instruments has a built-in algorithm to estimate photosynthesis
from a single cast (for a critique of the method see Kolber and Falkowski 1993). Thisisa
rather fantastic claim considering that the following variables all contribute to variability
in the measured signal: light history (e.g. due to mixing, waves, sun angle and cloud
cover variations, Ogren 1994) and light intensity (diel, seasonal, e.g. Kiefer 1973a; Kiefer
and Reynolds 1992; Kolber and Falkowski 1993; Ibelings et al. 1994); physiological
status (nutrients, temperature, e.g. Kiefer 1973a; Cleveland and Perry 1987); the
taxonomy of the phytoplankton (Heaney 1978; Campbell et al. 1998); and processes such
as Raman scattering and backscattering (Maritorena et al. 2000; Morrison 2003).
Sun-induced fluorescence can also be measured by remote sensing from aircraft
(Neville and Gower 1977; Gower et al. 1999; Fell et al. 2000) and satellites (Abbott and
Letelier 1999; Gower et al. 1999). Recently, the Moderate Resolution Imaging
Spectroradiometer (MODIS) has been launched on the Terra (EOS AM, December 1999)
and AQUA.(EOS PM, May 2002) platforms (Esaias et al. 1998). One band (two other
bands are used during processing) is dedicated to the observation of chlorophyll
fluorescence. In addition, in January 2002 the platform Envisat was launched with the
Medium Resolution Imaging Spectroradiometer (MERIS) on board with one band
dedicated to measuring passive fluorescence. By measuring the fluorescence signal, these
satellites may provide unprecedented information about the physiological state of

phytoplankton in synoptic images with tremendous potential to enhance our



understanding of phytoplanktonic processes in the global ocean. However, the optimal
utilization of these resources will depend on our ability to interpret the observations
correctly, and much work remains to be done to reach this goal. In a document outlining
the theoretical bases and methods to be used with the MODIS satellite data, Abbott and
Letelier (1999) write: “Understanding the variability of the chlorophyll natural
fluorescence due to changes in phytoplankton physiology is a critical step in the
interpretation of changes observed in the fluorescence line height”. Clearly, this step has
yet to be taken. The lack of a proper scientific foundation is compounded by the fact that
the near-surface layer of the ocean, from which all remote sensing fluorescence signals
originate, is much more complex compared to deeper water due to its high variability on
multiple time scales (Cullen et al. 1997; Abbott and Letelier 1999; Maritorena et al.
2000). Furthermore, there has been a limited amount of laboratory work done at high

irradiances suitable to compare with in situ results.

1.3 Thesis oultline

The objective of the research presented in this thesis is to provide some of the
necessary information to measure and interpret the fluorescence signal, particularly
the sun-induced fluorescence signal, at the surface of the ocean in situ or under
remote sensing conditions. I will focus mainly on two key aspects:

1) The measurement and extraction of valuable information from the

[fluorescence signal in situ, and from remote sensing conditions.
2) The interpretation of this information in surface waters using a new model

of fluorescence.
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In the next chapter, I will introduce the basic concepts and relationships used in
fluorescence work and provide some background on fluorescence measurements.
Sections 2.1 and 2.2 are written to give a general overview of the history and
fundamental concepts used in sun-induced fluorescence. Sections 2.3 to 2.9 will provide
further background information to a reader not familiar with chlorophyll fluorescence and
will aid their understanding of the main chapters of the thesis. Concepts reviewed in these
sections will be assumed known to readers of subsequent chapters.

Chapter 3 will describe a new mechanistic model of fluorescence and
photosynthesis that is designed to be used in mixing models of the ocean. This model
attempts to provide a framework for understanding the links between fluorescence,
photosynthesis, photoacclimation and nutrient stress under any irradiance level and on
timescales from seconds to days.

Chapter 4 examines the retrieval of the fluorescence signal from a tethered
spectroradiometer buoy. A fluorescence model is developed to take into account the
particular geometry of the instrument. Two examples of utilization of the model are
given. The first is from coastal wateré heavily influenced by colored dissolved organic
matter where fluorescence is used to retrieve phytoplankton absorption. The second is
from the Bering Sea where rapid changes due to non-photochemical quenching are
observed in the fluorescence signal and changes in the quantum yield of fluorescence are
retrieved.

Chapter 5 describes new models to retrieve and analyze the fluorescence signal

from remote sensing measurements in open ocean waters. The model is adapted to the
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characteristics of the MODIS sensors and provides a method to retrieve the quantum
yield of fluorescence or the chlorophyll concentration. This chapter also takes a critical
look at the baseline method used by the standard MODIS algorithm.

Chapter 6 provides the general conclusions of the thesis, and suggests future

directions for work with sun-induced fluorescence.
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Chapter 2 Background

This chapter provides some background on fluorescence for readers not familiar
with this area of research. The first two sections are a general overview of the history and
basic concepts while the following sections provide a more in depth discussion of the
current state of knowledge on this topic as it relates to oceanographic work.

2.1 A short historical perspective

This section is not meant to be a comprehensive or exhaustive history of
fluorescence in oceanography. Instead, it is intended to be a succinct description of the
origins of fluorescence measurements in the ocean and will concentrate on some of the
pioneering work in various aspects of the field.

2.1.1 In the beginning...

As reviewed by Govindjee (1995), chlorophyll fluorescence was first reported in
1834 by Sir David Brewster, a Scottish priest who observed alcohol extracts of laurel
leaves in sunlight. We owe the term fluorescence (coined in 1852) to G.G. Stokes, as well
as the recognition that it is in fact due to light emission. Stokes is also credited with the
discovery of chlorophyll a fluorescence in fresh red algae. Prior to his discovery,
fluorescence from quinine sulfate solutions had been attributed to “epipolic dispersion”,
“internal dispersion” or “dispersive reflexion”.

The first insight into the possibility of using the fluorescence signal to obtain

information about photosynthetic processes came in a paper by Kautsky and Hirsch in
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1931 (“Neue Versuche zur Kohlensiurassimilation”, or, as translated in English: “New
experiments on carbon dioxide assimilation™). Using only their eyes to observe the
emission, they related qualitatively the temporal variation in the fluorescence signal to
the rate of CO, assimilation published elsewhere.

2.1.2 Active fluorescence in oceanography

In an oceanographic context, fluorescence as a method to measure chlorophyll
concentration in extracts was introduced by Yentsch and Menzel (1963). Prior to that,
colorimetric methods were used (Krey 1958) that were much less sensitive. Three years
later, Lorenzén (1966) described a method for continuous measurement of chlorophyll
concentration in vivo by flow-through fluorometry. These methods are still used routinely
today, with little change, to measure chlorophyll concentrations at sea (e.g. Arar and
Collins 1997; Dandonneau and Neveux 1997).

Later on, manipulation of the physiological state of phytoplankton using
herbicides (e.g. Samuelsson and Oquist 1977; Samuelsson et al. 1978; Cullen and Renger
1979; Roy and Legendre 1979; 1980; Vincent 1981) and the recording of fluorescence
observations led to further understanding of the photosynthetic apparatus. Improvements
in methods in the 1980’s and 1990’s brought the development of a suite of new
fluorometers. By solely manipulating the light field incident on the algae, and observing
the effect it has on the fluorescence originating from known states of the reaction centers
(open or closed), these instruments provide a large amount of physiological information
non-intrusively (Schreiber et al. 1986; Falkowski and Kolber 1993; Kolber and |

Falkowski 1993; Kolber et al. 1998).
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2.1.3 Passive fluorescence in oceanography

Maritorena and colleagues (2000) suggest that the first measurement of passive
fluorescence in situ was made in 1966 by Tyler and Smith (1970) in the San Vicente
reservoir using the Scripps spectroradiometer. This signal, however, was not recognized
as fluorescence. It was Gordon (1974) who asserted that the peak centered at around 685
nm in the irradiance reflectancé spectrum multiplied by the attenuation coefficient from
the data of Tyler and Smith (1970) was “anomalous dispersion” due to chlorophyll
absorption:

“I present this as direct evidence that chlorophyll absorption at 670
nm in marine phytoplankton can cause sufficient variation of the
real part of the refractive index of the particles to give rise to
observable scattering effects.”

Five years later, prompted by papers by Morel and Prieur (1977) and Neville and
Gower (1977) measuring reflectance, Gordon (1979) wrote the fqllowing in the
introduction to a paper laying out the radiative transfer theory for chlorophyll
fluorescence in water:

“It will be shown that it is possible to explain the observed
enhancement of the diffuse reflectance near 685 nm completely in
terms of the in vivo fluorescence of chlorophyll a, which suggests
that the anomalous dispersion explanation is probably not correct.”

Neville and Gower (1977) used measurements from overflights of spectral

reflectance to show that the height of the peak observed at 685 nm (they were not sure at
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that time if it was fluorescence or anomalous dispersion) was strongly correlated with
chlorophyll concentration in Saanich Inlet. Their paper was the first to demonstrate the
possibility of using sun-induced fluorescence in reflectance spectra to determine
chlorophyll concentration. Furthermore, they measured fluorescence remotely.

The idea of using natural chlorophyll fluorescence to measure photosynthesis has
been assessed by different groups in the late 1980°s and early 1990’s (Topliss and Platt
1986; Kiefer et al. 1989; Chamberlin et al. 1990; Chamberlin and Marra 1992; Kiefer and
Reynolds 1992; Stegmann et al. 1992). The method continues to be used with variable
levels of success (e.g. Lizotte and Priscu 1994; Garcia-Mendoza and Maske 1996;

Y oshikawa and Furuya 2004).

On the 18™ of December 1999, MODIS TERRA was launched providing the first
images from space of fluorescence. Figure 2.1 shows one of those scenes; NASA’s
interpretation (http://visibleearth.nasa.gov/cgi-bin/viewrecord?848) of the ratio of
fluorescence line height to chlorophyll concentration was the following:

“A high ratio implies lower growth rates. That is, light is being
captured by phytoplankton but they are re-emitting it as
fluorescence rather than using it for photosynthesis. The cooler
colors represent higher growth rates. Phytoplankton in the Arabian
Sea are probably growing more rapidly than elsewhere, perhaps in
response to dust inputs (which are rich in iron) from the Arabian
Peninsula.”

The simplicity of this interpretation is somewhat misleading. While it may be
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Figure 2.1: MODIS images of chlorophyll concentration, fluorescence line height
(total radiance minus background radiance not due to fluorescence) and ratio of
fluorescence to chlorophyll (index of fluorescence efficiency). Figures modified from
The Visible Earth webpage (http://visibleearth.nasa.gov/cgi-bin/viewrecord?848).
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correct, it is only one of several possible interpretations given our present understanding

of sun-induced fluorescence.

2.2 Key concepts in sun-induced fluorescence

Section 2.2 provides a “short-cut” through the background material by providing
an overview of important concepts. After reading section 2.2 a reader not interested in a
more detailed discussion, should skip sections 2.3 to 2.9 and go directly to chapter 3.

2.2.1 Mathematical description and variables of interest

In this section, I define terms and provide some basic relationships within a
simplified context to describe sun-induced fluorescence emission. Points made here are

not referenced, as they will be thoroughly examined later.

The upwelling radiance at 683 nm, L, (umol m” s nm™ sr’, see Table 2-1 for a
list of symbols and units), measured at a given depth (z,,,,, m) is the sum of the

backscattered radiance, L, (683,z,,,) (tmol m”s” nm™ sr) and the radiance due to
chlorophyll fluorescence' L, (683,z,,,,) such that,

L,(683,z,, )=L,(683,z,,)+L,(683,z

sens

2.1

sens ) *
In practice, the backscattered radiance can be removed from the radiance signal and the
portion due to fluorescence isolated. Using principles of ocean optics, it can be shown

that the fluorescence radiance can be described as

! In reality, other sources like Raman scattering and fluorescence from other fluorophores also contribute to
the signal, but their contribution is in most cases small or can, for the purposes of this analysis, be included

inthe L, term.

33



Table 2-1: List of symbols and units

Symbol  Definition Units
a Absorption coefficient m’
a,a; Chlorophyll specific absorption coefficient and m* (mg chl)”
average weighted chlorophyll specific absorption
coefficient
a., Chlorophyll specific absorption coefficient for a m’ (mgchil)’
solution of chlorophyll
A Proportion of open reaction centers Unitless
op Fraction of fluorescence emission at the observed nm™
wavelength
chl Concentration of chlorophyll a (mg chl) m?
E, Downwelling irradiance pmol m? s’ nm*
8 Scalar irradiance umol m? s
if spectral:
pwmol m? s nm’
E, Saturation irradiance for photosynthesis. Equal to the pmol m? s’
irradiance at which the maximal gross photosynthesis
and straight line passing through O with a slope equal
to the initial slope of a PvsE curve intercept.
£ Scalar irradiance in the 400 to 700 nm region pumol m? s™
PAR
E,FE,,F,  Minimum, maximum and variable fluorescence in the Unitless
dark acclimated state F, = F, — F,
F',F',  Minimum, maximum and realized fluorescence in the Unitless
F' light acclimated state
Foenmw Fluorescence measured in the presence of DCMU Unitless
(roughly equal to F,)
f Babin et al. function of nutrients and irradiance Unitless
K,, [?P " Diffuse attenuation coefficient and average diffuse m’
attenuation coefficient for PAR
k. Rate constant, where xcan be T=transfer of energy s’
from antenna to RC, F=fluorescence, D=non-radiative
decay, r=transfer from RC to antenna, d=non-radiative
decay within the RC, p=charge stabilization, A= all
radiationless decay
L, Upwelling radiance pmol m? s' nm*
-1
sr
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Upwelling radiance due to fluorescence emission pmol m? s’ nm’

srl

Upwelling radiance due to backscattering pmol m? s' nm’

sr!

Ratio of PSII reaction centers to chlorophyll a mol electrons (mol
molecules chla)

Number of molecule in the first excited singlet state  Unitless

Nutritional status of the phytoplankton community, Unitless

- defined as the ratio of the nutrient limited growth rate

to the maximal growth rate

Non-photochemical quenching parameter Unitless
0<NPQ, <

Connectivity parameter (O<p<1) Unitless
Fluorescence based photosynthetic rate electrons chl™ s

Portion of fluorescence emission not reabsorbed Unitless
within the cell

Complete non-photochemical quenching; 0 < g, €1  Unitless

Remote sensing reflectance sr'!
Depth m
Quantum yield of electron transport Unitless
Fluorescence yield in the dark acclimated state, where (Photons emitted)
x can be m=maximum, o=minimum (Photons absorbed)”
Fluorescence yield in the light acclimated state, where (Photons emitted)
xcan be m=maximum, o=minimum (Photons absorbed)™
Quantum yield and average quantum Yyield of (Photons emitted)
fluorescence (Photons absorbed)™
Quantum yield and maximum quantum Yyield of (Moles product)
photochemistry (Moles photons
absorbed)™
Fluorescence photon flux emitted from an elementary lvlmOl photons m>
volume per unit volume ! (nm! is spectral)

Geometrical factor relating the fluorescence emission Umtless
to fluorescence measured by a fluorometer

Butler model probability, where x can be T=trapping Unitless
excitation energy by the RC, P=photochemistry once

the RC is in excited state, F=fluorescence from

antenna
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Kiefer and Reynold probability, where x can be Unitless
cs=charge separation, cr=charge recombination,
F=fluorescence or d=non-radiative deactivation, while

y can be o=open or s=shut (closed)

Attenuation coefficient for upwelling radiance m

Wavelength, excitation irradiance  wavelength, nm
emission irradiance wavelength

Growth rate and maximal growth rate d!
Functional absorption cross section for PSII m? (umol photons)’
Turnover time for photosynthetic apparatus S

Lifetime for the deexcitation of the first singlet state s
Intrinsic lifetime for the deexcitation of fluorescence s

Lifetime for the deexcitation of fluorescence S
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Emission at 683 nm Quantum Portion not reabsorbed
within the cell

yield
1 ™, _*f_ZJL—\ 1
L,(683,z,,)= Coan ?, fm (2,00 ) chl D ) (683)\1.5% e (6835 2.2
N
Ratio of total to 683 Ge(?fglccta(t)?cal ?et:t?lr:sii trediance 2t Attenuation of exciting

nm emission and emitted radiance

where C, is a constant relating the emission at 683 nm to the whole fluorescence band,

@, is the quantum yield of fluorescence, Epar is the photosynthetically available scalar

irradiance, chl is the chlorophyll concentration, @, is the mean chlorophyll specific

absorption coefficient of phytoplankton weighted by the irradiance spectrum, Q: is the

portion of irradiance emitted by fluorescence and not reabsorbed within the cell, K,z is

| the depth averaged attenuation coefficient for Erar , and K, (683) is the attenuation
coefficient for upwelling radiance at 683 nm.

Equation 2.2 is usually solved two parameters, one at a time (all other parameters
are estimated or measured): 1) chlorophyll concentration when an estimate of biomass is
sought or 2) the quantum yield of fluorescence when information about the physiology of
phytoplankton is sought. In the latter case, this is because most of the physiological

information present in the fluorescence signal is contained in ¢, but physiological

changes in a, and Q: also occur. Nevertheless, in most cases, ¢, is the parameter that

we hope to retrieve and interpret. The estimates of the other variables in equation 2.2 can

be done in situ and in the lab, or alternatively estimates can be obtained from remote
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sensing algorithms and models. Once @, is measured the next step is to interpret it.

2.2.2 The quantum yield of fluorescence

The quantum yield of fluorescence, @, is defined as the number of photons

emitted (at all wavelengths) divided by the number of photons absorbed by the
fluorescing system. In the ocean, the fluorescing system could be an assemblage of cells,
a single cell or a portion of a cell such as photosystem IL It is worth noting that, in
phytoplankton, the fluorescing molecules are only a fraction of the cellular pigments;
only chiorophyll and phycobilins fluoresce significantly, though many pigments can
contribute to the excitation energy of the fluorescing pigments. This is different from
many other fluorescing systems. For an optically thin fluorophore, the relationship

between the photon flux emitted per unit volume (®, , umol photons m*s™) and the

quantum yield is given by @, =@, ak , where a (m™) is the absorption coefficient, and

Box 1: Nutritional status (N, ) and growth rate (z)

Following the review by Parkhill et al. (2001) important distinctions have to be made
regarding the growth conditions and nutrient status of phytoplankton.

When nutrients are available in concentrations that do not limit the growth rate and other
environmental factors are constant, the physiological condition is said nutrient replete and
phytoplankton assume balanced growth. That is, over a daily cycle the growth rate will be the
same if measured by the concentrations of different cellular components (e.g. DNA, chlorophyll,
carbon).

When a nutrient is limiting growth, the physiological condition of phytoplankton is said to
be nutrient stressed. This refers to two nutritional states: nutrient limitation and nutrient
starvation. In the former, a nutrient is in short supply, but the fluxes are steady and sufficient to
allow the phytoplankton to assume a balanced, albeit reduced, growth rate. Under nutrient
starvation, the availability of the nutrient decreases with time relative to the demand so that
phytoplankton cannot acclimate physiologically and their growth is unbalanced. However,
unbalanced growth is not limited to the state of starvation and will occur whenever the

nutritional status changes, for example during acclimation to other environmental changes.
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E (umol photons m? s) is the scalar irradiance. The symbol F (usually in relative units)

is often used to represent the portion of @, measured by a fluorometer. The quantum

yield of fluorescence in vivo is highly variable depending on the conditions of
observation, the physiological status of the algae and the species observed. The focus of
this thesis is the measurement of fluorescence made passively at the surface of the ocean.
These measurements represent the fluorescence yield of the whole phytoplankton

community as influenced by the nutrient status of the community, N, (unitless) and

the irradiance history (see for example Neale and Marra 1985), E,,

(pf (N Status!Ehist s SpeCIes) .

In steady state cultures, N

status

can conveniently be described by the ratio of the
nutrient limited growth rate to the maximal growth rate, gfy .. (see box 1). It is not as

straightforward to describe the nutrient status in the natural environment as different
species forming the community at a given time may have a different nutrient status. The
influence of the nutrient status on the quantum yield of fluorescence will most likely
occur in one of two ways: 1) through a change in the capacity of the cell to quench the
fluorescence emission and/or 2) a change in the stoichiometry of pigments within the cell.

2.2.2.1 Quenching

Any process reducing the quantum yield of fluorescence is referred to as
quenching. In vivo, two types of quenching have been described: photochemical and non-
photochemical quenching.

Photochemical quenching — Photochemical quenching is due to the
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photosynthetic utilization of the absorbed energy: because energy must be conserved,
absorbed photons going to photosynthetic processes cannot be fluoresced and vice versa.
Under saturating irradiance, photosynthetic reaction centers are closed (electron acceptors
are reduced) and photochemical quenching is minimal; in turn, the quantum yield of

fluorescence is maximal (¢}, with associated F,,). Under low irradiance, reaction

centers are open, photochemical quenching is maximal, and the fluorescence quantum

yield is minimal (¢}, with associated F, ). These changes allow information about the

photosynthetic capacity to be obtained using fluorescence.

Non-photochemical quenching — Non-photochemical quenching refers to the
reduction of the fluorescence quantum yield due to all processes that are not
photosynthetic. This includes many processes with different time scales of response to
changes in irradiance. The extent of quenching under a given irradiance level will depend
on species and light history. Non-photochemical quenching will alter the inverse
relationship described above between photosynthesis and fluorescence: an increase in

non-photochemical quenching leads to a decrease in both ¢ and the quantum yield of
photosynthesis.

2.3 The photosynthetic apparatus and fluorescence

Because fluorescence and photosynthesis are intimately linked, it is almost
impossible to discuss one without the other and this requires a considerable amount of
terminology. The photosynthetic apparatus is composed of two reaction centers acting in
series, the well recognized Z-scheme (e.g. Clayton 1980; Falkowski and Raven 1997,

Hall and Rao 1999), to transform electromagnetic energy into chemically stored energy



(Figure 2.2). These reaction centers are embedded in the thylakoid membrane inside the
chloroplast, the center of all photosynthesis in eukaryotic cells.

Each reaction center is composed of two proteins, which act as a scaffolding for
the molecules responsible for the transformation of electromagnetic energy into chemical
energy. In higher plants, photosystem II, the first of the two photosystems in the chain, is
responsible for a large fraction of chlorophyll fluorescence emitted at room temperature
(e.g. Govindjee 1995; Pfiindel 1998). It is composed of the proteins D1 and D2 as well as
a series of molecules participating in the electron transport chain, including four Mn
atoms, a tyrosine (Y,), a chiorophyll dimer ( P, ), a phacophytin (1), and two Quinones,

Q, and Q,. In addition, the reaction center is linked to a fixed core antenna of light-

absorbing chlorophyll-protein complexes (including the minor chlorophyll protein, CP43
and CP47). Another group of chlorophyll-protein complexes and accessory pigments
forms the peripheral antenna (often called the li ght harvesting complex, LHC), which is
not directly embedded into the same protein matrix, and funnels its excitation energy to
the reaction center. Unlike the core antenna, the peripheral antenna can sometimes
separate from the reaction center (Gilmore and Govindjee 1999).

When the antenna chlorophyll or the core chlorophyll absorbs light energy, the
chlorophyll molecule’s electronic and vibrational state changes and an exciton is created.
This exciton is thought to equilibrate rapidl_y among the many chlorophyll molecules
surrounding the reaction center and the PSII reaction center’s own chlorophylls, the

special pair of chlorophyll molecules referred to as Fg, (Trissl 1999). The lifetime of this

exciton is finite and if it is not transferred to another acceptor (and eventually
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“stabilized”), the relaxation of the energy will lead to fluorescence or heat. However,
often during its residence on P, the excited chlorophyll dimer will transfer one of its
electrons to the first electron acceptor, phaeophytin a (/). This process is called charge
separation and leads to the formation of a (reversible) radical pair: Fyg, and I.
Phaeophytin a is often called an intermediate electron acceptor due to the short lifetime
of its radical state, and its role is to pass the electron to the first quinone (Q,). At this
point, the charge is said to be stabilized or trapped as this excited state is long lived and
the probability of charge recombination with Pg, is much decreased. The Py, which is
in an oxidized state, will then be reduced by the transfer of an electron from a tyrosine
(Y,) on the donor side of photosystem II (not shown on Figure 2.2): The tyrosine obtains
the electron from the manganese complex, which after four photochemical cycles
oxidizes two water molecules leading to the evolution of a di-oxygen ﬁolecule. Later 0,

will pass its electron to the second quinone (Q;). The whole reaction can be written as:

3% 150
YzPGSOIQA __?’_E_-))IZPG-;()I—QAQB "Lso_p‘s“')}’zpsgoIQZQB "—lo'o—ps—>Yz+P6801Q;QB “'"620—“5—‘) Y:+P6801QAQ;'

The last step of the reaction is much slower, hundreds of microseconds compared to
hundreds of picoseconds for the previous ones. When excitons are created at a high rate,
this step acts as a bottleneck.

When Q, is oxidized, photochemistry can proceed from the absorption of photons
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Figure 2.2: The Z-scheme provides a mechanism through which energy from
sunlight is used to oxidize a water molecule on the donor side of photosystem II and
ultimately reduces a CO, molecule on the acceptor side of PSI (carbon fixation). On
the left of the figure, photosystem II is represented with two minor chlorophyll
protein complexes (CP) and trimeric LHCII (IIb) complexes attached. On the right
is located the PSI complex with the attached Ferredoxin/NADP®/ oxidoreductase
(FNR), but without its light harvesting complex. In between PSII and PSI the
cytochrome b6f (Cyt byf) complex is represented. The red arrows represent the path
of energy that leads to linear electron flow and carbon fixation. The dashed red
arrows represent the alternate use of reducing power from the donor side of PSL
The orange arrows represents the incident irradiance while the green arrows
represent alternate sinks for the absorbed energy within PSII. Adapted from
(Kolber and Falkowski 1993; Gilmore and Govindjee 1999; Noctor and Foyer 2000).

43



and the PSII reaction center is said to be open. When Q, is in its reduced state (0, ), the
reaction center is said to be closed, and excitons cannot proceed further than 7. If the rate
of exciton production is greater than the rate of Q re-oxidation, then more of the

absorbed energy cannot be used in photosynthesis and has to be released by other
pathways with heat and fluorescence as the two main processes. This leads to an increase
in the fluorescence quantum yield: the number of photons fluoresced per photons
absorbed increases.

This short overview suggests that open reaction centers (Q, ) will lead to less

fluorescence and closed reaction centers (Q, ) will lead to more fluorescence.

Furthermore, at high photon fluence rates, more of the reaction centers will be closed
leading to higher fluorescence yields while at low fluence rates the fluorescence yield
will be lower (or photochemically quenched) as more of the energy will proceed to
photochemistry. These relationships work well under low irradiance. However, as
irradiance increases, photoprotective processes (e.g. Ruban and Horton 1995; Niyogi
1999) come into play, protecting photosystems from damage, and the reciprocal
relationship between photosynthesis and fluorescence fails.

In the next section, I will provide the most basic relationships pertaining to
fluorescence, in the subsequent section I will look at the quantitative relationships
between fluorescence and photosynthesis under low light by providing an overview of
three models of fluorescence. Following that, I will look at the processes that cause these

simple relationships to fail.



2.3.1 Fluorescence: basic relationships.

Following the approach of Lackowitz (1983) and Gilmore and Govindjee (1999),
I provide here some basic relati‘onships for fluorescence from any fluorophore.

Upon the absorption of a photon, a molecule is excited from the ground state (S,)
to a higher electronic and vibrational energy level (S, or S,). Internal conversion will
allow deexcitation of the molecule back to the lowest vibrational state of the S, level; this
process is very rapid ~10™ s. The deexcitation from the S, level can follow two routes:
fluorescence, and radiationless decay. Radiationless decay will be described in more
detail in the next section. Presently, I use it to group together all processes that are not
fluorescence. Let us call kg (s™) the first-order rate constant for the deexcitation by
fluorescence, and k, (s*) the first order rate constant for the deexcitation by radiationless

decay. Following a flash of light at 7,, and assuming all molecules are in the S, state (a

state achieved rapidly after the flash), the number of molecules in the S, level is given by
Ny (1)=Ng (z,)e* )" Hence, the lifetime defined as the time when 1/e of the initial
excited molecules remain in the S, state, is given by 7, = 1/(k, + k). The intrinsic

lifetime of fluorescence, that is the lifetime of the S, state if only fluorescence was

present is given by 7, =1fk, . The ratio of the number of molecules deexcited from the S,
through fluorescence to those deexcited by fluorescence and radiationless decay is the

quantum yield of fluorescence; it can be expressed as @, = k; / (kF +k A) . Because k. is

assumed to remain constant as an intrinsic property of the molecule, the fluorescence

lifetime (7, ) from the measurement of the rate of decrease of fluorescence just after an
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excitation pulse describe the deexcitation of the excited state: 7, = 7 and, therefore,

measurements of the lifetime of fluorescence provide direct measurements of changes in

k,.

2.4 Models of in vivo chlorophyll fluorescence
2.4.1 Butler’s model of fluorescence

‘Butler’s bipartite model (1978) is a simple yet convenient model to understand
processes of ﬂuorescencé; many more detailed models have been developed since (e.g.
Schatz et al. 1988; Kiefer and Reynolds 1992; Dau 1994; Lavergne and Trissl 1995). In
the most recent models, the number of parameters involved tends to obscure the
important processes. Butler’s model provides a background for the research in this thesis.

Figure 2.3 illustrates the mechanisms involved in Butler’s bipartite model. I have
slightly modified the original symbols to be consistent with their present usage. In my
discussion, I will closely follow Butler’s description of the model (Butler 1978).

When a photon is absorbed by the chlorophyll in the core or antenna, the
chlorophyll reaches an excited state (Chi”) very rapidly (t~10"s) and decays to the first
excited singlet state (t~10"s) (Whitmarsh and Govindjee 1999). The excitation can be
further dissipated in three different ways, each associated with a rate constant (k, s™):
non-radiative decay (heat), ky; transfer to the reaction center, k;; or fluorescence, k. If the

energy is transferred to the reaction center chlorophyll (i.e. g Q, — Py 0, ), it can then

be dissipated following three paths: the energy can be returned to the chlorophyll antenna

(i.e. By, +Chl — Py Q, + Chl’) with rate k,, dissipated as heat within the reaction
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Figure 2.3: Schematic of Butler’s bipartite model. See text for definition of symbols.
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center, k, or it can go to photochemistry, k.
Before describing the model further, a distinction has to be made regarding the
configuration of antennae and reaction centers in the thylakoid membrane. These
configurations are often described in terms of a connectivity parameter (O<p <1,
unitless, see Joliot and Joliot 2003 and references therein). Two extreme possibilities
exist. The first is that all antenna chlorophyll have access to all reaction centers (p = 1),
hence if one reaction center is closed the energy can be redirected to an open reaction
center. Such a configuration is termed the matrix model or lake model. In the second
configuration, each reaction center has its own antenna (p = 0). This configuration is
called the separate package, separate units or puddle model. Most organisms seem to fall
in between the two extremes (Trissl and Lavergne 1995; Bernardt and Trissl 1999). In
constructing the model, the configuration will affect the shape of the curve for induction
of fluorescence versus time or irradiance, but it will not change the expressions in which
the fully closed state is compared with the fully open state of the reaction centers.
Following Butler’s description, I will fully describe the puddle model and give the

expression for the lake model.

Let us call A the fraction of open reaction centers such that
A = (number of Q,)/(number of Q; +Q,).
The quantum yield of photochemistry (¢, , (excitons stabilized at Q, )(photons

absorbed)?) is the fraction of excitons that are dissipated through k, (equal to the

probability). It is given by
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p,(A)=¥, ¥, A, 2.3
where ¥, = kof(kp +kp, + k;) and ¥, = k, / (kp +k, + kd) are respectively the probability
of trapping the excitation energy from the chlorophyll antenna by the reaction center and

the probability for photochemistry once the reaction center is in its excited state (Pe,).

The quantum yield for fluorescence @, is given by
q,f=\PFA+\PF(1—A)[1+‘PT\P,+(‘P,'P,)2+..], 2.4
where W, =k, [(k + k, + k) is the probability of fluorescence from the antenna

chlorophyll and ¥, = £, / (k +k, )is the probability of dissipation of energy from the

excited (closed) reaction center to the antenna chlorophyll. Hence, the first term in
equation 2.4 represents the fluorescence from units that have open reaction centers and

the second term represents the fluorescence coming from units with closed reaction

centers. In the second term, fluorescence per reaction center is increased by 2 2
n=

which represent multiple visits of a closed reaction center by an exciton. Since this series

converges to (1-¥, P, )~1 , it is possible to rewrite equation 2.4 as

¥, ¥,(1-4) } 2.5

=¥, +¥
Pr= e F[ 1-¥, ¥,

At low fluence rate, when all reaction centers are open (A=1), ¢, ="'V and the

quantum yield for fluorescence is minimal. When all the reaction centers are closed

(A=0), the quantum yield of fluorescence is maximal and
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¥, ¥
=¥ _ +¥,. | —LI—|. 2.6
Pk, F F[l—-‘PT‘PI]

For the lake model, the relationship for the yields become (Butler 1978)

1 1
A)=¥. A do, =¥ . 27
0,(4)="¥; [I—TT‘I‘,(I—A)} amae; F[l—‘PT‘P,(l—AJ

The results above provide a good background for the interpretation of ratio of

variable fluorescence ( F) to maximal fluorescence F, where F, = F, — F,, and F, is the

minimum fluorescence (when all reaction centers are open). First it should be noted that
because fluorescence is emitted in all directions, in a first approximation (a more detailed

description is given in Ostrowska et al. (2000a)), the relationship between F, the

fluorescence signal observed by a fluorometer and ¢, is given by F =y ¢, éabs, where y

0
is a constant related to the geometry of observation and E; is the absorbed irradiance.

[
When both ¥ and Es are constant during observation, we can write

F —

L P v, =g (a=1)¥,. 2.8
E, @,

This analysis shows that the parameter F,[F, is proportional to the maximum

photochemical yield of PSII, ¢, (A =1)=@,™, where ¢, is the maximal quantum yield

of photosynthesis (as defined here by charge stabilization) under the physiological status

studied. However, since @, (1) =¥, and E [F, is directly proportional to ‘¥, any

processes that will affect k,, (energy transfer from the antennae to the reaction center)

will have proportional effects on both and, this will not be the case for processes that
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affect k. It is interesting to note that Butler’s model is now often cited when one asserts
that Fv/ F =9, (1). However, the model was created to explain how and why
observations differed from the predictions of earlier models that predicted F, / F, =9, m;

this is done in Butler’s model by adding dissipation of energy within the reaction centers

due to k,. It seems, however, that when most of the reaction centers are active, that is
they can transfer an electron to 0, , k, <<k,. Nonetheless, under certain types of non-

photochemical quenching conditions, when quenching occurs within the reaction center
(Long et al. 1994; Koblizek et al. 1999), it may be necessary to consider this process.

2.4.2 The model of Kiefer and Reynolds
Here I give the relationships obtained from the model of Schatz et al. (1988) often

referred to as the “reversible radical pair model” as adapted by Kiefer and Reynolds
(1992) and simplified by Babin et al. (1996b). The Schatz model is homologous to the
Butler (1978) model (Dau 1994) but its formulation is more consistent with our present

understanding of excitation capture in PSIL. In this model, probabilities, y_,, (Where x

represents a photochemical event: cs for charge separation, cr for charge recombination,
F for fluorescence, d for deactivation (radiationless) and sz for stabilization while y
represents the reaction center state whether o for open or s for shut) are given to each of
the processes involved in the first steps of the photochemical process, from the absorption
of a photon to charge stabilization (see Figure 2.4).

Similarly to Butler’s model, expressions can be derived for the quantum yields
(equivalent to the probability here, as a probability of 1 is equivalent to all absorbed

photons being used to form a product) of photochemistry and fluorescence as
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Figure 2.4: Model of Kiefer and Reynolds for photosynthesis and fluorescence.
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which can be rewritten as,

¢f =A(PF0+(1~—A)(PFm’ 2.11

where @, =V, /(1-v,,v,,) ad @, =v./(1-y y,) To relate this to
parameters commonly measured at sea, Babin et al. (1996b) further suggest that A can be

conveniently expressed in terms of the photosynthesis irradiance saturation parameter

( E,, moles photons m™ s™) and scalar incident irradiance in the PAR region (ép;m, moles

photons m? s'; for further definition see section on remote sensing of chlorophyll

fluorescence) as

A= Erle 2.12
Note that this equation is proposed by Babin et al. (1996) on the basis of one-hit target
theory (e.g. Emerson and Arnold 1932; Harm 1980) extended by Dubinsky et al. (1986)

for continuous irradiance. In the Dubinsky et al. (1986) formulation, A is given as,
A= e,“G'Psu Tco, Epar 2.13
where Opg, is the functional absorption cross-section for PSII and 7., is the turnover

time for CO, evolution. From a remote sensing perspective, this relationship is only
useful if one can obtain an estimate of E,. It should be noted that one-hit target theory is

valid for the puddle model and single flash kinetics, but the lake model and models with
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intermediate antenna connectivity (e.g. Lavergne and Trissl 1995) depart from target
theory at least during the kinetics of induction (Havaux et al. 1991). Equation 2.13 will
hence be valid in the case of the puddle model or at very low (when A~1) or saturating
irradiance (when A~Q). Departure from this relationship is expected as the proportion of
reaction centers sharing antennae increase.

2.4.3 Sun-induced fluorescence

The sun is an intense source of light and the ocean can be seen as a dilute
chlorophyll solution, and consequently the ocean fluoresces in daylight; in reflectance
spectra of ocean color, this signal is clearly discernable as a peak over the background of
backscattered light centered near 683 nm (see Figure 2.5). After some processing (e.g.
Culver and Perry 1997; Abbott and Letelier 1999; Coleman et al. 2000), the fluorescence
spectrum or the fluorescence line height (FLLH), equivalent to the amplitude of the
fluorescence, can be obtained.

Theory for the augmentation of the upwelling spectral irradiance by solar-induced
fluorescence has been developed by many researchers (e.g. Gordon 1979; Kishino et al.
1984; Topliss and Platt 1986; Preisendorfer and Mobley 1988; Kiefer et al. 1989,
Stegmann et al. 1992; Babin et al. 1996b). As detailed in these papers, the theoretical
aspect of ocean optics and basic photochemical principles are well understood. The
biological component of the theory is dependent on the physiology of the algae, which in
turn is dependent on external influences, and consequently has been harder to describe
quantitatively. In this section, I will describe a basic model of solar-induced fluorescence,

adapted mostly from Babin et al. (1996b), but taking into account further spectral
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Figure 2.5: Reflectance spectra L, (4,0.65 )/ E, (/’L,O*) normalized to the area under

the curve. The spectra were measured during a cruise in the Bering Sea in
September 2000. During this cruise, a coccolithophore bloom was encountered. Two
spectra are shown from inside and outside the bloom. Because the reflectance is
much higher in a coccolithophore bloom, normalization of the spectra was
necessary. The red bar indicates the region where fluorescence emission is evident
on the graph.
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characteristics. The fluorescence flux emitted from a thin layer of seawater (P dz; mol

quanta m? s nm) can be expressed as,

®, (A2 de = = B pus (2) chl(2) (2) Q. (A 2), (2) 2 2.14
Cf()‘em)

where, C is the reciprocal of the fraction of fluorescence emitted at A, to the total

emission (nm™), Epax (tmol quanta m? s™) is the scalar photosynthetically available
radiation, " (m* (mg chl a)") is the mean chlorophyll-specific absorption coefficient of
phytoplankton weighted by the irradiance spectrum, Q: is a dimensionless factor
providing the fraction of fluorescence in the emission spectral band not reabsorbed

(Morel and Bricaud 1981) within the cell, ¢, is the mean weighted quantum yield for

fluorescence at A, . The mean chlorophyll a specific absorption coefficient is defined as

jﬁ: a, (A.2)E(A,z)dA

e 2.15
[ E(A.z)dA
400

a(z)=

where a; (A) (m* (mg chl a)") is the chlorophyll a specific in vivo absorption of
phytoplankton. The spectrally averaged quantum yield is defined as,

] D63 A2 E(3.2)a; (2.2)dAdA,,
f [ E(2)ay (A.0)d

400

, 2.16

where g(l - Aem,z) is the spectral redistribution function for chlorophyll fluorescence.

The spectral redistribution function provides the fraction of the irradiance absorbed by all

pigments in the cell at A which is reemitted at A, . Generally, the simplifying
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assumption that the spectral redistribution function is spectrally constant with excitation
irradiance is made (e.g. Kiefer et al. 1989). This is obviously an approximation since the
light absorbed by non-photosynthetic pigments or by pigments associated with PSI will
not fluoresce with the same quantum yield (SooHoo et al. 1982; Johnsen and Sakshaug
1996; Johnsen et al. 1997; Lutz et al. 1998). The portion of emitted light not reabsorbed
(Collins et al. 1985; Mitchell and Kiefer 1988; Babin et al. 1996b; Garcia-Mendoza and
Maske 1996; Ostrowska et al. 2000a; Wozniak et al. 2000) by pigments within the cell is

given by
0.(A,,)= M 2.17

where as*o , is the chlorophyll specific absorption of the pigments if they were in solution.

Following the analysis of the variation in a, with chlorophyll (Bricaud et al. 1995),

Babin e al. (1996b) have related this parameter to in situ chlorophyll concentration
(r*=0.43) and found that it varied from ~1 to ~0.3 as chlorophyll concentration went from
0.03 to 30 mg chl am”.

Equation 2.14 (see also equation 2.2) can be broken down as follows:
Eparchl a, corresponds to the amount of photosynthetically available radiation that is

absorbed and Q, o, / C, corresponds to the portion of the absorbed radiation that is re-
emitted at A, and not absorbed within the cell (Ostrowska et al. 2000a). The term,
Q¢ . has been referred to as the realized yield by Maritorena ez al. (2000).

At a given depth, z (m), the amount of PAR irradiance is given by
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Eru(2)= [ E(07,2)e ™ dA, 2.18

where E (O',A) is the spectral scalar irradiance just below the surface, and K (1)is the

spectral diffuse attenuation coefficient for scalar irradiance.

Because the upwelling light field is usually observed using a radiance sensor
pointing at the nadir, it is useful to convert the emitted flux over a thin layer to an
upwelling radiance. This is done by assuming an isotropic emission by the phytoplankton

such that the small element of upwelling radiance from the layer at depth z is given by

@, (4,z)dz

dL,(z,4)= s

2.19

To obtain the radiance due to fluorescence at the depth of the sensor, one has to integrate
the upwelling radiance coming from all depths below the sensor, taking into account its

attenuation by the upwelling radiance attenuation coefficient k, (m™)

Ly (Zogugs Apm) = J' dL, ( z, Aem) o Ku P zon =2 ] 41—7;- J‘ @, (4,2) ¢ Pleen~zm] g 2.20

Zsens Zsens

Using equations 2.14, 2.19 and 2.20 we can now obtain the radiance at the sensor depth

due to the emission by fluorescence in terms of the incident irradiance at the surface,

f )3, (2)Erar(2)Q; (A z)e ™ Wbl gz 221

a

Luf (zsens s z‘em ) 4” C

Until now, the derivation has been spectrally rigorous, the next step leads to considerable

simplification and requires a series of assumptions about spectral and depth dependence.
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Firstly, because 90% of the surface fluorescence signal originates from the upper ~5
meters even in the clearest waters (Babin et al. 1996b), and because this region is likely
to be homogeneous in terms of most physiological parameters (that is the timescale of
mixing is assumed shorter than the timescale of photoacclimation (Cullen and Lewis
1988)), the dependence with depth of many variables is dropped (this assumption will be
revisited later in the thesis). Secondly, the attenuation of PAR (see equation 2.18) over
such a short pathlength can be approximated with reasonable accuracy using a
broadband, depth averaged attenuation coefficient K., - Thirdly, the chlorophyll
concentration is assumed uniform over that depth. Equation 2.21 can then be simplified

as

L. (z,,,,683) =

sens *

Erax (2, )chl @, 0.(683)P, = 2.22

1
4rnC, Ky +%,(683)
The use of a broadband attenuation coefficient allows such a simplification, however this
equation could be recast in terms of photosynthetically usable radiation (PUR) or, even
better, fluorescence exciting radiation. However, it should be noted that the only
difference mathematically between a PUR-based and a PAR-based model would be the
use of an attenuation coefficient for PUR instead of PAR. In practice, some of these
assumptions may not stand under certain conditions and equation 2.22 may have to be
modified to address, for example, changes in the quantum yield of fluorescence with
depth.

Except for @, , and perhaps Q. , the parameters in equation 2.22 can all be

measured relatively easily. The concentration of chlorophyll can be estimated in situ
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using ocean color or on-board using extracted samples. The absorption spectrum can be
measured using a benchtop or in situ spectrophotometer or, to a certain extent, estimated

from the reflectance spectrum (e.g. Roesler and Perry 1995; Carder et al. 1999b; Ciotti et

al. 1999). Good relationships have been developed between a (A) and chl (Bricaud et

al. 1995; Babin et al. 1996b; Ciotti 1999). One could obtain a, (A) from the chlorophyll

concentration when at sea to obtain rapid estimates or from a remote sensing perspective.

Similarly, since a_,, remains constant (see equation 2.17), the parameter Q: becomes
solely a function of a, (A) and also shows a relationship with chlorophyll concentration

(Babin et al. 1996b). These relationship originate due to the increase in cell size with

chlorophyll concentration (Yentsch and Phinney 1989; Kigrboe 1993) leading to a lower

a, (}t) (e.g. Morel and Bricaud 1981; 1986). Downwelling irradiance can be measured

with ease at sea, while attenuation coefficients are routinely derived from measurements

using profiling radiometers or ocean color relationships (¢.g. Mueller and Trees 1997).

2.5 The quantum yield of fluorescence in the ocean

The quantum yield of fluorescence will vary as a function of the physiological
state of phytoplankton, which is itself influenced by the environment. The most important
factors affecting the quantum yield of fluorescence are the incident light and the
availability of nutrients. However, the extent of their influence will be dependent upon
whether the phytoplankton are acclimated to these factors (Srivastava et al. 1995).
Furthermore, each species or group will have a different genetic capacity for

physiological acclimation. Babin and colleagues (1996b) proposed a quantitative
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framework to study these processes. They used the following relationship adapted from

the work of Kiefer and Reynolds (1992) (see equation 2.11),
Q= {1— f(épAR,N03)(1 - A):l(ppo + f(ﬁPAR,N03)(1 -A)og, 2.23

where f is the proportion of functional reaction centers, which depends on PAR
irradiance and nitrate concentration although this could be any limiting nutrient. In this
formulation, the inactivated reaction centers act as thermal traps and have a fluorescence
quantum yield equal to @,.

In their interpretation, Babin et al. (1996a) predicted a decrease in the quantum

yield of fluorescence to the ¢, level with decreasing nitrate concentration. However, the

effect of inactive reaction centers from nitrate limitation on fluorescence is not clear from
the literature and other authors suggest these inactive reaction centers will increase the
yield of fluorescence (e.g. Cleveland and Perry 1987; Kolber and Falkowski 1993;
Graziano et al. 1996; Letelier et al. 1997; Abbott and Letelier 1999). Letelier et al. (1997)
propose that nutrient limitation reduces the capacity of the photosynthetic system to
utilize electrons, thus leading to the closure of reaction centers and thereby increasing the
quantum yield of fluorescence. Generally, it seems that most studies suggest an increase
in the yield of fluorescence with nutrient stress, however, much of this is based on

extrapolation rather than measurements because ¢, is rarely measured directly.

2.6 Excess irradiance and photosynthesis

Excess irradiance is irradiance that is absorbed but not utilized for

photochemistry; excess irradiance increases as the incident irradiance increases and the
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quantum yield of fluorescence decreases. Because the excess irradiance is not used in
photosynthesis, it must be dissipated. If the energy is not dissipated efficiently it will lead
to the formation of highly reactive species that can lead to damage in the reaction centers
(Anderson et al. 1998; Gilmore and Govindjee 1999; Niyogi 1999; Oxborough and Baker
2000). Damage in the reaction center leads to photoinhibition, a decrease in the rate (or
quantum yield) of photosynthesis, due to high irradiance (Neale 1987; Long et al. 1994).

Plants and algae have developed many mechanisms to avoid photoinhibitory
damage. These mechanisms allow an increase in the quantum yield of heat dissipation at
the level of PSIL In terms of Butler’s model (Butler 1978), this means increasing the

rates k,, and/or k,. It can be seen from equation 2.5 that this will lower the quantum yield

of fluorescence. Photoinhibition has similar effects (Krause and Weis 1988; Krause and

- Weis 1991) and decreases the quantum yield of fluorescence, but it is due to damage to
the photosystems (i.e. it leads to an increase in k). This decrease in the quantum yield of
fluorescence due to excess irradiance is called non-photochemical quenching and will be
addressed in the following section.

2.6.1 Non-photochemical quenching

Non-photochemical quenching refers to the decrease of fluorescence by processes
other than photosynthesis (referred to as photochemical quenching g, ). Several
parameters have been defined to measure the amount of quenching from active
fluorescence measurements (Rohacek and Bartdk 1999; Maxwell and Johnson 2000;
Rohdcek 2002). Non-photochemical quenching includes processes such as energy

dependent quenching (g, ), quenching by the decrease of excitation energy transfer to
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PSII due to state 1-state 2 transitions (g, ), and quenching accompanying the inhibition of
photosynthesis (g,). Below, I briefly describe these types of quenching.

2.6.1.1 Energy dependent quenching, q;

This process seems to be the main mechanism of photoprotection of the
photosynthetic process and provides the most important defense against supersaturating
irradiance levels in higher plants and many eukaryotic algae. However, there is a large
variation in the capacity for g, in different algae (Casper-Lindley and Bjérkman 1998).
Energy dependent quenching is related to the proton gradient across the thylakoid
membrane. The high proton gradient present under high light is basically a consequence
of an uncoupling of carbon fixation and utilization of ATP, and the rate of electron
transport by the plastoquinone pool (Walker 1988; Kramer et al. 1999; Ort 2001). The
quenching is due to an increase in the dissipation of the excitation energy as heat at the
antenna level of PSII and may be due to a structural change in LHCII (Krause and Weis
1988; Demmig-Adams and Adams ITI 1992; Gilmore and Govindjee 1999; Horton et al.
2000; Ort 2001). This quenching is associated with the xanthophyll cycle (e.g. Demers et
al. 1991; Casper-Lindley and Bjorkman 1998; Gilmore and Govindjee 1999): as ApH
increases across the thylakoid membrane, the violaxanthin de-epoxidase enzyme is
activated and conversion of violaxanthin to zeaxanthin occurs in the case of higher plants
and green algae. In chromophytes (e.g. diatoms, dinoflagellates and prymnesiophytes),
this cycle is replaced by the de-epoxidation of diadinoxanthin to diatoxanthin. In higher
plants, binding of the zeaxanthin to the LHCII and associated structural changes seems to

provide the mechanism for thermal dissipation (Gilmore and Govindjee 1999; Niyogi
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1999); a similar process may be occurring in chromophytes with diadinoxanthin. A
working model where the protonation of reaction center proteins favors the binding to
zeaxanthin and antheraxanthin leading to fluorescence quenching has been proposed (e.g.
Miiller et al. 2001). While Gilmore et al. (1998; Gilmore and Govindjee 1999) provide a
quantitative model for this process based on the intrathylakoid pH. In higher plants, this
process can be responsible for as much as 90% of the decrease in variable fluorescence

(and up to 15 — 25 % of F)) and is induced within seconds (Krause and Weis 1991). This

mechanism may not be as important in microalgae and the relationship between non-
photochemical quenching, ApH, and the presence of quenching xanthophylis is not as
straightforward (Casper-Lindley and Bjorkman 1998; Masojidek et al. 1999).

2.6.1.2 Quenching by decrease of excitation energy to PS 11, g,
Phosphorylation of the light harvesting complexes of photosystem II (LHCII) and

subsequent detachment lowers the absorption cross-section of PSII relative to PSI and
hence lowers the fluorescence yield (Allen 1995; Wollman 2001). This quenching
mechanism depends on the activity of a kinase, the protein responsible for the
phosphorylation. The activity of this protein is dependent on the redox state of the
plastoquinone pool and the proton gradient across the membrane. In higher plants, this
mechanism can quench F, by at most 20% and has slower Kinetics than g, . The detached
LHCII can be used by PSI but the occurrence of this state-transition under high light
conditions in the natural environment is not certain (Krause and Weis 1988; Falkowski et
al. 1994; Long et al. 1994; Allen 1995; Niyogi 1999). In cyanobacteria, which do not

have LHCII, phycobilisomes diffusion changes the absorption cross-section of PSII



relative to PSI (Joshua and Mullineaux 2004) and provides an important source of non-
photochemical quenching with faster kinetics than in eukaryotes (Campbell et al. 1998).

2.6.1.3 Quenching accompanying the inhibition of photosynthesis, q,

The photoinhibition of photosynthesis can be defined in many ways. Here, I will
use a decrease in the rate of photosynthesis at high irradiance levels as measured by the
evolution of O, or fixation of CO, below maximal rates due to excess light (e.g.
Falkowski et al. 1994). This is equivalent to a decrease of the maximal turnover rate of
the photosynthetic apparatus, or a constant maximal turnover rate and a decrease in the
number of active reaction centers. In terms of fluorescence, photoinhibition of
photosynthesis is seen as a decrease in maximal variable fluorescence yield on time
scales of minutes to hours after exposure to excessive radiation levels. This can occur
through the decrease of F, or an increase in F, (Valvilin et al. 1998; He and Chow

2003); an increase in F, occurs if inhibited reaction centers are not as efficient at

dissipating absorbed energy as active reaction centers. This quenching mechanism is due
to an increase in the rate constant of heat dissipation, however, whereas g, and g, are
due to photoprotective mechanisms, the distinction between photoprotection and damage
is blurred in the case of photoinhibition (Greer et al. 1991; Long et al. 1994). The nature
of photoinhibition of photosynthesis is not attributed consistently to the same processes
by different authors. Earlier studies seemed to favor photo-oxidative damage of the D1
protein (but see Niyogi 1999) as the main source of photoinhibition whereas more recent
reviews suggest the involvement of multiple stages of inactivation (without necessary

damage) of the D1 protein (Aro et al. 1993; Long et al. 1994) some of which are more
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rapidly reversible than others. This process is reversible upon return to lower irradiance
levels; time scales for reversal are of the order of several minutes to hours (White and
Critchley 1999; He and Chow 2003) and the rates depend on incident irradiance (He and

Chow 2003).

2.7 Observations of non-photochemical quenching in
phytoplankton

Many observations of non-photochemical quenching of fluorescence have been
published for phytoplankton in the lab (e.g. Kiefer 1973a; Cullen et al. 1988 ; Koblizek et
al. 1999; Bruyant et al. 2000; Koblizek et al. 2001; Lavaud et al. 2004). The occurrence

of non-photochemical quenching of both F, and F, in the ocean have been observed as a

decrease in the fluorescence levels occurring around mid-day at the surface (Kiefer
1973b; Loftus and Seliger 1975; Kiefer and Reynolds 1992; Babin et al. 1996b;
Dandonneau and Neveux 1997). However, the effect of nutrient stress on non-
photochemical quenching does not seem to hav¢ been addressed in the literature (but see
Kiefer 1973a) and can only be inferred from measurements in studies not aimed

specifically at resolving its effects.

2.8 Effect of nutrients on the quantum yield of fluorescence

A few studies exist on the effect of nutrients such as phosphorus and iron, but
mostly nitrogen, with concurrent measurements of fluorescence. Here, I focus on the
effect of nitrogen limitation. The effects of nitrogen stress occur at least at two levels in
the cells, which affect the fluorescence emission and yield of the whole cell (Cullen et al.

1992b; Graziano et al. 1996). The first is at the level of the PSII antenna where changes
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in the total pigments and their stoichiometry occur. The second is at the level of the
reaction center where changes in the efficiency of charge separation or kcharge
stabilization arise. Therefore, to interpret changes in fluorescence emission, care must be
taken to separate the influence of the two (Cleveland and Perry 1987).

Observations at the cell level of nitrogen stressed phytoplankton show a lower
chlorophyll concentration per cell (e.g. Sakshaug and Holm-Hansen 1977; Mingyuan et

al. 1992) and this will likely lower the total amount of fluorescence emitted per cell. This

decrease in chlorophyll concentration can however lead to an increase in a;, which can

partially compensate for a decrease in chlorophyll {Cleveland, 1987 #428 see also

equation 2.14}. However, the increase in a; will generally be smaller than the decrease

in the internal chlorophyll concentration . Moreover, the increase in g originates from
two different processes (reviewed in Bricaud et al. 1995). The first is the decrease of the
amount of pigments within the cell, which, in sufficiently large cells, leads to a decrease
in the package effect (Morel and Bricaud 1986). The second is the greater decrease in
chlorophyll a compared to other photosynthetic and photoprotective pigments (Cleveland
and Perry 1987; Latasa 1995; Henriksen et al. 2002). While the first would partially
compensate the decreased fluorescence emission due to the decreased chlorophyll
concentration, the second, depending on changes in pigment stoichiometry, would not
necessarily do so. All these changes reflect changes at the antenna level. |

At the level of the photosystem, changes in the quantum yield of fluorescence

with nitrogen stress are expected to occur due to a lower capacity to transfer electrons to
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electron acceptors, due to either an effective decrease in the fraction of active reaction
centers or a diminished efficiency of active reaction centers. Another effect of nutrient
stress sometimes observed is an increase in effective absorption cross-section of PSII
probably due to a larger number of LHCII per active RCII (Kolber et al. 1988).
Therefore, nitrogen stress seems to be associated with a decrease in the number of active
RCII per cell but an increase in their absorption cross-section. The latter could be the
cause —or the result— of the increased susceptibility to photoinhibition observed in cells
under nitrogen stress (Prézelin et al. 1986; Kolber et al. 1988). Babin (1996a) referred to
these changes observed with nitrogen stress as having “photoinhibition-like” effects on
fluorescence, that is, leading to an increase in non-photochemical quenching.

Graziano et al. (1996) discussed the effect of a decline in the portion of active
reaction centers on the yield of fluorescence and suggested that the effect will only be

seen for non-maximum yields < . According to them, an inactive reaction center
f S YE,

acts essentially as a closed reaction center such that only when a fraction of reaction
centers are open can a decrease in the photochemical yield of the cells be observed (i.e.
F, remains the same). Furthermore, they suggest that this should lead to an increase in
¢, while @, should not be strongly affected (if at all) by nitrogen stress. This reasoning,
however, assumes that inactive reaction centers cannot act as thermal traps of excitation
energy (Greer et al. 1991; Long et al. 1994; Valvilin et al. 1998) and ignores the
observation of the presence of non-photochemical quenching associated with
photoinhibited reaction centers.

The few laboratory experiments carried out on the effect of nutrients on the
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fluorescence yield seem to show that under nutrient stress the ratio of the fluorescence

when all reaction centers are open ( F,) to chlorophyll concentration (in accordance with
equation 2.14 this is equal to a, o) @,) will increase (Kiefer 1973a; Sakshaug and Holm-
Hansen 1977; Cleveland and Perry 1987; Mingyuan et al. 1992) in dark-adapted samples.
Cleveland and Perry (1987) suggest that this increase is not oﬁly due to a change in @,
but also to a concomitant change in a;, as both increase with decreasing chlorophyll

concentration. A reexamination of their data shows that the changes in the quantum yield

observed were in the realized quantum yield (¢, Q.), while changes in the actual

quantum yield were only small (see Figure 2.6). However, I may have overestimated the

effect of Q: in Figure 2.6 as I used the change in a;, (measured from 400 to 500 nm) to

represent the change in Q. (at 680 nm).

Given the number of competing processes occurring concurrently under nitrogen
stress, it is hard to get a clear picture of their overall effect, and only limited conclusions
can be drawn. The evidence available suggests an increase in the minimum quantum
yield of fluorescence in the dark of a factor of 1.5 to 2 under high nitrogen stress. At the
same time, there is a strong increase in the susceptibility to photoinhibition, which should
lead to a diminution of the maximal quantum yield of fluorescence when cells are placed
under high irradiance. The effects of nutrient stress on energy dependent non-
photochemical quenching are largely unknown though new results suggest an increase in
this process under nutrient starvation (Laney et al. in prep). Under fully acclimated

nitrogen limitation, however, no such changes are
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Figure 2.6: Cleveland an Perry 1987 revisited. In cultures under nitrogen starvation,
Cleveland and Perry (1987) studied the changes in the realized quantum yield of

fluorescence ¢, Q. (which they refer to as the fluorescence yield) and the

chlorophyll specific absorption coefficient (a,). The main conclusion of their paper

is that the quantum yield of fluorescence and the chlorophyll specific absorption
both increase with increasing nutrient stress. Here I show using their data that while
the realized fluorescence yield, what they actually measured, did increase, the
quantum yield may have only slightly increased under high nutrient stress (when
F,/Fpeyw = 0.3). To obtain the relative changes in the actual fluorescence yield, I
divided the realized quantum yield by the chlorophyll specific absorption coefficient
hence accounting for changes in the reabsorption coefficient (see equations 2.14).
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found and F, /F, remains constant (Cullen et al. 1992b; Mingyuan et al. 1992; Parkhill et
al. 2001).

Evidence of the effect of nutrient concentration in the field on the quantum yield
of fluorescence is limited. This is due, in part, to the fact that phytoplankton utilize
nutrients at concentrations that are lower than those that are routinely measurable. In
addition, low nutrient concentrations are not equivalent to low fluxes of nutrients. In
other words, a phytoplankton community’s nutrient status is not measurable in terms of
ambient nutrient concentrations. Hence, all variability in fluorescence characteristics due
to low nutrient concentration tend to occur at nutrient levels that are undetectable (Geider
et al. 1993; Olaizola et al. 1996). Furthermore, because the immediate interest of most
fluorescence based studies is finding the maximum quantum yield of photosynthesis (by
the proxy E [F, ) or the number of active reaction centers, rarely are the quantum yields

of fluorescence published or measured. A consistent decrease in F,[F, with decreasing

chlorophyll concentration was found in a transect in the western North Atlantic (Geider et

al. 1993). The portion of functional reaction centers (1/8 F, /F, ) showed a consistent

decrease with decreasing NO;+NO, concentrations (Babin et al. 1996a) in the northeast
topical Atlantic. However, Olaizola and colleagues (1996) show that even when nitrate
concentrations could be measured down to a level of 1 to 2 nM, there was no significant

trend in the ratio F, /F, with nitrate concentration. Evidence of a relationship between

@, , the fluorescence quantum yield in a light adapted state but measured in the dark

(that is without photochemical quenching but still non-photochemical quenching) has
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been found at sea by Ostrowska and colleagues (2000a) and this parameter decreased as
the nutrient concentration decreased in that study. This pattern could be due to either
higher non-photochemical quenching; a lower quantum yield at lower levels of nutrient
concentration, or, alternatively, it could be an artifact due to their parameterization of
reabsorption and chlorophyll specific absorption as a function of chlorophyli

concentration.

2.9 The tools of the trade: Instrumentation and relationships.
2.9.1 The Turner Designs fluorometer and fluorescence + DCMU

The Turner Designs fluorometer is a simple fluorometer, but also probably, the
best characterized. Its design is straightforward; the sample is irradiated with a weak blue
light and fluorescence emission is measured at 90° from the incident light (as with most
fluorometers).

The fluorometer is used primarily in two ways for the measurement of chlorophyll
fluorescence. The first is to measure the concentration of chlorophyll: acetone (or another
organic solvent) extracts of phytoplankton are inserted and the fluorescence level is
measured. After proper calibration, this provides an estimate of chlorophyll concentration
in the sample (Yentsch and Menzel 1963; Strickland and Parsons 1972). A variation on
this method is to use the fluorometer to make in vivo chlorophyll measurements (whether
in a flow-through mode or on discrete samples e.g. Lorenzen 1966). This can be done
both in the lab and at sea, but should be used as a qualitative index rather than a
quantitative estimate (Strickland 1968; Cullen 1982).

The second application is to measure the variable fluorescence parameter F,.
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Samples are dark adapted for ~20 to 30 minutes to allow energy dependent non-
photochemical quenching to dissipate. Then, fluorescence is measured in vivo; this
should be done with low incident photon flux to prevent a significant portion of
photosystem II closure, allowing the measurement of true F, (Parkhill et al. 2001). The
sample is then poisoned with the herbicide Diuron (3-(3,4-dichlorophenyl)-1, 1-
dimethylurea, DCMU), which blocks the photosynthetic electron transport chain by
replacing O, on the reaction center protein complex, hence, closing all the reaction
centers upon illumination. Therefore, under DCMU poisoning, the fluorescence level is

maximal, F,.,,,~ F, . The ratio of variable fluorescence to maximal fluorescence can
then be formed: F, / Foouy = (FDCMU —F,))/FDCMU . This parameter (see Butler’s Model
section) is related to the potential quantum yield of photosystem II (often referred to as
potential yield for photochemistry): @) = F,/F,,,, - This parameter has a maximum
equal to about 0.65 in phytoplankton. Hence, it provides a measure of their maximal
photosynthetic efficiency (Butler 1978; Kolber and Falkowski 1993). Poisoning with low
concentrations of DCMU can also be used to simulate different levels of closure of

reaction centers in the light (e.g. Behrenfeld et al. 1998).

2.9.2 The PAM fluorometer

The Pulse Amplitude Modulated (PAM) fluorometer is a relatively new instrument
(Schreiber et al. 1986). In addition to using a weak modulated LED light (peak emission

650 nm, intensity 10 mW m?, modulation frequency 1.6 KHz or 100 KHz) to measure

the minimum fluorescence ( F, ), the instrument uses an intense (up to 18000 ptmol
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photon m? s) pulse of light (~300 ms) to close all the reaction centers and so F,, can be

measured with weak pulses. Therefore, the PAM can provide the same information as the
Turner Designs fluorometer (or any other fluorometer capable of measuring F,) without
killing the cells. In addition, because the measuring light is modulated, it is possible to
measure the fluorescence signal in the presence of actinic light (Figure 2.7). This allows
for many measurements of fluorescence parameters that can be related to photosynthetic
processes (Havaux et al. 1991; Flameling and Kromkamp 1998; Rohécek and Bartdk
1999: Maxwell and Johnson 2000; Rohdcek 2002) such as the PSII quantum yield,
photochemical quenching, non-photochemical quenching and‘quenching relaxation time
constants. These measurements are often referred to as quenching analysis.
A few of these parameters will be used throughout the thesis:

1) The maximum quantum yield of charge stabilization,

¢, =(F,~F,)/F,=F[F,,
which provides information about the quantum yield when all reaction centers are open
under dark acclimated condition.
2) The quantum yield of open reaction centers for charge stabilization in the light,

¢, =(F, —F)[F, =F|F,,
which provides information about the quantum yield of open reaction centers when they
are under ambient irradiance and hence compete for excitons with enhanced heat-
dissipation due to non-photochemical quenching.
3) The effective quantum yield of charge stabilization under light acclimated conditions

for all reaction centers,
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Figure 2.7: Fluorescence quenching analysis parameters. The bottom part of the
graph provide the radiation regime: ML=Measuring light, performed using a weak
LED light. SP=Saturation pulse (halogen lamp flash), FR=Far-red radiation (A=735
nm) to preferentially excite PSI. AL=Actinic light, provided by any light source.
OPSMT correspond to different points on the induction curve. The prime indicates
the fluorescence level in the presence of actinic light, the double prime indicates the
light acclimated state but returning to dark conditions. In my notation F(¢)=F".

Figure reproduced with permission from Rohécek and Bartak (1999).
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¢, =(F, - F)[F, = AF[E,,

which is the actual quantum yield of photochemistry for all PSII reaction centers.
4) The non-photochemical quenching parameter,
NPQ, =(F,-F, )/F, .

which provide information about the amount or efficiency of the quencher. This
parameter follows directly from Stern-Volmer kinetics.
5) The complete non-photochemical quenching parameter,

don = (F, ~Fy )/F,.
which provides information about the amount of quenching of maximum fluorescence

occurring.

2.9.3 The FRR fluorometer

The fast repetition rate fluorometer (Kolber et al. 1998) is an instrument that

measures the fluorescence induction, that is, the change in the amount of fluorescence

versus time or incident cumulative energy, using single turnover flashes (Figure 2.8). In

the single turnover protocol, the saturation pulse occurs on the timescale for one turnover

of PSII. In addition to the measurements of F, and F, this method allows the

determination of other physiological parameters. In particular, the extent of energy

transfer between PSII reaction centers (p ) (Leverenz 1994; Trissl and Lavergne 1995;

Trissl 1999) and the functional absorption cross-section (G, ) can be obtained from the

induction kinetics. Time constants for the reoxidation of 0,, 7, can be derived from the

kinetics of deactivation measured with less frequent flashlets following the completion of

the single turnover flash.
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Figure 2.8: Fluorescence transients measured by the FRR method. During the
excitation sequence (single turnover flash) a series of 80 to 120 flashlets (individual
smaller flashes forming the single turnover flash) of 0.125 to 1.0 us duration, are
performed at 0.5 to 2.0 us intervals. The relaxation sequence consists of a series of

40 to 80 flashlets at intervals varying (ideally) exponentially from 50 ps to 50 ms.
The excitation sequence provides F, and F,, the functional absorption cross-section
(0,5 ), and the extent of energy transfer between PS II reaction centers, p.

Relaxation transients provide information about the kinetics of O, reoxidation.
Adapted from Kolber and Falkowski (1998).
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Kolber and Falkowski (Falkowski and Kolber 1993; Kolber and Falkowski 1993)
have proposed a method to measure photosynthetic rates using active fluorescence
measurements. Their analysis is based on the pump and probe fluorometers, but it is
equally well suited for the FRRF. In this method, they use fluorescence-based estimates

to derive most of the parameters in

E/F,

, 2.24
0.65

PfB (E) = ECpgy AQ, Npgy

where PfB (mol electrons (reaction center)™ time™) is the chlorophyll specific

photosynthetic rate of electron flow through the photosynthetic apparatus, @, is the
quantum yield of electron transport (dimensionless), and n,g, is the ratio of PSII reaction
centers to chl a (mol electrons [mol chl a}"). Though I will not go into the details of the
measurements, a few things should be noted. First, the measurement depends on 7n,g,
which cannot be measured by the usual FRRF fluorescence measurements. Secondly, the
true value of F,/F, cannot be obtained in standard deployments at sea as the water
remains for at most a few seconds in the dark chamber of the FRRF. Under continuous
monitoring, the night-time fluorescence parameters are used to obtain these values. The
relationships extend to conditions where non-photochemical quenching is present
because changes in F, and o,, are measured and are expected to reflect changes in NPQ
(Falkowski et al. 1994). This method has been tested by Suggett et al. (2001) in the field
on a cyanobacterial bloom and they found a linear relationship between an independent
measurement of primary production and the FRRF measurements; however, the slope

was not equal to unity. A recent study of the parameters 0., and 7,y has found that
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while 0, is a robust measurement, the proposed use of a constant value for 7,g,

(Kolber and Falkowski 1993) can lead to errors of a factor of 2-3 (Suggett et al. 2004).
The FASTRACKA FRR fluorometer, the only commercially available in situ
FRRF, has two channels; one for measurements in the light (limited to a certain amount
of red light) and one for measurements in the dark. This allows the measurement of dark-
adapted samples as well as samples under growth conditions simultaneously. Though
problem have been encountered in some studies due to the design of the fluorometer (e.g.

Raateoja et al. 2004a; Raateoja et al. 2004b).
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Chapter 3 A mechanistic model of
photosynthesis and fluorescence

3.1 Introduction

Many models have been created to provide a mechanistic basis for the
photosynthesis versus irradiance (PvsE) curve based on target theory (Emerson and
Arnold 1932; Dubinsky et al. 1986; Cullen 1990) or on the steady state balance between
closure and opening of reaction centers in continuous or variable light (Zonneveld 1997;
Han 2001). Some of these models also reproduce the consequences of photoinhibition
(Eilers and Peeters 1988; 1993; Zonneveld 1998; Han 2002; Rubio et al. 2003). The
models based on the steady state balance between the opening and closure of reaction
centers providé good mechanistic representations of some of the that affect
photosynthesis in continuous light and provide a good description of the PvsE
relationship.

The changes in the shape of the PvsE curve (in a first order approach: the initial
slope and the maximum rate in saturating light) are well described by the models above
as a function of physiological parameters, such as the effective absorption cross-section
or the turnover rate of electron transport. The effects of environmental factors on these
physiological parameters are generally studied with another type of model, the so-called
acclimation models. The models proposed by Geider and colleagues (Geider et al. 1996;

Geider et al. 1997; 1998; see also Geider and Maclntyre 2002) are good examples. In
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these models, to drive photoacclimation, Geider and colleagues developed a regulatory
ratio, Which provides a measure of the balance between absorption and utilization of
light. The numerator in this ratio is the photosynthetic rate under ambient irradiance and

- the denominator is the idealized rate (i.e. the photosynthetic rate if photosynthesis
continued with a maximal quantum yield at all irradiances). Hence, this ratio provides a
measure of the acclimation pressure, that is, excitation energy relative to the capacity of
the cell to utilize it. To obtain the acclimated state under a given set of environmental
conditions, the models regulates this ratio by changing the allocation of ‘photosynthates to
two (or three) pools of products: an enzymatic (carbon fixation) pool which utilizes
electrons created by charge separation at PSII; and a pigment pool which increases the
rate of light absorption and charge separation at PSII. The ultimate goal of these dynamic
models is to explain changes occurring in the carbon to chlorophyll ratio, PvsE curve, and
growth rate of algae as they acclimate to different levels of irradiance, nutrient status, and
temperature.

As described in Chapter 2, photosynthesis and fluorescence are closely linked:
high photosynthetic efficiency quenches fluorescence emission at low light whereas at
higher irradiance fluorescence is quenched by increased efficiency of heat dissipation.
These simple concepts have led biological oceanographers to use and misuse the active
fluorescence signal in the ocean to estimate biomass or primary production. Interest in
using sun-induced fluorescence to estimate primary productivity in situ (Kiefer et al.
1989) or from space (Abbott and Letelier 1999) has led to a number of models to

interpret the sun-induced fluorescence signal.
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The first group of models include semi-empirical relationships between the
quantum yield of fluorescence and photosynthesis (Kiefer et al. 1989; Chamberlin et al.
1990; Chamberlin and Marra 1992; Stegmann et al. 1992; Yoshikawa and Furuya 2004).
In their models, the authors parameterize the measured ratio of the quantum yield of
carbon fixation and fluorescence as a function of irradiance and then use this
parameterization to predict primary productivity. As such, the parameterized relationship |
do not provide a mechanistic basis for the observations, but rather a diagnostic model of
the observed patterns; they describe the results without providing an explanation of the
processes underlying them. In some of the early papers, contamination of the measured
fluorescence signal from Raman scattering may also have’distorted the results
(Maritorena et al. 2000; Morrison 2003).

Babin et al. (1996b) co_nstructed a model of fluorescence which includes non-
photochemical quenching and the effect of nutrient limitation on the fluorescence
emission in surface waters (see Chapter 2). This model is semi-empirical; the authors
used the Schatz et al. (1988) model of fluorescence induction and adapt it to continuous
light by providing a relationship between the saturation irradiance for photosynthesis and
the level of closure of reaction centers. The Babin et al. (1996b) model includes a
parameterization of damage, nutrient limitation, and non-photochemical quenching.
Acclimation is modeled by the effect of changing the saturation irradiance for

photosynthesis ( E, , wmol m™ s™") on the fraction of open reaction centers. However, no

functional form is proposed to explain variability in E,. The model was developed to

study the steady-state fluorescence emission at the surface and cannot be used to study
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the dynamic effects of vertical mixing on fluorescence, and the link between
photosynthesis and fluorescence wask not made.

Morrison (2003) presented a model of sun-induced chlorophyli fluorescence
which includes photochemical quenching and energy-dependent as well as
photoinhibition-dependent non-photochemical quenching. While Mbrrison related the
energy dependent quenching to the light level, the photoinhibition-dependent quenching
was simply parameterized by a constant decrease of fluorescence at all irradiance levels
with little mechanistic basis. This simple parameterization provided good fits to the data
he collected. The model, however, does not relate these processes to photosynthesis or
provide any dynamics for the patterns observed as all processes are related to an
instantaneous irradiance level.

Marra (1997) proposed a simple model to reproduce diel variability observed
from active fluorescence and beam attenuation. His model relates fluorescence measured
with a standard fluorometer to growth, non-photochemical quenching and
photoacclimation of the carbon to chlorophyll ratio. The model uses simple
parameterizations with instantaneous incident irradiance to model the carbon to
chiorophyll ratio and non-photochemical quenching. It provides patterns that are
consistent with observations. The model’s main limitations are the lack of photochemical
quenching, the absence of dynamics related to photoinhibition, and the lack of light
history (instantaneous changes in the carbon to chlorophyll ratio with changes in incident
irradiance are unrealistic); many of these limitations were indeed recognized by the

author.
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While the models developed to date perform well when explaining or reproducing
the processes studied, we do not have a mechanistic model that can explain the
interaction between fluorescence, photosynthesis and heat dissipation at all light levels
on timescales varying from seconds to days in the ocean. Given the importance of
fluorescence measurements in the interpretation of biological oceanographic processes, I
believe there is a need for such a model to guide the interpretation of fluorescence data
and to allow the modeling of the photo-physiological dynamics of phytoplankton in the
mixed layer of the ocean.

The objective of this chapter is, therefore, to provide a mechanistically based
model of fluorescence (requiring a description of photosynthesis), which is dynamic on
timescales of seconds to days. The model will not address growth of phytoplankton, but
will include a simple mechanism for the process of photoacclimation. Furthermore, the
model will focus on the reaction center level of organization, ignoring cell level
acclimation in optical properties (Morel and Bricaud 1981; 1986; Bricaud et al. 1995;
Babin et al. 1996b). The objective will be to develop a set of equations that will
completely specify photosynthesis and fluorescence at any time given a scalar irradiance
timeseries and some physiologicél parameters. The model is developed such that it can be
incorporated in a model of the mixed layer of the ocean to examine the effect of mixing
on fluorescence and photosynthesis at the sea surface (cf. Falkowski and Wirick 1981;
Lewis et al. 1984; Franks and Marra 1994; Neale et al. 1998) and provide a tool for
studying the different sources of variability in the quantum yield of fluorescence in

surface waters. This will be achieved by distilling phytoplankton physiology into the
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processes that are most important on timescales of seconds to days in terms of their
influence on fluorescence. In this study, I do not expect to capture all the important
physiological processes in all phytoplankton species, but rather to simulate an “average”
eukaryotic phytoplankton assemblage in its responses. A large amount of variability is
expected around the relationships developed here, but the mechanistic approach
facilitates the incorporation of additional physiological mechanisms. The different
processes included in the model are photochemical quenching, energy- and
photoinhibition-dependent non-photochemical quenching, nitrogen limitation, and
acclimation. Including photosynthesis, physiology and fluorescence in one model, will
provide a tool for diagnosing the origins of the physiological variability in the
observations of sun-induced fluorescence in the ocean. In this chapter, [ will first review
a recent model (Han 2002), address some of its limitations, and use it as the basis for the

development of a new model of photosynthesis and fluorescence.

3.2 Background
3.2.1 Han’s model of photosynthesis

In Han’s (2002) model, as in many earlier models, a reaction center (RC) is

assigned to one of three states: open (A, ), closed ( B, ) or inhibited (C}, ), where A,
B, , and C,, are the probabilities for each state, with A, + B, +C, =1 (see Table 3-1

for a list of symbols). Figure 3.1 shows the relationships and rate constants for exchange

between these pools. The equations describing the dynamics of this system are
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O psit E k GPSH
T-I
Figure 3.1: Han’s (2002) model of photosynthesis. The three pools of reaction
centers are: open (A); closed (B); and inhibited (C). The rates of transfer between

the three pools are shown above or below the arrows representing the transitions
between the pools. See text for details. Redrawn from Han (2002).
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Table 3-1: Table of symbols and units.

Symbol Description Units

a, Phytoplankton absorption coefficient m’

Qpgiy Absorption coefficient of all PSII pigments m’

A, . By, Probability that a reaction center be open (A, ), closed Unitless

Cy ( By, ), or inhibited (C;, ) in Han’s model

A,B,C Fraction of open, closed and inhibited reaction centers Unitless
obtained in my model.

C. Half saturation concentration of inhibited reaction center for Unitless
repair of inhibited reaction centers

o calar irradiance 2t
E s Eldear Sca an pmol m™ s
- Damage rate from UV radiation. st

E, Saturation irradiance for photosynthesis umol m? s

F,F, Minimum and maximal fluorescence emission in the dark Relative
acclimated state occurring when all reaction center are open
(F,) and closed (F,)

F',F,, Minimum and maximal and fluorescence emission in the Relative
light occurring when all reaction center are open (F)') and
closed (F))

F' Fluorescence emission in the light Relative

k, Rate constant where the subscript x can take the following s

value: d= PSII basal thermal dissipation in functional
reaction center, f=PSII fluorescence, I = heat dissipation
associated with inhibited PSII reaction center, ind=induction
of energy dependent quenching, gE= heat dissipation due to
energy dependent quenching, p= charge separation and
stabilization, r= repair of inhibited PSII reaction center in
Han model, rel=relaxation of energy dependent quenching,
sinks=utilization of electron for non-photosynthetic
processes
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K RUB RUBISCO-specific rate of carbon fixation es’

Calvin

RUBISCO!
ke Maximal rate constant of NADPH oxidation by the Calvin ¢ s
cycle enzymes (per RUBISCO)
ke Maximal rate constant of repair of inhibited reaction centers s
ko Steady-state value of the rate constant & ; s
Ko Rate of NADPH oxidation by the Calvin cycle e's’
ep Rate of repair of inhibited PSII reaction center without the 5!
effect of nutrient stress.
Kf:,, Rate of repair of inhibited PSII reaction center as affected by st
nutrient stress.
m Constant of proportionality between excess irradiance and [pmol m?s']’
NPQ
P atin Ratio of RUBISCO to PSII Unitless
N Concentration of PSII reaction centers umol PSII m>
N Nutrient status of the cell Unitless

NADPH Relative concentration NADPH (NADPH) and half Unitless
saturation concentration of NADPH ( NADPH,,,) for carbon

NADPH,,  fixation. (0KNADPH<1)

NPQ, Non-photochemical quenching parameter, in this chapter I Unitless
NPQ, use NPQ, instead of NPQ to express this parameter.

NPQ¥ . Energy dependent (NPQ#*) and damage dependent ( NPQ7) Unitless

NPQ! non-photochemical quenching parameter

7

P. Rate of electron transfer to Calvin cycle es’

P’ Rate of electron transfer to Calvin cycle per reaction center ¢ s m? (wmol

photon)™
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P, .P.
Pideal > l)eH

P, » Ps,

Photosynthetic rate of phytoplankton, for oxygen evolution
(Fp,), for charge separation and stabilization (P,), in the
idealized condition of no saturation ( P, ) and from the Han
model for charge separation and stabilization (P, )

Rate of charge separation per RCII

Rate of charge separation per RCII per unit cross-sectional
area

Excess irradiance

Biological weighting function for damage to PSII

Quantum yield where the subscript x can take the following
value (the product is given in parenthesis, see units):
pO,=oxygen evolution at the PSII reaction center (oxygen),
pA=photochemistry at open PSII reaction centers (¢),
f=PSII fluorescence (photon emitted), NPQ=heat dissipation
in PSII due to energy dependent quenching (photon
dissipated), d=PSII basal thermal dissipation in functional
reaction center (photon dissipated), I=heat dissipation
associated with inhibited PSII reaction center (photon
dissipated), —p=photochemistry  (charge stabilization),
gE=energy dependent non-photochemical quenching
(photon dissipated), F, =fluorescence by open PSII reaction

centers in the light (photon emitted), F,'=fluorescence by

closed reaction PSII centers (photon emitted),
F;=fluorescence by inhibited reaction PSII centers in the

light (photon emitted), F,=fluorescence by inhibited

reaction centers in the dark acclimated state (photon
emitted), F,=when all reaction centers are open in the dark

acclimated state (photon emitted), F,,=when all reaction

centers are closed in the dark acclimated state (photon
emitted).

Quantum yield of fluorescence when all active reaction
centers are open (¢ ) and closed (¢; ) in the light

acclimated state.

pmol O, s m”

or umol ¢ s

m—3

(e s!RCH
(¢ s'RC'm?)

wmol m? s

nm’’

(umol m?)*
pmol product

(umol photon
absorbed)™

pmol photon

(wmol photon
absorbed)™
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Pr, > P,

max max
(Ppoz ’ (pp
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YNPQ ’ yNPQ

}/d ’yg

K-O'PSII

Y,

t
o-PSII ’ o-PSII ?
opt
O.I"‘SII

0
O-PSII

T

Quantum yield of fluorescence when all active reaction
centers are open (¢} ) and closed (@, ) after 20 minutes in

the dark, in the absence of energy dependent non-
photochemical quenching but in the presence of damage.

Maximal photochemical quantum yield for oxygen evolution
(@,6, ) and for charge stabilization (9;7)

Variable capacity for non-photochemical quenching and
capacity under optimal growth condition dependent on the
acclimation state.

Total and constant part of the capacity for non-
photochemical quenching.

Proportionality factor between the rate of electron utilization
by the Calvin cycle and the rate of change of o5, .

Probability of damage to PSII per absorbed photon by a
closed reaction center

Functional absorption cross-section of PSII in the dark
(Opgy ), in the light (0,5, ) and under optimal conditions

(025 )-
Optical absorption cross-section of PSII

Turnover time for reopening closed reaction centers. In my
model, this is equivalent to the turnover rate of the electron
transport chain (without dark reactions).

umol photon

(umol photon
absorbed)™

pmol product

pmol photon
absorbed™

[wmol m* s

[umol m?}"

Unitless

m? (umol
photon)™*
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dA 0 B
dB 2 B ]
—J-IL=EGPSIIAH__}L+erH_WdO-PSIIEBH ’ 3.1
t T
dc 0
dtH ==k, Cy +¥,0p5 EBy ,

where E is the scalar irradiance (tmol quanta m?s), &, is the effective absorption

cross-section of photosystem II (m” pmol quanta™) in the dark acclimated state, 7 is the
turnover rate of the electron transport chain (s), k, (s'!) is the rate constant for the repair

of inactivated reaction centers (through de novo synthesis of reaction center protein and
assembly into active photosystem II (PSII) centers e.g. Aro et al. 1993), and y,
(dimensionless) is the probability of damage to photosystem II per photon absorbed by
closed reaction centers.

The first of equations 3.1 describes how the fraction of open reaction centers

decreases with a rate equal to the rate of primary photosynthetic events in PSII (l% Cpsy)
times the fraction of open RCs (leading to reaction center closure); while it increases with
a rate equal to the fraction of closed RCs divided by the turnover rate (7 ) of closed RCs
(reaction center reopening). The second equation shows that the rate of increase of the
fraction of closed RCs is the same as the rate of closure of open RCs and the rate of

decrease of closed RCs is equal to the rate of opening of RCs. In addition, the fraction of

closed RCs decreases with a rate equal to the rate of damage in closed RCs (v, 0, E)

times the fraction of closed RCs and increases with the rate of repair of inhibited RCs

times the fraction of inhibited RCs. The rate of damage is equal to the rate at which
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primary photosynthetic events would occur if closed RCs were open (153) O py) times a
probability that such an event leads to damage (). The third equation shows that the

fraction of inhibited RCs increases as the rate of damage of closed RCs times the fraction
of closed RCs and decreases with the rate of repair times the fraction of inhibited RCs.

To simplify the notation, spectral effects are ignored during development of the

model. However, most spectral effects can be accounted for simply by replacing E by

700
o

épu = j E(l)dl

400

and G,y by

Gy = j Gpsr (A)E(2)dA /
At steady state, the solution for the fraction of open reaction centers is

1

A, = 3.2

Y 2\
1+ Cpey ET+ kd r(d,,s,, E)

Han (2002) assumes that the observed quantum yield of photosynthesis in terms of

oxygen evolution (@, , O, (photon absorbed)™") decreases only because of a decrease in

the fraction of open reaction centers while the quantum yield of open reaction centers

remain constant at its maximal value @;5" (O, [photon absorbed]"). Thus, he uses the
following parameterization for the quantum yield of photosynthesis (in my notation)

®r0, = Ay Pro, - 3.3

The photosynthetic rate becomes
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2} o

Py =0, a, E=A,0, a,E, 3.4

where a, (m™) is the phytoplankton absorption coefficient by all pigments. In equation

3.4 the irradiance dependence of the quantum yield is included in A .
While the Han model focuses on the PvsE curve for oxygen evolution, my model

will concentrate the photosynthetic rate in terms of electron transport P, (Lmol e s m™),

For eukaryotic microalgae under balanced growth, the maximum quantum yield for

electron transport (more specifically charge separation and stabilization, see Chapter 2)
obtained using fluorescence measurements, (pg‘ax (¢ (photon absorbed)™), is close to 0.65

for many species, with lower yields observed in cyanobacteria (Campbell et al. 1998).

Note that the lower maximal yield obtained by fluorescence in algae compared to higher

plants (@,* ~0.82) or in cyanobacteria compared to algae, is not necessarily an indication

of a lower photosynthetic yield as could be measured by oxygen evolution for example
(Campbell et al. 1998). However, it provides a good starting point for modeling with the
understanding that the real quantum yield of charge separation could be higher than that
measured by fluorescence, especially if fluorescence from PSI or other fluorescing
pigments is important (Campbell et al. 1998; Oxborough et al. 2000).

With the assumption of negligible fluorescence from PSI, and because the
fluorescence measurement accounts almost exclusively for the light absorbed by light
harvesting complexes associated with photosystem II, it is convenient to express the light

absorbed only in terms of the absorption by photosystem Il (a,, , m"), such that the
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photosynthetic rate for electron transport obtained using Han’s model, F,; (umol e ™

m?), would be expressed as

Py=A,0." apy E. 3.5

Using equation 3.5 and equation 3.2 we can obtain the photosynthetic rate in terms of

charge separation at steady state as a function of light intensity,

P, = Q, apsy . 36

1+aps,,é1+_‘g£(a,,s,,é) .

¥

Note that throughout this section, I have used the subscript “H” on some

parameters to emphasize that I am using Han’s model to obtain the relationships.
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Side note: Effects of UV radiation

The model presented by Han (2002) is well suited to study the effect of ultraviolet

(UV) radiation. The term for the rate for inactivation (y, d,,su E B)) can be extended to

400
include UV by writing, By, [wm O psy E par+ j g, (A E(A) dl] , where Y, is the

280

efficiency of damage due to the absorption of PAR radiation, and &g, (1) (umol m?)™ is

a biological weighting function (cf. Cullen et al. 1992a; Cullen and Neale 1997) for the
creation of an inhibited reaction center. In this case, the biological weighting function can

be represented as an absorption cross-section for damage, 0, (m?), times a quantum
yield for damage, ¢, (uwmol RC (umol photon)™), divided by the total number of
| reaction centers (N, , pmol RC): €, (1) = @,,,, G yon (A)/Nye (e.g. Harm 1980). The

rate of damage (s') can then be defined as

400 o
k= [ &y E(A)dA.
280

Han’s (2002) model assumes that the target of damage is closed reaction centers.
This may be a good assumption for PAR radiation (Oxborough and Baker 2000), but may
not be appropriate for UV. Assuming is that the rate of repair, is the same for PAR and
UV inactivation and that open and closed reaction centers have an equal probability of

being damaged by a UV photon then the set of equations becomes

0 B
- =—EOpgy Ay +‘JL"AH K.,
T

dt
aB o B Z

dtH =E0,, Ay — “%}L +k Cy—By (V/PAR Opsy E+ kinh) :
dc, 4

ar = "kr CH T Wpair Opsy EBH + (AH + BH )kinh

Because the repair rate is described explicitly (e.g. Neale 2000), this model is general and

accounts for dose or dose rate dependence (see also Huot et al. 2000).
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3.3 Model development
3.3.1 Addressing some limitations of the Han model for fluorescence work.

The models developed by Han (2001; 2002) were strictly to study the processes
influencing the PvsE curve. To use this model as the basis for a fluorescence and
photosynthesis model, some of the assumptions that were made during its development
have to be addressed.

3.3.1.1 Constant effective absorption cross-section

The first assumption made is that the effective absorption cross-section (e.g.
Dubinsky et al. 1986) of an acclimated phytoplankter remains constant at all irradiances.
This is not the case since non-photochemical quenching in the antenna (e.g. due to energy
dependent non-photochemical quenching, see chapter 2) decreases the effective
absorption cross-section when irradiance increases (Falkowski and Raven 1997).

Therefore, it is appropriate to use an effective absorption cross-section that is light

dependent (which I denote o, m’ pmol quanta™).

To provide a fully mechanistic description of ¢, with illumination, one would

need a complete model of energy dependent non-photochemical quenching (Ruban and
Horton 1995; Gilmore et al. 1998; Gilmore and Govindjee 1999), reallocations of antenna
capacity through processes such as state transitions (Haldrup et al. 2001; Woliman 2001)
and connectivity of reaction centers (e.g. Havaux et al. 1991; Trissl and Lavergne 1995).
Such a model would be difficult to construct, requiring, amongst other things, accounting

for the change in the proton motive force across the thylakoid membrane, an area of
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active research in higher plants (Kramer et al. 1999). Instead, to model o, , I will use a

simple parameterization based on the observation that the fluorescence parameter NPQ is
linearly related to the “excess irradiance” absorbed by the plant (Bjérkman and Demmig-
Adams 1994; Demmig-Adams and Adams III 1996).

The second assumption is that the turnover time (7 ) remains constant for all
concentrations of closed reaction centers. This implies that for any level of reaction
system closure, the fraction of reaction centers reopening per unit time remains constant.
This can only occur if the capacity to process electrons by the reactions downstream of
photosystem II is never saturated. This however, is unlikely at high irradiance levels (or
at low temperature) due to the rate limitation of enzymatic reactions of the Calvin-
Benson cycle (e.g. Sukenic et al. 1987; Falkowski and Raven 1997).

To address the limitation by processes downstream of photosystem I, I will model
the fate of the pool of a product of linear electron transport. The simulated pool will be
the pool of NADP that is reduced to NADPH by electrons from the donor side of
photosystem I (see Chapter 2 for more details). The depletion rate of NADP (as itis
reduced to NADPH) will be proportional to the electron transport rate and its
regeneration rate is due to the dark reactions (carbon fixation and other sinks).

Finally, the third assumption addressed is that the rate of repair of inhibited
reaction centers is a constant fraction of the inhibited reaction centers per unit time. This
can only occur if the repair capacity of the cell is very large, and never limited. It is,
however, more realistic to assume that at high damage levels the repair rate will saturate

once enzymatic reactions reach maximal capacity. This limitation will simply be
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addressed by allowing the rate of repair to saturate at a maximum level.
Before I start building the model, I would like to provide a short descriptive
overview to provide a basis for the following sections.

3.3.2 Model overview

Seven differential equations form the basis of the model. As in the model
developed by Han (2002), I use three differential equations to represent the three states of
the reaction center: open, closed and inhibited (Figure 3.2 top). The absorption of a
photon leads to the closure of the reaction center, while the utilization of the electron in
the dark reactions (through the NADP pool) allows the closed reaction centers to reopen.
The damage to reaction centers will occur through the probability that a closed reaction
center becomes damaged, while the repair rate will allow recovery to the closed state.
The repair rate will be a function of the nitrogen status of the cell (N, ).

One differentizﬂ equation is used to follow the state of the NADP pool. Electrons
can only be transferred if NADP is oxidized; therefore, when carbon fixation is slower
than the rate of reaction center closure, most of the NADP will be reduced to NADPH
and most reaction centers will be closed.

Two equations are used to describe photoacclimation, which will occur through a
change in the composition and size of the optical absorption cross-section; high grthh
irradiance leads to a smaller absorption cross-section and a greater fraction of
photoprotective to photosynthetic pigments. Because the pigment pools are not followed,
the change ih the ratio of photoprotective to photosynthetic pigment will be modeled as a

change in the capacity for energy-dependent non-photochemical quenching, without
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Figure 3.2: Schematic representation of the photosynthesis and fluorescence model
with acclimation. The top portion shows the model in a low-light acclimated state
and the bottom part shows the model in a high-light acclimated state; the only
difference is the size of the optical cross-section (area of trapezoid) of the reaction
center and the ratio of photoprotective to photosynthetic pigments. The model has
three states for the reaction center: it can be open (pale blue circle), closed (red
cross), or inhibited (white circle). The transitions between the three pools are
represented by arrows. The absorption of photons by open reaction centers leads to
the closure of reaction centers, the absorption by closed reaction centers has a
probability of leading to the inhibition of the reaction center. An inhibited reaction
center is repaired to a closed reaction center with a repair rate that depends on the
nitrogen status of the cell (N, ). Closed reaction centers are reopened by the
transfer of an electron to NADP, which is reduced at the same time to NADPH. The
NADPH pool is oxidized to the NADP pool by the utilization of the reducing energy
during carbon fixation (and other sinks). The box on the lower left shows another
dynamic portion of the model where the energy-dependent non-photochemical
quenching changes with incident irradiance (represented by wider yellow bars at
high incident irradiance) allowing a greater fraction of the absorbed irradiance to
be dissipated at high irradiance.
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Figure 3.2: See previous page for caption.
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modifying the absorption cross-section.

The last differential equation is used to represent the changes in the xanthophyll
cycle pigments with incident irradiance. The box in the lower left of Figure 3.2 repres'ent
schematically the model for non-photochemical quenching. To simulate the xanthophyll
cycle, at high incident irradiance, the photoprotective pigments will be in a state that will
allow more of the energy to be dissipated as heat (represented by a more yellow color)
than under low incident irradiance. This increase in the capacity for heat dissipation will
be simulated by changing the rate constant for energy dependent quenching in the PSII
model.

This completes the overview of the model; in the next section, I describe the
dynamics of the NADP pool.

3.3.3 The NADP pool: linking the light reactions to biosynthetic reductions
The product of linear photosynthetic electron transport is the reductant NADPH

(reduced form of nicotinamide adenine dinucleotide phosphate, NADP). A simple
reaction scheme for the reaction can be constructed by assuming two competing sinks for
NADPH (or more generally electron acceptors on the donor side of PSI): the first is the
Calvin cycle (carbon fixation) while the second includes all electron utilization By
processes other than carbon fixation (e.g. Falkowski and Raven 1997). These include
pseudocyclic electron flow around PSI (the Mehler reaction e.g. Ort and Baker 2002) and
nitrate reduction (for a review of these processes and others see Noctor and Foyer 2000).
The dependence of these other sinks for electrons on light intensity or physiological state

is not easily determined and much remains to be learned about their regulation in
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microalgae (e.g. Flameling and Kromkamp 1998; Lomas and Glibert 2000; Lomas et al.
2000; Ort and Baker 2002). Therefore, at this point, only the simplest model is warranted
and I will assume that a constant fraction of the NADPH formed is used up by these

processes per unit time (first order reaction) with a rate constant, kg, (s™). The oxido-

reduction reaction for NADP can then be written as

NADP z——=——> NADPH , 3.7

KCulvin +ksink9

where Bt~ is the rate of electron transfer to NADP, and K, (¢ s") is the rate with

which the NADPH is oxidized and used by the Calvin-Benson cycle. The differential
equation representing this reaction is

dNADP B

== NADP+ Ky + ki 3.8

In the model I will use a relative pool size of 1 for NADP plus NADPH such that
NADP+NADPH =1. If we assume for simplicity that the Calvin cycle can be represented

by a saturating function in which the substrate is NADPH, we can then model K, as

K. = keanin NADPH RUB

Calvin ™ A atvin NADPHUZ + NADPH = Reapin KCalvin »

3.9

where NADPH,,, is the half saturation concentration of NADPH, n,,,, is the ratio of the

number of RUBISCO enzymes to PSII reaction centers, k., is the maximum rate of

Calvin

electron transfer to CO, by the Calvin cycle (¢” s' RUBISCO™), and K., is the

Calvin

RUBISCO specific rate of carbon fixation. Because the enzymatic reaction catalyzed by

RUBISCO is the limiting step in the Calvin cycle, it is useful to have its concentration as
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the numerator of n_,,, to represent the capacity of the dark reactions to utilize electrons.

Equation 3.9 assumes that the ATP (adenosine triphosphate) or CO, is not limiting the
rate of carbon-fixation and that the complex enzymatic reaction scheme of the Calvin
cycle is well represented by the Michaelis-Menten functional form, which holds for one
enzymatic reaction. This approach follows the same underlying idea as the work of Rubio
et al. (2003), that the dark reactions are limiting the rate of photosynthesis through a
saturating function, except that the implementation through the pool of an end product of
the photosynthetic chain is different.

In the next section, I will provide some context for the description of the model by
defining the quantum yields in terms of rate constants within the context of a puddle
model of PSII organization.

3.3.4 The puddle model and quantum yields in terms of rate constants

Han’s model assumes no connectivity between reaction centers. That is, the light
absorbed by pigments associated with one reaction center cannot be used by another
reaction center. This is referred to as the puddle model (see Chapter 2). To simplify the
development and to be consistent with Han’s model, I will use a puddle model that
assumes no connectivity between the antennas of different reaction centers; the
limitations of this model are discussed later. In a pure puddle model, the state of one
reaction center does not influence directly the state of another reaction center (but is
affected indirectly through non-photochemical quenching).

We can write the following equation for the quantum yield of photosynthesis in

PSII (see Figure 3.3 for a schematic representation)
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OPEN (A) CLOSED (B) INHIBITED (C)

|/

1
o

In open reaction centers, A4, the In closed reaction centers, B, the In inhibited reaction centers, C,
fraction of absorbed photons fraction of absorbed photons the fraction of absorbed photons
going to photosynthesis is going to photosynthesis is going to photosynthesis is
k, o, 0 o 0 _
k,+k,+ky+k, O+k,+k,+k, O+ks+k+k,+k
and to fluorescence is : and to fluorescence is : and to fluorescence is ;
k; —o k; —p k, —p
“ ¥ F,, F
k,+ki+ky+k, o ki+k+k, ki +kp+k,+k '

For all reaction centers (A + B+ C = 1) the fraction of absorbed
photons going to photosynthesis is:
k

)4
k,+k;+kyp+k,
and to fluorescence is

9, =4

k k k
L +B ! +C L

¢, =A
T Tk, vk kgt k,  ktkgtk, kot k+k+k,

Figure 3.3: The three states of the reaction centers and associated rate constants.
Each state can be represented in terms of its first order rate constant for
deexcitation of absorbed energy and their intrinsic quantum yields. All reaction
centers share three common rate constants for deexcitation: k£, for energy

dependent quenching, k, for fluorescence, and &, for heat dissipation. In addition,

in open reaction centers energy can be used for charge separation (photosynthesis)
with rate constant k, while in inhibited reaction centers heat can be dissipated with
a rate constant k,. The intrinsic quantum yield for photosynthesis (charge

separation) and fluorescence are given below each state as well as the quantum yield
when all reaction centers are taken together (box). In a puddle model, k£, has no

influence on the quantum yield of photosynthesis.
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where A is the fraction of open PSII reaction centers, k, (s!) is the basal rate constant for

heat dissipation, &, (s™) is the rate constant for fluorescence, k, (s1) is the rate constant
for photosynthesis, & ; (s%) is the rate constant for heat dissipation by energy dependent
non-photochemical quenching, and ¢, is the effective quantum yield of open reaction

centers.
The maximal quantum yield of photochemistry in PSII, that is the quantum yield

in the dark acclimated state when all reaction centers are open (A, =1) and non-
photochemical quenching is completely dissipated ( k£, =0) is expressed as (Butler 1978;

Rohacek 2002):

k -
z _ 5 F". 3.11
k,+k,+k; F,

max __
9, =
m

We can describe the quantum yield of fluorescence for PSII in terms of rate constants and

the fraction of reaction centers in the three states,

k; k; k;
p,=A + B +
ky+ki+k,+k; k;+k;+k, ky+ke+k +kg, 3.12

=A%§+B@%+C¢H

where B and C are respectively the fractions of closed and inhibited reaction centers, k;

is the rate constant for heat dissipation of an inhibited reaction center, @, , @, , and @

are respectively the intrinsic quantum yield of reaction centers in the open, closed and

inhibited state in the light acclimated state. Therefore, the cell fluorescence quantum
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yield is given by the quantum yield of open reaction centers times the fraction of open
reaction centers plus the quantum yield of closed centers times the fraction of closed
centers plus the quantum yield of inhibited center times the fraction of inhibited centers.
When RCII is photoinactivated, the absorption cross-section of the reaction center is not
affected but its capacity to utilize the energy for photochemistry is. Observational
evidence, however, suggests that inhibited reaction centers can still sink more energy
than closed reaction centers (e.g. Valvilin et al. 1998), this capacity is modeled here with
the addition of the rate constant k, (see Figure 3.3). Therefore, with increasing damage,
the quantum yield of fluorescence will be quenched relative to its maximal level, due to
inhibition.

I can also express the quantum yield of dissipation of excitation away from RCII

due to non-photochemical quenching in terms of rate constants as

ke ki k,;

Pr=A +B +C , 3.13
ky+k,+k,+k; ky+k;+k, k,+k;+k +k
and, similarly, for the quantum yield for basal heat dissipation,
k k k
¢, =A < B 4 4 3.14

+ +C .
ki+tk +k,+k; ky+k; +kg ky+k,+k +k,

The quantum yield for heat dissipated in inhibited reaction centers due to the inhibited
state is given by

kI

. 3.15
ky+k+k, +k,

o, =C

By definition, the quantum yield for photosynthesis, fluorescence, basal heat dissipation,
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energy-dependent and inhibition-dependent non-photochemical quenching (equations
3.10, 3.12, 3.13, 3.14, and 3.15) sum to unity.

I will now define more yields that are often used in fluorescence work,

(p'Fm @ Py Py , these correspond to the fluorescence level F, , F, , F, ,and F, used

in the pulse amplitude fluorescence protocols (see Chapter 2) and are defined within the

puddie model as
k k
¢. =(A+B) L —+cC .
m k,+k,+kp k,+k,+k +k;
k k ’
=(1-C)—L——+ :
k,+k,+k, ky+k +k +ky
k k
¢. =(A+B) L + !
i ky+k +k, vk,  k,tk +k+k,
k k ’
=(1-C) L +C L
ky+k +k,+k; k,+k;+k +kg
0, =—1
Tkt
and
k
0, !

ok tk otk
Note that the ¢, and ¢, levels defined above correspond to those when no damage is
present. In some protocols, the F,, and F, are measured after ~20 minutes in the dark

corresponding to a state where all the energy dependent non-photochemical quenching

has dissipated but damage is still present at essentially the same level as in the light, I will

refer to these levels as the F and F'. Under those conditions the corresponding
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quantum yields become,

k, ks
¢" =(A+B) +C
P k,+k, — k,+k t+k,
) 3.16
ks k
=(1-0)
k,+k; k,+k, +k
and
k k
o' =(A+B) +C
F ky+k,+k,  k,+k +k 317

k; k;
=(1-C) +
k,+k +k, k,+k;+k

All quantum yields derived in this section are defined with respect to the light
absorbed by all pigments associated with photosystems II.

3.3.5 NPQ parameter in terms of rate constants

The parameter NPQ is defined in the fluorescence literature as

~ NPQ=NPQ, =(F,, - Fy )JFy; . 3.18

The choice of the NPQ symbol is unfortunate because it is also the abbreviation

commonly used for non-photochemical quenching. To avoid confusion, I use the symbol
NPQ, to refer to (FM - F, )/Fﬁ'l . The measurement of NPQ, under normal conditions
will include all processes that lead to non-photochemical quenching of the Fj,

measurement, including state-transition, energy-dependent, and photoinhibition-
dependent quenching.

Without damage, however, the diminution of F;; will arise mostly from energy
dependent quenching. Under these conditions, we can define the parameter

NPQ;’E =(FM - F,; ) / F,, when there is no damage. This parameter can be expressed in
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terms of rate constants as follows (see also Rohdcek 2002):

k
NPQ® = —%__ 3.19
Tkt ks

The parameter NPQfE therefore represents the amount of absorbed energy dissipated as

heat due to energy dependent non-photochemical quenching relative to that dissipated by
basal non-photochemical processes (fluorescence and heat).

3.3.6 Han’s model vs. the fluorescence model of photosynthesis

It is useful at this point to compare Han’s model for the quantum yield of
photochemistry (equation 3.3) with the model used in the fluorescence literature
(equation 3.10). Both describe the realized quantum yield of photosynthesis as the
fraction of open reaction centers multiplied by the quantum yield of open reaction
centers. There are, however, two subtle differences in these models, stemming from the
exclusion of energy dependent non-photochemical quenching from Han’s model. In the

fluorescence model (equation 3.10) the level A (e.g. Kramer et al. 2004) and ¢,, depend
on the increased heat dissipation due to non-photochemical quenching (k; parameter).

The maximum quantum yield used by Han in his model is one for dark conditions (i.e.
equivalent to ¢ not ¢, ), which does not account for changes in the quantum yield of
photosynthesis with increasing irradiance; all changes in the quantum yield of

photosynthesis with irradiance are assumed to originate in the closure of reaction centers.

3.3.7 Parameterization of k,

I model energy-dependent non-photochemical quenching by changing the value
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of the rate constant k. . Therefore, to constrain the model I need to define the rules that

govern these changes as a function of irradiance. In the next two sections I describe the
rules I will use.

In practice, in the light, through state transitions, a fraction of the light-harvesting
complex of photosystem II can be transferred to photosystem I (Wollman 2001). The
implication of this from the standpoint of the quantum yield of charge separation at PSII
(assuming that detached LHCII, are still considered PSII pigments) is the same as an
iﬁcrease in the dissipation of energy in the antenna. Since both occur when irradiance is
in excess at PSII they will be modeled as one process here, at the cost of not accounting
for their different kinetics (e.g. Krause and Weis 1988).

3.3.7.1 Excess radiation

If photosynthesis proceeded with constant efficiency at all irradiances, the
relationship between photosynthesis and irradiance would be linear with a slope equal to
the initial slope of the PvsE curve (and for gross photosynthesis an intercept of zero):

P = Opsy @ E. 3.20

I will refer to the rate of photosynthesis under this hypothetical situation as the
idealized rate of photosynthesis ( P, ). The decrease in the rate of electron transport and
thus gross photosynthesis with irradiance, results from the closure of reaction centers and
the increased dissipation of heat. In addition, several other processes not considered in
my model will affect net oxygen evolution (Flameling and Kromkamp 1998). As
irradiance increases, the difference between the achieved rate of photosynthesis, P, , and

the idealized rate increases. The difference in irradiance for the same rates of
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photosynthesis in the idealized and achieved case (see Figure 3.4) is referred to as the

“excess irradiance” or “excess radiation”(Bjorkman and Demmig-Adams 1994).
. . o a 0 o) .
We can calculate the excess irradiance A E.c = E— Eiear Where Eiga is the

irradiance at which the idealized rate is the same as the achieved rate at E. Returning to
the Han model and using equation 3.6 and 3.20 under the condition of no photoinhibition

(y,=0) we can write
Pideal [Eo‘ideal) = PeH (EO') »

which, by using equation 3.5 (setting ¥, to 0) and equation 3.20, can be expanded to

Apgry (szax Eidear = AHV/d =0 (leax Apgyy E ) 3.21
where Ay, _, is the fraction of open reaction centers when y, =0 in equation 3.2.
Solving for Eitea We have,

Eua =EA,, . 3.22

such that

AEwe = B Eisea = E(1- Ay, o )- 3.23

This result is proportional to the excess photochemical capacity calculated by
P, (E) -P, (E) = Gpgy @™ E(1— Ay, _,) but differs from the Geider at al. (Geider et
al. 1996; Geider and Maclntyre 2002) regulatory ratio as the latter is given by

P, (é ) / P, (i’ j which is equal to A, _,, within the simplified context of this
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Figure 3.4: Excess radiation. The excess radiation is the difference in irradiance for
the same rate of gross photosynthesis in the idealized and realized cases. The
idealized rate is the line defined by the initial slope of the realized rate (i.e. when the
quantum yield is maximal).
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analysis.

3.3.7.2 NPQ, excess irradiance, and the dissipation factor

I assume (generally observed in higher plants e.g. Bjorkman and Demmig-Adams
1994; Demmig-Adams and Adams III 1996) that the relation between excess irradiance ‘

and NPQ, is linear and that they are both equal to zero in the dark, which implies that
NPQ* = mAEo, 3.24

where m is a proportionality constant. Using equation 3.19 we have

1

st
gE

=mAEO'exc, 3.25

d+f

where k% represents the steady state value of the parameter k_. for a given E . Finall ,
.k T€P: y P oE g Y

using equation 3.23, rearranging and equating v, = m(kd + kf) we have
ke =Yy Ao =¥, E(1- Agy, ) | 3.26

The dissipation factor at the steady state becomes a linear function of the excess

irradiance, where ¥, can be interpreted as the capacity for non-photochemical quenching

in a given acclimation state. That is, for a given irradiance and closure of reaction centers,

a greater capacity (high 7, ) for non-photochemical quenching leads to a greater value of

k;’E which, in turn, leads to higher heat dissipation.

I will further separate the parameter ¥, into a constant part ¥, and a variable part

¥ xpo » the latter of which can be modified through acclimation: ¥, =7, + ¥y, . The
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parameter ¥, is the capacity for energy dependent non-photochemical quenching at the
lowest irradiance, which allows survival (e.g. compensation irradiance without grazing
losses). Because ¢} (correspondiﬁg to F') is dependent on C, when running my model,
a fraction of NPQ, obtained from fluorescence parameters (see equation 3.19 and

accompanying text) will originate from photoinhibition due to damage to the reaction
centers (NPQ}), NPQ, = NPQ¥ + NPQ;.

3.3.7.3 Energy dependent quenching and damage

Here, I want to modify the relationship derived in equation 3.26 to take into
account damage. One of the limitations of equation 3.26 is that I have not included a
decline of the capacity for energy dependent quenching when a large fraction of the
reaction centers are damaged and, thus, a smaller fraction of the photons absorbed will
lead to energy dependent non-photochemical quenching. This decline in the efficiency for
energy dependent quenching is expected on the basis that, at high damage, the build-up of

a pH gradient across the thylakoid membrane at a given irradiance should be lower,

leading to the diminution of NPQ, .. However, this decrease will only occur if a

sufficient number of reaction centers are damaged to decrease the rate of electron

transport below the capacity to utilize electrons (approximated here by n,,,, ki )- TO

Calvin
account for this effect I rewrite equation 3.26 as

0 n ; kmax "'PRC
k;;: =}’dE[1—|:A+C( Calvin "™Calvin e )}J, 327

max
n Calvin kCalw'n

where P*C is the rate of charge separation per RCII (e s RC™). This equation leads to a
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decrease in non-photochemical quenching with an increasing fraction of damaged

reaction centers only when the concentration of damage is sufficient to decrease P,
below 7y, koo, (as will become clear later, I will build into the model an

“overcapacity” of PSII relative to n.,,,, ko, ). The parameter P is also described in

more detail later.

3.3.7.4 Kinetics of energy dependent quenching
Equation 3.27 represents the steady state solution. Upon a shift to higher light

levels the rate of change can be modeled as

dk,;
dt

= Ko (k2 = Kz ) 3.28

where k,, is the induction rate constant for non-photochemical quenching. While upon a
decrease in irradiance, the change can be modeled as

dk
dt

= ko (ki ~ kg ) 3.29

where k,, is the relaxation rate constant for energy-dependent non-photochemical

quenching. Such a parameterization is possible because the rate constants driving the

equilibrium in the fraction of open reaction centers (A) are much shorter than those

regulating k. such that A reaches a pseudo-steady-state much faster (order of
milliseconds e.g. Lavergne and Trissl 1995) than k. (order of minutes e.g. Lavaud et al.

2004) upon a light shift (though the slower changes in k , will lead the pseudo-steady-

state of A to change). This parameterization of energy dependent non-photochemical
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quenching (i.e. NPQ}’E proportional to excess irradiance and affected by damage) is one

of many that could be used. The simplified model is, however, useful to link non-
photochemical quenching, fluorescence, and electron transport. For this work, excess
irradiance will be considered the excess irradiance when observed with fluorescence
measurements; that is irradiance is in excess using charge separation as a measure of
electron flow.

3.3.8 Effective cross-section and the dissipation factor

Having reviewed the expressions for yields in terms of rate constants and the

parameterization of k , I can now return to the parameterization of the effective

absorption cross-section. For the dark acclimated state, the effective absorption cross-
section of PSII is the subsection of the optical cross-section required to promote charge
separation if all absorbed radiation in that subsection leads to charge separation. For
example, if 65% of the photons lead to charge separation with a given optical cross-
section, the effective cross-section will be 65% of the size of the optical cross-section. In
the puddle model, the effective absorption cross-section is only affected by changes
occurring within open reaction centers; inhibited or closed reaction centers do no lead to
photochemistry and cannot exchange absorbed energy with open reaction centers and
thence do not influence the effective absorption cross-section in open reaction centers.
Therefore, in the dark, the ratio of the effective absorption cross-section to the optical
cross-section is equal to the maximum quantum yield of photosynthesis (e.g. Kolber et al.

1998),
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GPSII = (P;nax —_ P 330

o - ?
o k,+k,+k;

where 62, is the optical cross-section of PSII (m™ pmol PSII). In the light, the effective

absorption cross-section ( 0, m” mol photon™), with the assumption that all the

energy dependent non-photochemical quenching originates in the antenna, can be written

as
0-1“’.5‘11 kp
0 - = . 3.31
% O ky+k, +k,+kg :
Rearranging we find
[ O 0 kP
Opsit = OpsyPps = Op 3.32

Mho+k +k,+k;

Therefore, non-photochemical quenching has two effects (not independent of each
other) in my model. Firstly, by increasing the probability of a photon going to heat, NPQ
allows a greater fraction of the reaction centers to remain open; this decreases the
probability of damage to the RC. Secondly, the quantum yield of photochemistry of an
open reaction center decreases and, consequently, the effective absorption cross-section
for charge separation is decreased. The drop in the effective absorption cross-section is a
measure of the decreased quantum yield of open reaction centers. Figure 3.5 provides a
schematic representation of the processes modeled in this section.

3.3.9 Limiting the rate of repair
Marshall et al. (2000) propose to use a Michaelis-Menten relationship to model

the rate of repair of inhibited reaction centers. This functional relationship is adopted here
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In low light, a large fraction of the absorbed
photons are used for photosynthesis
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In high light, a small fraction of the absorbed
photons are used for photosynthesis
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Figure 3.5: Schematic representation of the effect of photoprotection due to
increasing energy dependent non-photochemical quenching. Top portion: At low
incident irradiance, a large fraction of the incident photons is used up in
photosynthesis with little energy dissipation through &, leading to a large effective
absorption cross-section. Lower portion: At high incident irradiance, the
configuration of the reaction centers antenna changes leading to an increase in the
dissipation of the absorbed emergy, and to a smaller effective absorption cross-
section. The relationship between the optical absorption cross-section ¢%,, the
effective absorption cross-section and the quantum yield of photosynthesis in open
reaction centers is given below the diagram. Note that the representation is for one
photoacclimation state and only regulation of energy dependent non-photochemical
quenching is represented.
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=te 3.33
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where C,,, is the half-saturation concentration of inhibited reaction centers that saturate

the repair rates. I will use for this study the same rate constants used by Marshall et al.
(2000); with these constants, the departure from a simple first order rate constant is small.
Variability in this relationship with taxa, temperature, nitrogen stress (see below), and
incident irradiance is expected. |

3.3.10 Nitrogen limitation

Unbalanced growth due to nitrogen limitation decreases the maximum quantum
yield of photochemistry measured by fluorescence (e.g. Cleveland and Perry 1987;
Parkhill et al. 2001). The decreased photochemical efficiency of the bulk fluorescence
measurement implies that the efficiency of charge separation at active PSII reaction

centers is decreased (equivalent to decreasing kp ) or there is a decreased fraction of

active reaction centers (lower A due to increased C). Unbalanced growth due to nitrogen
stress also increases the susceptibility to photoinhibition (Steeman Nielsen 1962; Prézelin
et al. 1986). Furthermore Lesser et al. (1994) found that nitrate limited cultures had
slower repair rates than nitrate replete cultures under conditions of UV damage.
Consistent with these observations, I will follow the approach of Marshall et al. (2000),
who opted to model the effect of nitrogen limitation as a decrease in the rate of repair of
damaged reaction centers based on the premise that nitrogen is needed during the repair
of the damaged D1 protein. Therefore, the rate of repair will be modified to take into

account the nutrient status ( Ny, , dimensionless) of the cell as
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k™ C
K" =K, Ny =—2—N

rep s C1/2 + C Status °

3.34

where N, (0<N,,..<l) is expressed by Marshall et al. (2000) (see Flynn et al. (1999)

for full the expression) as

v o1 (0-0)
Status U (Q"’QO-I'Kq) s

where Q (g N g C) is the cellular nitrogen to carbon quota, Q, (g N g* C) is the
minimum nitrogen to carbon quota of the cell, Kg (g N g C) is the value of Q that
allows growth to be half of its maximum and U (dimensionless) is a normalization factor
that allows N, to vary between O and 1. This expression is provided for completeness
but will not be used in this chapter, as the nutrient quota of the cells is not modeled.

Instead, the modeling of K|, as a linear function of nutritional status provides a simple

mechanism to study the effect of nutrient starvation on fluorescence. In this formulation,
decreasing the nutrient status is equivalent to decreasing the maximum rate of repair.

3.3.11 Review of the model

Table 3-2 presents the final equations used in the model of fluorescence and

photosynthesis. Equations 3.35, 3.36, 3.37 represent the three states of the reaction
centers accounting for the change in &, with irradiance and the effect of the dynamics

of the NADP pool (equation 3.8), a schematic of this new system of equations is given in
Figure 3.6.

In addition, at any time, the bulk rate of photosynthesis ( P,, umol e m”s™) is
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Table 3-2: Main equations of the model

Equation Equation
number
o P
A __Boy, a+BNADP 3.35
dt T
0 BNADP °
%E=EO',§SH A- +K,,C-¥,0p EB 336
¢ T
%f_ =K, C+¥,0), EB 3.37
k, \kz—k >
dk _ nd( qE qE) thE 2 ke 3.28 and 3.29
|k, ( ke — qu) ki <k
dNADP = —ENADP + KCalvin + ksinks 38
dt T
. Ny k22— PRC 3.27
K=y, E|1- A+C( O ) and ¥, =7,+ 7w
nCalvin Calvin
ol —60 o =of k, 3.32
Psi PSII'Y pA PSSl -
P ky+ki+k,+kg
K. =n. — i NADPH 3.9
atin = T Cabin NADPH,,, + NADPH
| Sl OO
K,IZ — e s 3.33 and 3.34
¥ C,+C
PeRC = A(PpA O'gsu l% =A Opgy E 3.39
. k, gk ks 3.12
f kytke+k,+kyp  kytk otk ky+k,+k +kg
Acclimation
( A opt Y* 7
d()'gm _ ) KaPsno-gsn (m(agﬂl ! Crsn ) - 0'3] E>0 3.44
dt 0
\ 0 E=0
K, Y vro (C(}/NPQ / y:,;; )y B 0_05) C<01& E>0
d 0.1 2
e o e Cltio 7] 005 co01& Bro s

0 E=0
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Figure 3.6: Model of photosynthesis used in present work. Three pools of reaction
centers are represented by the open (A), closed (B) and inhibited (C) pools as well as
the two pools of NADP and NADPH. The rates of transfer between the three pools
are shown above or below the arrows representing the exchange between the pools.
All rates are first order rate constants except for the reopening of reaction centers,
which is a bi-molecular reaction depending on the product of the concentration of
two pools.
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given by
P =AQ,, g E. 3.38

The relationship between the total absorption by PSII and the number of PSII and their
individual optical absorption cross-sections ( G, ) is given by a,g, = N G5, , where N is
the concentration of PSII (umol PSII m™). The rate of charge separation per reaction

center is then given by
P =40, 0% E=Acl, E. 3.39

My model does not account for growth or changes in the ratio of carbon to
chlorophyll within the cell. As such, direct comparisons with the usual measurements
made in oceanography, such as the biomass normalized PvsE curve cannot be made.
However, after some simplifying assumptions the model can be compared with those
measurements. Below, I derive a series of parameters with this objective in mind.

PvsE curves are generally normalized to biomass (Jassby and Platt 1976;
Maclntyre et al. 2002), one commonly used proxy for biomass is the chlorophyll
concentration. When normalized to chlorophyll concentration, nutrient replete PvsE
curves generally have a constant initial slope independent of growth irradiance
(Maclntyre et al. 2002). This will be the case unless changes.in the chlorophyll specific
absorption coefficient arise. This is because chlorophyll is a good proxy for cellular

absorption (or PSII, a,, ) and the quantum yield of photosynthesis at low light tends to

be independent of growth irradiance (Kolber et al. 1988). When the number of PSII per

cell does not change (as in my model), the normalization by the optical absorption cross-
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section provides a direct proxy for changes in PSII absorption (in the absence of
packaging effects). Therefore, for comparison with chlorophyll specific PvsE curves I

define the cross-section normalized rates of charge separation as
Pf°=Ag,E. 3.40

Equation 3.40 is useful for comparison with processes occurring near PSII, such
as oxygen evolution, however, a better comparison with PvsE curves obtained from *C
incubation can be found by focusing on carbon fixation by using the Calvin cycle kinetics
as the measure of photosynthesis. I can obtain the rate of carbon fixation (in units of
electrons transferred to Calvin cycle intermediates) by defining

P.=K

Calvin *

3.41

To compare with chlorophyll specific PvsE curves I can normalize to the optical

cross-section and obtain

K. ..
PCO‘ - Calvin . 3. 42

o
GPSII

Finally, the fluorescence flux emitted by an elementary volume containing

photosystem II (F, umol m>s') is given by
F=¢,a,4E. 3.43

Apart from the constant terms, the set of equations in Table 3-2 specifies
completely the photosynthesis and fluorescence model at any time, given an incident

scalar irradiance timeseries. Below, I add acclimation to this model.
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3.3.12 Two types of photoacclimation

Photoacclimation consists of modifying the photosyntheﬁc machinery, within its
genotypic capacity, to balance the rate of electron production and transfer at PSII and PSI
with the rate of electron utilization by all electron sinks. The result of photoacclimation is
proposed to be maximizing growth and avoiding damage on timescales of hours to days
(Geider et al. 1998). Perhaps, more generally, the result should be regarded as
“improving ecological fitness”; in some cases, surviving at a lower growth rate with more
damage might be better than an increased growth or lower damage in the short term if
accompanied by death. Regulation has the same outcome as acclimation on timescales of
seconds to minutes and is dependent on the acclimation state, in addition to the limitation
of the genotype. Photoadaptation, through changes in the genotype, provides variable
capacities for photoacclimation and regulation on much longer timescales (Falkowski and
LaRoche 1991; Cullen and MacIntyre 1998).

In constant light, there are two simple ways to achieve acclimation (e.g. Prézelin
1981; Falkowski and LaRoche 1991; Zonneveld 1997). The first is to change the size of
the photosynthetic light-harvesting antenna and, if necessary, the capacity of the electron
transport chain to provide a sustainable flow of electrons to a constant number of reaction
centers. The second is to change the ratio of the number of photosystems (more generally
photosynthetic units) to the number of dark reaction units (e.g. could be RUBISCO),
keeping the absorption cross-section constant. Both of these strategies are used in
phytoplankton (Falkowski and Owens 1980; Prézelin 1981; Richardson et al. 1983).

However, light in the environment is never constant, with day-to-day fluctuations
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due to clouds, diel changes in solar zenith angle, and hour to seconds changes due to
mixing processes and the focusing and defocusing effects of waves (the mixing and
focusing processes are the aquatic equivalent of the “sun flecks” phenomenon in
terrestrial systems). With this amount of variability in the light field, another factor that
provides ecological fitness is the capacity to rapidly modify thermal dissipation of
absorbed energy to allow efficient harvesting of light at low light and dissipation of
excess irradiance at high light (Ibelings et al. 1994; Lohr and Wilhelm 1999; Kiilheim et
al. 2002). The most important mechanism for this thermal switching is the xanthophyll
cycle (e.g. Gilmore and Govindjee 1999; Latowski et al. 2004). A clear example of
acclimation with irradiance in this capacity in phytoplankton is presented by Maclntyre et
al. (2002) who describe the changes in pigment content as a function of growth irradiance
for many phytoplankton species, showing a clear accumulation (relative to chlorophyll)
of the xanthophyll pigments with increasing irradiance. A similar trend has been
presented in higher plants were Mahonia repens growing under higher irradiance had
much greater pool of xanthophyll cycle pigments relative to chlorophylls and a larger
pool of compounds to scavenge reactive radicals (Logan et al. 1998). This suggests an
increasing capacity for photoprotection relative to light absorption (see also Chapter 2) in
algae acclimated to high light (e.g. Demers et al. 1991). This increased capacity has been
observed in higher plants (Bjorkman and Bilger 1990) and in Ulva rotundata (Osmond et
al. 1993). To address these two types of photoacclimation, the model will be constructed
to change the size of the antennae of PSII and the capacity for non-photochemical

quenching (see schematic on Figure 3.7).
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High light acclimation

Reduction of G ,O,SH , increase
in NPQ capacity

>

Low light acclimation

. 0
Increase in O g, , decrease
in NPQ capacity

Figure 3.7: Schematic representation of the acclimation model. Two processes are
modeled for photoacclimation. The first consists of a change in the optical cross-
section of PSII, represented here by changing the size of the green portion
(photosynthetic pigments, PSP). The second is a change in the capacity for non-
photochemical quenching; this is shown by a change in the yellow color representing
the location of the photoprotective pigment (PPP) pool (representing a greater ratio
of PPP to PSP)
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There is strong evidence that the acclimation of the light harvesting complexes is
regulated at the level of the plastoquinone (PQ) pool (Escoubas et al. 1995) or by the
redox state of electron carriers near the plastoquinone pool (Franklin et al. 2003). Hence,
it is a balance between the charge separation at PSII reaction centers and the utilization of
the electrons by the electron transport chain downstream of the PQ pool. When the PQ
pool is oxidized in low light, the reaction centers are more open and when the PQ pool is
reduced due to excess charge separation at PSII relative to electron utilization a greater
fraction of the reaction centers become closed. However, because I am not modeling the
PQ pool here, I will set the regulation mechanism at the reaction centers (i.e. the
parameter A will be used as the regulatory parameter simulating the redox state of the
first quinone, Q,). This directly follows from the idea that “excitation pressure” can be
measured using the photochemical quenching parameter (Maxwell et al. 1994; Maxwell
et al. 1995; Demmig-Adams and Adams III 1996). I will assume that the balance will
occur when 30% of the active reaction centers are in the open state. This is consistent
with the concept that microalgae tend to acclimate such that their photosynthetic capacity
is around 70% of maximum (acclimation brings the saturation parameter of the PvsE near
the growth irradiance Sakshaug et al. 1997) or somewhat higher (Laws et al.
2002).Therefore, the regulation of the optical cross-section of the PSII antennae will be

controlled by the fraction of active reaction centers by,

0 | Kypgy OF (0% /02 ) 0.3 E>0
dC g, opsit O psu Opsy ! Opsyy ) — V- >

dt

A+B

0 E=0
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where K _,, is rate for change in the optical absorption cross-section, 035, is the optimal
cross-section for photochemistry, and x (x < 0) is an exponent factor modifying the ratio

(0',?5,, / Gf,’;’,,) . Ignoring the (c,?s,, /| oy )x part of the equation, the change in the optical

cross-section is 0 when A/(A+ B)=0.3; when A/(A+ B)>0.3, oy, increases; and when

AJ(A+B)<0.3, 6%, decreases. The parameter (G, / o7, )" decreases the extent of

acclimation such that as 2, departs from o2, the rate of change of o5, is 0 at

different values of A/(A+ B). The parameterization using (oo, / o7 )" is a substitute

for a complete mechanistic description of the biophysical limitation of photoacclimation.
For example, the photon capture and transfer efficiency to the reaction centers is expected
decrease as the size of the optical cross-section increases. A comparison of the function
for two values of the parameter x is given in Figure 3.8. In the case where x=0 the rate of

change is equal to 0 when A/(A+ B)=0.3, this is unrealistic as it means that the
phytoplankton can acclimation to any light levels “perfectly” by changing o5, leading

to A/(A+ B)=0.3. This would mean that to acclimate from 20 to 2000 pmol m?s™,

o9, would have to change by a factor of ~100, which is not observed (e.g. Sukenic et al.
1987). In reality, it is expected that in extreme light conditions, phytoplankton will not be

able to fully acclimate and the ratio will deviate from A/(A+ B)=0.3 at the growth

irradiance. This is what happen when x is set to -0.4; at that acclimated level, when

do’, [dt =0, A/(A+ B) varies from 0.1 in high light to 0.6 in low light (Figure 3.8).
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Figure 3.8: Acclimation function for the rate of change of the optical cross-section.
When the rate is 0, identified on each panel, the reaction center is acclimated to the

growth irradiance. Warmer colors represent an increase in oo, while cooler colors

represent a decrease. Top panel: when x=-0.4, the standard value in the model, the
steady state of the ratio A/(A+B) varies. Bottom panel: when x=0, A/(A+B)=0.3 for

any irradiance level and o5, . Decreasing values of x imply greater biophysical
limitations in the acclimation capacity of a cell. Note that the line representing
do?, | dt =0 is not at the same color boundary on both graphs.
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I did not find any guide in the literature for modeling the mechanism regulating
the capacity for non-photochemical quenching; I decided to model it using the fraction of
damaged reaction centers as the regulatory parameter. This choice was made because it is

the process ultimately affected by photoprotection. The formulation used is

K, Vro (c(yNPQ Iy )y-o.os) C<01& E>0
d’Y 0.1 oot V. 0
__f=<—EK},)/NPQ(C(YNPQ/’)/NI;Q) -0.05) C>01& E>0, 345
0 : E=0

opt
NPQ

where x, is a rate constant for change in ¥, , v, is the capacity for photoprotection

under optimal growth conditions, and y is an exponent relating the ratio ¥, / yzi; to the
rate of change of ¥, . The dynamics of this equation are very similar to those of

equation 3.44. The separation of equation 3.45 into two parts depending on the light is
necessary to avoid a very high rate of acclimation at high damage levels (though see
Kana et al. 1997 for a mechanism of acclimation that depend on damage rate).

3.3.13 Setting some constants

In this section, I attempt to provide a set of values for basic parameters; other
parameters will be selected in the Results section (see Table 3-3). The values used here
are consistent with literature values for these parameters, but specific circumstances may
require revising them.

Measurements in microalgae have shown that under balanced growth, the

maximum quantum yield of charge separation (¢,* ) is equal to 0.65. This is measured
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Table 3-3: Values for the constants used in the model.

Constant

Value

ky
kf
k
King
k

P

~

k

rel
k Ii:)l‘vin
ki
ksinks
NADPH,,,
X

y
Yo

opt

¥ neo

K'o‘PSII

¥,

opt
O-PSII

1y
0-PSII

1.106 x10° s
6.7x10" s*
1.06 x10° s

0.0167 s
2.178 x10° s*
0.0056 s
160 s

3.23x10™ s
205"
0.05
0.4
-1
0.0005 [umol photon m?]"
0.001 [mol photon m*]?

1.39x10™* s
3x10~

1.81 m* wmol photon™
1.81 m? umol photon™

2%107 s
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by variable fluorescence using the ratio

k -
Rl Y3
k,+k,+k  F

m

max __
¢, =

As noted previously, if fluorescence emission by PSI or other pigments is important this
could be an underestimate of the photochemical quantum yield. For this modeling
exercise, I will also set the quantum yield of fluorescence when all reaction centers are
open in the dark-acclimated state to 2% (see for example Oxborough and Baker 2000).

Such that we have

ks
¢, =—=0.02.
k,+k,+k;

I will use the assumption generally made in fluorescence work (Gilmore and Govindjee
1999) that the rate constant for fluorescence is an intrinsic property of the chlorophyll

molecule embedded in the protein matrix of PSII and assign a rate constant of

k, =6.7% 107 s (Lazar et al. 2003). Using these numbers and the two equations above,
we can obtain k, =1.106x10° s” and k,=2.178x 10° s™. The rate constant for

photochemistry obtained this way is consistent with the value measured of 2.325 X 10° s
by Roelofs et al. (1992) and used by Oxborough and Baker (2000) for charge
stabilization in open reaction centers.

Inhibited reaction centers tend to have quantum yields of fluorescence that are
slightly higher or equal to those of open reaction centers (see Chapter 2 for a discussion

of the variability observed in the lab). Therefore, I will use k; = k, . This is different from
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the situation generally observed in higher plants where F, increases by a factor of ~2
when a large fraction of the reaction centers are damaged (Osmond 1994, Park et al.
1995; but see also Valvilin et al. 1998).

The turnover rate of the electron transport chain (7 ) is taken to be 0.002 s, which
is consistent with values obtained for the rate of electron transfer through the PQ pool
(Falkowski and Raven 1997). RUBISCO is a relatively slow enzyme with a maximum
rate of the order of 40 to 80 mol CO, mol enzyme s, with 80 mol CO, mol enzyme s

being the highest values observed (Geider and Maclntyre 2002). Given an idealized value

of 4 electrons used per CO, fixed, we calculate that k. values in terms of electron

Calvin

transport of up to about 360 e RUBISCO™ s are realistic. I will use 160 ¢ RUBISCO™
s”. The variable n_,, has been measured by Sukenic et al. (1987) and was found to
increase from 1.2 to 4.6 as growth irradiance increased from 80 to 1900 pmol m™ s™. For
simplicity I will use a value of 1, which is independent of growth irradiance as the
acclimation process is not modeled for n_,,, butrather op, . The induction and
relaxation constants for the energy dependent quenching are taken as k,, = 0.0167s™

(consistent with rates found by Lavaud et al. 2004) and k, = 0.0056s™".

3.4 Results
The model was written in the MATLAB® language using one of the built-in

ordinary differential equation solvers (ODE23), which is an automatic step-size Runge-
Kutta-Fehlberg integration method. Through a sensitivity analysis, the model was found

to have benign non-linearity and to be insensitive to initial conditions (results not shown).
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In this section, I provide a series of figures to show the main features of the model.
Constants used in the model runs are given in Table 3-3; when these constants are
modified, the new values are given in the graph captions, legend, or in the accompanying
text. I will progress with the examples by adding more and more dynamics into the
model, starting with the basic photosynthesis model and culminating with the complete
model with non-photochemical quenching and photoacclimation. Therefore, not all
constants given in Table 3-3 are used for the data presented in each figure. I will also
provide much of the discussion and interpretation within this Results section.

3.4.1 Basic photosynthesis model

In the first example, only the photosynthesis model is included: I did not include

non-photochemical quenching (7, =0), photoinhibition (y, = 0), or acclimation

(K,psy = 0 and Kk, = 0). Therefore, the model is restricted to equations 3.8, 3.9, 3.35,

3.36. With this model, the typical shape of the PvsE curve is well reproduced (Figure 3.9
top), while the effect of changing the maximum rate of k(,;, (equivalent to

changing n,.., see equation 3.9) produces a change in the maximum photosynthetic rate.

The model converges to the models of Han (2001; 2002) as k..., approaches infinity: 7

Calvin
limits the rate of photosynthesis at high irradiance under these conditions. Note, however,
that within the context of the Han model, 7 corresponds to the “slow” turnover time of
photosynthetic units and is used to represent the slowest turnover of the photosynthetic

system (here assumed to be the dark reactions). The non-zero charge separation rates at

k™ =0 are due to the “other” electron sinks (k. ), which allow a fraction of the

Calvin
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Figure 3.9: Basic photosynthesis model. The model was allowed to reach steady state

and all parameters were saved. The different lines represent different values of
k. (s") corresponding to different maximal rates of the Calvin cycle enzymes (see

legend). Top panel: The rate of charge separation per reaction center. Middle panel:
Fraction of open reaction centers. Bottom panel: Relative concentration of NADP

(NADP+NADPH=1). Note that changing the values of k. has the same effect as
changing the value of n_,, , the ratio of RUBISCO enzymes to PSII reaction centers

(this is one possible mechanism of photoacclimation that is not simulated in my
model). The Han model uses the equation described by Han (2002) with the values
for the different parameters given in Table 3-3.
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reaction centers to remain open at high-irradiance. Increasing kg, leads to an increase

Calvin

in the fraction of open reaction centers (Figure 3.9 middle). The pool of oxidized NADP
is also directly linked to ki, (Figure 3.9, bottom); a depletion of this pool occurs when

the production of electrons by PSII reaction centers exceeds the rate of electron
utilization by all sinks.

All subsequent model runs will use a value of ki, =160 ¢ s RUBISCO™. This

Calvin
implies that a significant decrease in the efficiency of charge separation at PSII can arise
before a decline in the maximum electron transport rate occurs in the region where
irradiance is saturating. Therefore, at high incident irradiance there is a significant excess
capacity of PSII relative to carbon fixation (e.g. Behrenfeld et al. 1998). The decrease in
efficiency can occur through a smaller number of active reaction centers or an increase in
non-photochemical quenching. This allows significant damage or photoprotection to
occur without a decrease in the photosynthetic rates at light saturation.

3.4.2 Basic photosynthesis model with photoinhibition

Now, the damage section of the model is added to the basic photosynthesis model
presented above, such that equations 3.37 and 3.33 are also included while keeping

¥,=0, K psy =0 and x, =0. That is, there is no photoprotection through non-

photochemical quenching and no acclimation. Photoinhibition is modeled by the

probability (i, ) that a photon absorbed by a closed reaction center leads to damage. The

yield of photoinactivation is estimated to be on the order of 107 to 107 to (Anderson et

al. 1998). These yields, with the repair function used (equation 3.34) provide realistic
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decline in photochemical capacity (Figure 3.10 top panel). The shapes of these curves are
very similar to those measured on cultures (e.g. Maclntyre et al. 2002) or at sea (e.g.
Cullen et al. 1992b their figure 6). At low probabilities of damage, the fraction of
damaged reaction centers increases linearly with irradiance whereas, at higher
probabilities, the damage increases more rapidly at low irradiances and saturates at high
irradiance levels (Figure 3.10 bottom panel), reflecting the balance between damage and

repair and the decreased target pool size (B). The excess capacity of PSII over carbon

fixation is well demonstrated by the line for y, =1x107" where ~40% of reaction
centers are damaged at 2000 wmol m>s™ yet only a slight decrease in P is observed.

The dynamics of the photosynthesis model are illustrated with a simulated
timeseries (Figure 3.11). The photosynthesis model with photoinhibition included shows
an increasing depression in the rate of photosynthesis at noon time with an asymmetric
photosynthetic rate (Figure 3.11, top panel). The photosynthetic rate is higher in the
morning than in the afternoon at the same irradiance level (hysteresis) because of the
slow (relative to changes in irradiance) induction and repair of damaged reaction centers.
These time courses are almost identical to those obtained by Marshall et al. (2000) in
their model of photoinhibition and consistent with many published studies on the diel
cycles of photosynthesis (e.g. Sournia 1973; 1974; Marra 1978; Bruyant et al. accepted).
However, this does not imply that photoinhibition is the sole process responsible for the
decrease of photosynthesis observed in the natural environment in the afternoon (Harris
1978). Repair continues in the dark as seen by the decreasing concentration of damaged

reaction centers in the dark (Figure 3.11 bottom panel).
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Figure 3.10: Basic photosynthesis model with photoinhibition. The different lines on
both panels represent different probabilities for damage (y,, see legend). Top
panel: The charge separation rate per reaction center. Bottom panel: Fraction of
damaged reaction centers. The model was allowed to reach steady state and all

parameters were saved.
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Figure 3.11: Diel changes in the rate of charge separation with photoinhibition. Top
panel: Variation in the rate of charge separation for a sinusoidal irradiance regime
(dashed black line) for different probabilities of damage (y,, see legend). Bottom

panel: Fraction of damaged reaction centers. The dashed line represent the
irradiance (Wmol m? s™) multiplied by 0.1, the maximum irradiance was set to 2000
pmol m” s™.
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3.4.3 Effect of photoprotection on the rates of photosynthesis and ¢,

In this section, I have added to the basic photosynthesis model with
photoinhibition, the capacity for photoprotection by energy dependent non-
photochemical quenching, by varying the parameter y, (equations 3.27, 3.28, 3.29).
However, I do not allow acclimation through equations 3.44 and 3.45; instead, I set the
value of y, to different constant values.

Adding photoprotection due to energy dependent non-photochemical quenching
leads to a decreased amplitude of the depression in the charge separation rétes at noon
(Figure 3.12 top) due to a decrease in the number of damaged reaqtion centers (Figure
3.12 middle). This aspect of the model has, to my knowledge, not been parameterized in
models of photosynthesis before.

In the absence of damage, however, a large amount of photoprotection could
lower the photosynthetic rate due to an increase in the fraction of energy dissipated as

heat (Long et al. 1994). The values of the NPQ, parameter obtained for the values of y,

tested in Figure 3.12 are consistent with those observed in diatoms (e.g. Lavaud et al.
2004) under high irradiance levels (see Figure 3.12 bottom). In Figure 3.12, to better
illustrate the effect of photoprotection, I used a probability of damage (y,) of 5x 107
instead of the standard 3x 107 used elsewhere.

In Figure 3.13, apart from the dashed blue line for which 7y, =0, all curves were
created with the same amount of photoprotection (Y, =y,=0.0005) but varying

probability of damage (y,, see legend). Without any photoprotection or damage, the
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Figure 3.12: Effect of photoprotection on the photosynthetic rates. Top panel:
timeseries of the rate of charge separation for different levels of photoprotection

(7,, [wmol m?]’, see legend). The blue line (y,=0 [pmol m?]") is the same

simulation as the y, =5x107 in Figure 3.11. Middle panel: Fraction of damaged
reaction centers. Bottom panel: The parameter NPQ,. NPQ, is a common measure

of the energy dependent non-photochemical quenching but is also affected by
photoinhibition.
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quantum yield of fluorescence is a saturating function of irradiance, similar to the rate of
charge separation (compare dashed blue lines on Figure 3.13 A&B). With
photoprotection but without damage, the fluorescence yield is lowered at higher
irradiances due to non-photochemical quenching (Figure 3.13 B, blue line); this decrease
is accentuated by the increase in damage (Figure 3.13 B). The effect of the decline in the

capacity for non-photochemical quenching due to damage is clearly observed for

w,=1x10" and 5x10™° (Figure 3.13 B and C); compare yellow (y, =1x107) and

black (y,=5x%107) lines with the deep pink line (y,=5 x 1077). This is reflected in the

NPQ, parameter, which increases with damage (Figure 3.13 C) up to a point where

damage hinders the capacity for energy dependent non-photochemical quenching (see
equation 3.27). The increasing amount of damage leads to a decrease in the fraction of
open reaction centers (Figure 3.13 D) since the pools of open, closed and inhibited must
sum to one.

One effect of photoprotection is to keep a greater fraction of the reaction centers
open (Figure 3.14A). This is due to the decrease of the quantum yield of an open reaction
center as energy dissipation in the antenna is increased (Figure 3.14B). Without non-
photochemical quenching, the quantum yield of an open reaction center remains constant
at all irradiances (Figure 3.14B with v, = 0). However, the increase in the fraction of
open reaction centers is due to the decreased quantum yield, thus photoprotection has no

effect on the realized quantum yield of all reaction centers when there is no damage

(Figure 3.14C). The effect of increasing the capacity for non-photochemical quenching is
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Figure 3.14: Effect of photoprotection on the quantum yields of photosynthesis and
fluorescence. The different lines correspond to different levels of photoprotection
(v,, see legend). A) Fraction of open reaction centers. B) Quantum yield of charge
separation in open reaction centers. C) Quantum yield of charge separation by all
reaction centers. D) Quantum yield of fluorescence. The probability of damage was
equal to 0 for this comparison (y,=0), so all non-photochemical quenching is due to
energy dependent quenching. All curves represent the instantaneous results at
steady state.
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a greater decrease in the quantum yield of fluorescence at high irradiance (Figure
3.14D).

Because increasing the capacity for non-photochemical quenching leads to a
decreasing quantum yield of fluorescence at high light, this leads to a family of curves for
the relationship between fluorescence and photosynthetic yields depending on the value

of v, (Figure 3.15 top). These curves are very different from the published relationships

that apply only to lower irradiances (e.g. Kiefer and Reynolds 1992). They greatly
complicate the interpretation of sun-induced fluorescence measurements in surface
waters where non-photochemical quenching is important (Cullen and Lewis 1995;
Maritorena et al. 2000; Morrison 2003) even in the absence of damage. This is
particularly important if one attempts to obtain information about photosynthetic rates
from sun-induced fluorescence (Kiefer et al. 1989; Chamberlin et al. 1990; Chamberlin
and Marra 1992; Kiefer and Reynolds 1992; Abbott and Letelier 1999). Morrison (2003)
has acknowledged this limitation in terms of non-photochemical quenching due to
photoinhibit.ion at intermediate to low irfadiance levels in the ocean, and proposed that
much of the variability observed in the quantum yield of fluorescence at a given
irradiance depended on this phenomenon. The model shows that the extension of this
concept to energy dependent quenching is warranted.

The use of variable fluorescence, because it allows the determination of the
maximal quantum yield of fluorescence at the same time as the quantum yield of
fluorescence under ambient conditions is, however, well suited to examine

photosynthesis under high irradiance. The Genty yield (Genty et al. 1989), defined as
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Figure 3.15: Comparison of the quantum yield of fluorescence and the quantum
yield of photochemistry for different capacities for non-photochemical quenching
(v,, [nmol m?]", see legend). Top panel: Comparison between the quantum yield of

fluorescence and the quantum yield of photochemistry (¢, = ¢, A). Bottom panel:

Comparison between the Genty yield ((F,,', -F ')/ F!) and the quantum yield of
photochemistry (¢, =¢,, A). The probability of damage was set to 0 for this

comparison (y ,=0).
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(F”'l -F ') / F!, provides a measure of the quantum yield of charge separation under

ambient irradiance, and showed a perfect relationship with my model (Figure 3.15

bottom) estimate of ¢,. This is not, however, a validation of the Genty yield or of my

model, but rather shows the internal consistency between the assumptions used in the
derivation of the Genty yield and this model. Note, however, that the Genty yield is not
limited to the puddle model (e.g. Kramer et al. 2004).

3.4.4 Nitrogen limitation and the quantum yield of fluorescence

In this section, I examine the effect of nitrogen limitation on charge separation

and fluorescence by varying the parameter N, (equation 3.34). This is equivalent to

changing the maximal rate of repair (k" in equation 3.34). Under extreme nitrogen

stress, the repair rate becomes zero and the photochemical yield eventually decreases to
zero (Figure 3.16A, blue line). Because the time to achieve steady state values becomes
longer with decreasing irradiance (as the damage rates are low), the results at the lowest
irradiances are not provided when the nutritional status is equal to 0.001 (Figure 3.16A).

With decreasing values of nitrogen status (N, ), the photochemical rate is increasingly

lowered at the higher irradiance levels (Figure 3.16A) due to damage. This is consistent
with the observations in the literature (e.g. Prézelin et al. 1986; Kolber et al. 1988). With
decreasing repair capacity and increasing damage level, the quantum yield of
fluorescence decreases continuously (Figure 3.16B), and reaches F, when most of the
reaction centers are damaged. The increasing damage at low repair rates leads to an

increase in NPQ, (Figure 3.16C). The decreased repair rate leads to a lower number of
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Figure 3.16: Effect of nitrogen stress on the photochemical rates and fluorescence

quantum yield. The nitrogen stress was varied from extreme (N, =0.001) to none
(N_ _=1.0), decreasing the maximal capacity for repair proportionally (see legend).

status

A) Rates of charge separation. B) Quantum yield of fluorescence. C) NPQ,

parameter. D) Fraction of open reaction centers. The first eight points are not
shown for N, =0 because the steady state has not been reached. All curves

represent the instantaneous results at steady state. No acclimation and
photoprotection (y,=0) is present in these simulations.
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open reaction centers at high irradiance (Figure 3.16D).

The diel patterns provide further insights into the effects of nitrogen limitation as
parameterized in this model on fluorescence and photochemistry. The increasing nitrogen
limitation has an effect similar to an increased probability of damage (Figure 3.11) as it
decreases the photochemical yield at midday (Figure 3.17A). However, the effect of
nitrogen stress is associated with a more pronounced asymmetry between the morning
and evening values (Figure 3.17A). The asymmetry is due to the greater time required to
repair damage when the irradiance decreases after the noontime maximum in damage
rates (Figure 3.17B).

The effect on fluorescence is a much lowered quantum yield of fluorescence in
the afternoon compared to the morning values (Figure 3.17C). The dynamics in panel C,
can be explained as follows: in the morning, at low light, the fluorescence quantum yield
increases to a maximum as photochemical quenching decreases. Beyond this maximum,
the decrease is due to energy dependent non-photochemical quenching. When the nutrient
status is low enough (~<0.2), the yield starts increasing before noon toward the F, level
as damage accumulates. The accumulation of damage after midday leads to a lower
maximum yield in the afternoon.

The effect on the parameter F" /F,' (as would be measured after 20 minutes in

the dark) is to decrease its value with nutrient stress, this lower value remains for longer
at night, as nutrient stress increases (Figure 3.17D) and is associated solely with a

decrease in F,,.

The increase in the asymmetry between morning and afternoon in the quantum
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yield of fluorescence is consistent with the results obtained by Laney et al. (2001; Laney
et al. in prep) during nutrient starvation experiments (See Figure 3.18, data courtesy of
Sam Laney).

Because the model for nitrogen stress is cast in terms of nitrogen quota, it is more
appropriate to simulate conditions of unbalanced growth. Under nitrogen limitation
during balanced growth (see Chapter 2 for more details), the nitrogen quota of the cell
can be low while the maximum photosynthetic rate can remain high (Parkhill et al. 2001);
this is not the condition modeled here.

3.4.5 The influence of k,

The dynamics described in Figure 3.17C for fluorescence are highly influenced by

the parameter k,, which changes the fluorescence quantum yield of an inhibited reaction

center. There is, however, very little guidance in the literature to set this number.
Observations in algae suggest, as noted before, that the fluorescence yield of inhibited
reaction centers could be equal or higher than that of an open reaction center, but lower

than that of a closed reaction center. The effect of changing &, on the fluorescence yield

is mostly observed at high levels of damage; in my model, this is particularly the case for

low nutrient status and high light (Figure 3.19 top panel). The turquoise line (¢, =0.02)

is the value selected for the standard model (used in Figure 3.17). Under these conditions,

the quantum yield of an inhibited reaction center in the dark acclimated condition (@, ) is

equal to that of an open reaction center under the same conditions (¢, ). Using a

different level for ¢, would have important consequences for the patterns observed in
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Figure 3.18: Ratio of morning (AM) to aftermoon (PM) natural fluorescence
emission divided by incident irradiance (F/E) in continuous cultures of Thalassiosira
weissflogii grown on a 14:10 hours sinusoidal light-dark cycle. On day 20, the
midday maximum irradiance was switched from 80 pmol m?s™ to 400 pmol m? s
and the natural fluorescence emission was recorded continuously during the
daytime. The ratio F/E before noon to F/E after noon was plotted for each day. On
day 30 the dilution (nutrient addition) was stopped and the culture entered nutrient
starvation conditions. The ratio F/E(AM) / F/E(PM) is affected by both growth and
changes in the fluorescence quantum yield. A high ratio of F/E(AM) / F/E(PM) can
be due to slow growth or persistent quenching in the afternoon, the latter is usually
associated with photoinhibition. The different symbols correspond to different
periods from solar noon. In the data showing the difference for +/- 4.5 hrs of solar
noon, the initial increase in the ratio after the dilution was stopped is probably due
to the slower growth rate. The second slower increase starting on day 35 could be
the result of the decreased capacity for repair. Sam Laney generously provided the
data for this figure.
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Figure 3.17. For example, if k, was chosen such that ¢, =0.04 (blue line, in Figure

3.19), this would mean that the blue line (N, =0.001) in Figure 3.17C would go to

~0.037 and remain there. As ¢, decreases, NPQ, increases (Figure 3.19 bottom panel)
at high damage levels as F! is decreased. This increase is only related to the inhibition
part of NPQ, (NPQ}), and the energy dependent portion (NPQ? ) remains constant.

3.4.6 Acclimation to irradiance

In this section, I add the acclimation of both the optical cross-section (G ,

equation 3.44) and the capacity for non-photochemical quenching (¥ ypg » equation 3.45)

to the model of photosynthesis with photoinhibition and non-photochemical quenching.
Consistent with acclimation, the rate of photosynthesis at the acclimated
irradiance is a saturating function of the growth irradiance (Figure 3.20A). The function
used for acclimation forces the optical absorption cross-section for PSII to be optimized
(Figure 3.20C) such that the fraction of active open reaction centers is as close to 0.3
(Figure 3.20B) as allowed by the parameter x. When the parameter x is set to 0, the
fraction of open reaction centers at the steady state is equal to 0.3 at all irradiances,
however, this leads to unrealistically large changes in the absorption cross-section (not

shown). Through acclimation of ¥, , the value for damaged reaction centers is kept as

close to 0.05 (or below 0.05 at low irradiances, Figure 3.20B) as allowed by the
parameter y by changing the capacity for non-photochemical quenching (Figure 3.20D).
The increased capacity for non-photochemical quenching along with the increasing

amount of damage (Figure 3.20B) leads to an increasing value of NPQ, with increasing
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Figure 3.20: Steady-state values of seven variables for different growth irradiance
levels. The model was allowed to reach the steady state at a constant irradiance and
the outputs were recorded. A) Rate of charge separation. B) Fraction of open,

closed, and open over active (A/ (A+B)) reaction centers. C) Optical absorption
cross-section and non-photochemical quenching parameter. D) Capacity for non-

photochemical quenching.
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growth irradiances (Figure 3.20C).

The kinetics of the model upon a step change in irradiance is presented in Figure

3.21A for 6%, and Figure 3.21B for ¥, . The acclimation rates are such that the time it

takes to reach half of the difference between the initial and final state are between 5 to 10
hours. This is consistent with the rates measured by Cullen and Lewis (1988), but I have
not included a different rate for the shift up and the shift down in irradiance. Just
following a step in irradiance, the number of open reaction centers is higher than the
steady-state solution for a light shift down and lower than the steady state solution for a
light shift up (Figure 3.21C). This is because the rate constants for the closure and
opening of reaction centers are much faster than the rate constant for acclimation. The
same type of overshoot occurs for the concentration of damaged reaction centers, but in
the opposite direction (Figure 3.21D).

The acclimation model reproduces many of the features that have been recognized
as a consequence of acclimation (Steeman Nielsen and Jgrgensen 1968; Prézelin 1981;
Richardson et al. 1983; Maclntyre et al. 2002). Firstly, the maximal photosynthetic rates
per reaction center remain constant over a wide range of acclimation irradiances (Figure
3.22A). Because the size of the enzymatic component remains constant, this is
approximately equivalent to the carbon specific maximum photosynthetic rate measured
in traditional PvsE curves using '*C (assuming the size of the accumulated carbohydrates
remains low or constant relative to the carbon reducing enzymatic component for all
irradiances). The constancy of the carbon specific maximum photosynthetic rate with

growth irradiance is one of the main features observed by MaclIntyre et al. (2002) in their
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Figure 3.21: Kinetics of acclimation upon step change in irradiance. The model was
allowed to reach steady state for 60 hours at a constant irradiance level then the
irradiance was changed with a step function to another irradiance for 30 hours. A)
Optical absorption cross-section. B) Capacity for non-photochemical quenching. C)
Fraction of open reaction centers. D) Fraction of closed reaction centers. Irradiance

levels for the light shifts are given in the legend.
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review. Secondly, cells acclimated to lower irradiances are more prone to photoinhibition
(Figure 3.22A & C), which is a feature generally observed (e.g. Cullen et al. 1992b;
Maclntyre et al. 2002). Thirdly, by normalizing the photosynthetic rate to the optical
absorption cross-section, the initial slope of the curves remains constant across
acclimation irradiances (Figure 3.22B). This parameter can be compared to the
chlorophyll specific initial slope of the PvsE curves determined by C incorporation,
assuming that chlorophyll represents a good measure of the absorption cross-section (not
valid in red algae and cyanobacteria, or in large cells where the chlorophyll specific

absorption coefficient varies) and that the “other sinks” modeled with k. remain

sinks
constant with irradiance at non-saturating irradiances. MaclIntyre et al. (2002) found the
initial slope of chlorophyll normalized PvsE curves for almost all species studied to be
constant as a function of growth irradiance. Fourthly, despite lower damage levels, the
acclimation of the capacity for non-photochemical quenching allows a greater amount of
non-photochemical quenching in the high light acclimated cells (Figure 3.22D). There are
only a few studies showing this acclimation in algae (e.g. Demers et al. 1991). It is,
however, consistent with the increase in xanthophyll cycle pigments per unit chlorophyll
found in all species reviewed by Maclntyre et al. (2002).

The consequences of acclimation on fluorescence indices are shown in Figure
3.23 for several levels of acclimation irradiance. In my model, there are two main
consequences of photoacclimation to high irradiance (see legend). The first is to allow a
greater fraction of reaction centers to remain open at a given irradiance, mainly due to the

smaller optical absorption cross-section. The second is the decrease in the amount of
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Figure 3.23: Consequences of acclimation on fluorescence. A) Quantum yield of
fluorescence under ambient irradiance. B) Maximum (F,") and minimum (F),
dashed blue line) quantum yields of fluorescence in the dark acclimated state but
with damage remaining (similar to a 20 minute acclimation time). C) Maximum
quantum yield of fluorescence in the light. D) F'/F, parameter. E) Ratio of the
quantum yield of energy dissipation through inhibited reaction centers and energy
dependent non-photochemical quenching. The results shown are after 15 minutes in
the light for photosynthetic systems acclimated to different irradiances (see legend
and Figure 3.20).
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damage. This decrease is due to two processes: the decrease of the absorption cross-
section (leaving more reaction centers open), and the increase in non-photochemical
quenching. All these processes interact to produce the curves observed in Figure 3.23A
for fluorescence versus irradianée. At low irradiance (below ~100 umol m™? s™), the rapid
closure of reaction centers in the low light acclimated algae lead to a more rapid and
greater increase of fluorescence compared to high-light acclimated reaction centers. As
irradiance increases, the fluorescence yield of low-light acclimated cells decreases more
rapidly than the high light acclimated algae as damage accumulates. Beyond about 400
umol m? s the absolute decrease in the fluorescence yield with irradiance is similar for
all acclimation light levels, while the low-light algae keep an overall highér level.

The higher fluorescence level in the low-light acclimated algae (<200 pmol m?
s1) is due to the greater number of active reaction centers that are closed and the lower
non-photochemical quenching. The similar decrease with incident irradiance above ~400
pmol m? s is due to the dynamics of damage to reaction centers plus energy dependent
quenching. Although their ratios are very different in the different acclimation states
(Figure 3.23E), the sum of both processes has similar impact on the fluorescence yield.
The parameter ¢}, is inversely and exclusively affected by damage (see Equation 3.16),
and shows essentially the same features as observed in Figure 3.22C. The observed
values of maximum quantum yield in the light (¢;,, , Figure 3.23C) reflect the dynamics
observed in panel A and D. This is because the maximum quantum yield in the light is

influenced only by non-photochemical quenching (due to damage and energy dependent
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non-photochemical quenching). Figure 3.23C shows that this parameter is very similar at
all irradiance levels requiring the effect of the sum of the two processes to be almost
identical on the quantum yield of fluorescence in the model. Because the ¢, (Figure
3.23B dashed blue line) does not change with acclimation irradiance,

E'"|F} = (F,,'; - F! )/ F" is a direct measure of the fraction of damaged reaction centers
(compare Figure 3.23D with Figure 3.22C). This is a well-known measure of
photoinhibition and has been used many times in the past to describe damage (e.g. Kolber
and Falkowski 1993; Osmond 1994; Park et al. 1995). It is important to reiterate here that
the model described in this chapter does not address the simultaneous changes occurring
in the optical properties of the cells (particularly the chlorophyll specific absorption
coefficient and the reabsorption parameter) with acclimation. These processes are
discussed in more detail in Chapter 2 and will depend, in addition to the acclimation
state, on the size of the cells and their nutritional status.

3.4.7 Revisiting the experiment of Cullen et al. (1988)

Cullen et al. (1988) presented results of an experiment in which a culture of

Thalassiosira pseudonana was grown at 40 pmol m™ s™ (12h:12h light dark cycle),
transferred to an experimental container under ~20 wmol m? s for 70 minutes, then
submitted to an intense light (~3000 wmol m* s™) for 70 minutes, and returned to ~20
wmol m™ s for another 70 minutes (see Figure 3.24A). During the experiment,

fluorescence was measured continuously using a SeaTech fluorometer and recorded

every ~1 minute (Figure 3.24A) while samples were taken about every ~20-30 minutes
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Figure 3.24: Results from the experiments carried out by Cullen et al. (1988). A)
The fluorescence transient observed during the experiment and the irradiance
(reconstructed using description in the text). B) Fluorescence measured on discrete
samples dark-acclimated for 15 minutes. C) Photosynthetic parameters measured
by “C incorporation. All parameters are normalized to the chlorophyll
concentration (which did not change during the experiment). Data provided by
John Cullen. :
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for variable fluorescence measurements using DCMU (dark acclimated for 15 minutes)
(Figure 3.24B). PvsE curves were measured using 20-minute "C incubations for which
they reported the chlorophyll specific initial slope, the chlorophyll specific maximum

photosynthetic rates, as well as chlorophyll specific photosynthetic rates at 40 and 2500

pumol m? s (Figure 3.24C). In the following sections, I will compare their results with

the results obtained with my model.

3.4.8 Preliminary observations on the experiment to guide the modeling

It is possible to calculate the quantum yield of charge separation (Genty et al.
1989) under ambient irradiance using AF/F, =(F! —F')/F, obtained from the
SeaTech fluorometer (using the fluorescence value before the high light to measure F'
and assuming the maximum value F,' was resolved upon turning the high light on,
Figure 3.24A). I find that it is around 0.22 and lower than the value of 0.59 obtained with
the DCMU method before the high light was turned on. This implies a considerable
closure of reaction centers (or non-photochemical quenching) under 20 pmol m? s,
which is about half of the growth irradiance. While it is possible that it is originating
from the ambient irradiance, this high fraction of closed reaction centers could in part
originate from the high intensity flash measurement with the SeaTech fluorometer (as
suggested by Babin, in press).

3.4.9 Comparing the model and data

The model was run in continuous light at 40 pmol m™ s to obtain the acclimated

state. Afterwards, the irradiance was modified following the patterns used in the Cullen et

al. experiment. Only the second portion is shown. To obtain patterns that are more
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consistent with the measured values, two parameters were changed from the standard

model (see Table 3-3) the maximum repair rate was set to 40% of its normal value and

the probability for damage was set to 0.5 X 1077, six times lower than in the standard
model. The quantum yield of fluorescence reproduces well the patterns observed in the
fluorescence emission during the experiment (compare Figure 3.25 Top panel with Figure
3.24A). In addition, the top panel of Figure 3.25 is the fluorescence in ambient light if the
fluorometer is actinic and closing different fractions of reaction centers during the
measurement, leaving 0.2 or 0.5 of the reaction centers open. The closure of 50% of the
reaction centers by the measuring light provides the closest match to the patterns
observed. The actinicity of the fluorometer was approximated by using the model run
without actinicity and assuming that the modeled fraction of open reaction centers would
be decreased by 0.8 and 0.5 at each time point. This approximation neglects the effect of
energy dependent quenching on the fraction of closed reaction centers by a short pulse of
light. However, because energy dependent quenching is only present in significant
amounts at high light here, and most reaction centers are closed or damaged under high
light (Figure 3.25 middle panel), this approximation does not affect the patterns
presented. The fractions of open, closed, and damaged reaction centers are presented in

the middle panel of Figure 3.25 for the case without actinicity. The parameters F)' and
F) are presented in the bottom panel of Figure 3.25 (to be compared with F' and F
obtained from DCMU, Figure 3.24B). In addition, the parameters F,,, and F,, with two

different levels of energy dependent non-photochemical (&, =0.1 and &, =0.3) are also
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Figure 3.25: Model run to compare with the experiment of Cullen et al. (1988). A)
Quantum yield of fluorescence under ambient light, which simulates the
fluorescence transients, observed using the SeaTech fluorometer (Cullen et al. 1988).
The three lines correspond to the conditions under which the Seatech fluorometer
does not close any reaction centers during measurement, closes 50% of the reaction
centers during measurement (¢,0.5* A) and closes 80% of the reaction centers

((pfO.Z*A) during measurement. To aid visualization, the line 0.2*A and 0.5%A

have been shifted 4 and 2 minutes earlier in time respectively. B) Fraction of open,
closed and damaged reaction centers. C) F' and F," ( F, and F, in Cullen et al.

notation) and F| as well as F, with different levels of energy dependent non-
photochemical quenching after some time in the dark (& =0.1 and 0.3 of the value

in the light).
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presented. The latter two are presented because they explain better the patterns observed

in F" during the experiment and would be consistent with an insufficient acclimation
period (stated as 15 minutes), which would not allow all energy dependent (or state
transition dependent) non-photochemical quenching to dissipate.

The initial slope and the absolute values of the rates of electron transfer into carbon
compounds normalized to the absorption cross-section (P7 =K.,/ 0%, expressed in e
s (m? pmol photon™')) obtained by the model are presented in Figure 3.26 (top and
bottom). Consistent with the observation of Cullen et al. (1988), the initial slope of

carbon fixation as well as the carbon fixation rate at 40 pmol m” s are decreased upon

the light shift and remain low for the remainder of the experiment (due to inhibition).
However, in the model simulation, the shift down upon the increase in irradiance is
slower than in the experimental results. In their experiment, Cullen et al. noted an

increase in the chlorophyll specific rate of carbon fixation at 2500 wmol m™ s™. This is

not observed in the model runs, but the diminution in the rates of carbon fixation are
much lower at high irradiances compared to the low irradiance levels (Figure 3.26 bottom
panel). This discrepancy is probably attributable in part to growth during the experiment,
which is not modeled in my model but is consistent with the observed increase in beam-
attenuation during the experiment (Cullen and Lewis 1988); the relatively constant
chlorophyll concentration can be explained by a decrease in chlorophyll synthesis at high
irradiance.

In addition to reproducing the parameters measured during the experiment of
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Figure 3.26: Photosynthetic parameters to compare the model with the results of
Cullen et al. (1988). Top panel: Initial slope of the cross-section normalized carbon

fixation vs. irradiance relationship calculated as PC"(]:% =2)-P7 (é =1). Bottom
panel: Photosynthetic rate of electron transfer to carbon fixation intermediates at
different irradiances during short incubations. ~
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Cullen et al., the model allows me to study the distribution of absorbed energy into the

different processes during the experiment (Figure 3.27). The results show that before the
shift to 3000 pwmol m? s”, roughly eqhal fractions of absorbed photons are used in
photochemical charge separation (¢,) and basal heat dissipation (¢, ) with minor
fractions going to non-photochemically dissipated energy (¢, ), heat dissipation in
inhibited reaction centers (¢,), and fluorescence (¢, ). Upon the light shift, a large

fraction of the absorbed energy goes to non-photochemical quenching and an increasing
fraction (up to ~20%) is dissipated in inhibited reaction centers. When the light is
returned to the original level, the increased number of damaged reaction centers during
the high light period and remaining in the dark lead to about one third of the absorbed
photons being dissipated in inhibited reaction centers, one third going to photochemistry,
and one third being dissipated by basal energy dissipation in the reaction centers, with

minor contributions from other sinks.

3.5 Discussion
3.5.1 Limitations of the puddle model

The puddie model, also referred to as the “separate unit model”, is a convenient
tool to describe the kinetics of photosynthesis and fluorescence. In this model each
reaction center has its own antenna and is not connected to other reaction centers (e.g.
Bernardt and Trissl 1999). The convenience for modeling becomes immediately clear
because a reaction center can be modeled independently of its interaction with

neighboring reaction centers. It is, however, an oversimplification, and it is now accepted
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Figure 3.27: Quantum yields for the different processes modeled at PSII during
model run to reproduce the Cullen et al. (1988) experiment. The vertical extent on
the graph of each yield represents the fraction of the absorbed energy used by that

process as a function of time.
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that PSII reaction centers form dimers, such that two reaction centers share a common
antenna (Barber and Kiihlbrandt 1999 and references therein), furthermore, these dimers
are likely to share excitation energy with other dimers. The implications of such an
organization are that the induction kinetics for fluorescence and the steady state value of
reaction center closure afe different. For these conditions, most of our simple models to
interpret fluorescence results at steady state lose their accuracy: they are usually designed
to be perfect whether for the fully connected model or the completely separate model but
imperfect for intermediate models (Havaux et al. 1991; Kramer et al. 2004). Furthermore,
the capacity of an inhibited reaction center to provide photoprotection (e.g. Greer et al.
1991; Long et al. 1994; Lee et al. 2001) does not occur in the separate unit model. This is
because the inhibited reaction center needs to share an antenna with at least one
functional reaction center to act as a sink for excess, and potentially damaging, absorbed
radiation. Though these are real limitations, the errors made by assuming a separate unit
model for the purpose of my model (that is providing a consistent and simple model that
allows the main factors affecting the kinetics of fluorescence to be studied) are probably
small compared to the uncertainties associated with other cellular processes not modeled
here. The implementation of the dimeric case is not conceptually very difficult, given the
elegant formulation provided by Bernardt and Trissl (1999), and could easily be achieved
when the description of other processes are incorporated in the model.

3.5.2 Effect of irradiance on the repair rates

In plants, the repair rates depend on the incident irradiance. They are very low,

but not zero, in the dark (Greer et al. 1986; Wiinschmann and Brand 1992; Chow 2001;
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He and Chow 2003) and increase rapidly with irradiance to a maximum value at
intermediate irradiance. In their study, He et al. (2003) found that the maximal repair rate
coincided with the growth irradiance. In my model, for simplicity I used a repair rate that
is independent of irradiance (equation 3.33). Implementing an irradiance dependent repair
rate is very simple but at this time, there is no solid basis for doing so in algae and the
functional description or mechanistic dependence would be largely arbitrary.

3.5.3 Effect of temperature on enzymatic rates

Enzymatic reactions are temperature dependent, this is particularly important in
colder environments where the maximal enzymatic rates are decreased considerably. In
my model, two enzymatic rates are important: the rate of carbon fixation and the rate of
repair of damaged PSIL. I did not include explicitly any temperature dependence in the
model. This is because, from an ecological perspective, acclimation and adaptation to
cold temperatures can offset, at least partially, the temperature dependence observed in
the lab for species living in colder environments. Though the rate per enzyme is usually
lower, the number of enzymes could be increased or other adaptations can balance the
effect of cold temperatures on the organism’s observed enzymatic rate (Steeman Nielsen
and Jgrgensen 1968). The temperature dependence of the repair rate, for example, could
easily be derived in laboratory conditions for one or many species, but may be quite
different from the measured temperature dependence rates if it was taken along a transect
with various water temperatures due to the different assemblages present in these waters.
However, there is no doubt that incubating natural samples under different temperatures

will lead to a strong temperature dependence of the PvsE curve (Steeman Nielsen and
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Jgrgensen 1968; Rae and Vincent 1998). This dependence is mostly on the maximum rate
of photosynthesis and on the rate of repair (Greer et al. 1986; Wiinschmann and Brand
1992; Neale et al. 1998).

3.5.4 Target for the photoinactivation of photosystem I1

The choice of modeling the target for damage as closed reaction centers was made
by Han (2002) and also by many of the other researchers studying the effect of
photoinhibition on the PvsE curve. However, this is not necessary; open reaction centers
could also be damaged (with or without the same quantum yield). It is beyond the scope
of this chapter to review the considerable literature on the photoinactivation of
photosystem II; it is still an area of active research (Park et al. 1995; Anderson et al.
1998; Chow 2001) and at least two mechanisms (PSII donor side and PSII acceptor side)
and a multitude of triggers (Oxborough and Baker 2000) have been suggested.
Oxborough and Baker (2000) critically examined the evidence and arrived at the

conclusion that the two most likely triggers were doubly reduced Q, and the formation of
the triplet excited state *Pg, originating from intersystem crossing. The first occurs only

in closed reaction centers while the second can héppen in either the closed or the open
state.

3.5.5 Other relevant processes not modeled

Many processes have not been included in the model. They could be important
under certain circumstances and warrant further examination. I will briefly mention two.
Firstly, the limitation of the first order rate approach for the modeling of the non-

Calvin cycle sinks (k) should be acknowledged. It has been well appreciated that large
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variability in these sinks exists (Noctor and Foyer 2000; Behrenfeld et al. 2004) and,
furthermore, their role as photoprotective processes is becoming increasingly accepted
(Niyogi 1999; Geider and MacIntyre 2002; Ort and Baker 2002). For example, diatoms
can reduce nitrate in transient periods of high light to prevent excessive closure of
reaction centers (Lomas and Glibert 1999), but this is not observed in all phytoplankton
(Lomas and Glibert 2000). The Mehler reaction is similarly not expected to be constant
but more important under high oxygen and saturating irradiance conditions (Flameling
and Kromkamp 1998; Ort and Baker 2002). Not having an accurate model for these sinks
is probably the biggest limitation of the present model.

Secondly, the time for the induction of the carbon fixation mechanisms
(Maclntyre et al. 1997) has not been included and can have an impact on the rates of
electron utilization in microalgae and can be important in certain environments
(Macintyre and Geider 1996). A simple formulation for this mechanism could easily be
implemented in the future to study its effect under certain conditions.

3.5.6 Effects of nutrient limitation beyond a decreased repair rate

One effect of unbalanced growth due to nitrogen limitation is the drastic changes
occurring in the stoichiometry of pigments in phytoplankton. The most obvious change is
a large increase in the accessory pigments to chlorophyll a ratio under nitrogen starvation
conditions (Henriksen et al. 2002) and particularly the ratio of xanthophyll cycle
pigments to chlorophyll a (Latasa 1995). Therefore, if the capacity for the induction of
energy dependent non-photochemical quenching is not impaired by nitrogen stress this

could lead to a larger quenching potential under nitrogen stress. This is consistent with

177



the increased midday depression in fluorescence observed in the work of Laney and
colleagues (Laney et al. 2001; Laney et al. in prep) upon the onset of starvation
conditions. However, before this effect can be included in the model, it will have to be
studied more comprehensively in the lab and a more mechanistic basis will have to be
found.

3.5.7 Photoacclimation of ¥z,

Little is known about the acclimation of the capacity for non-photochemical

quenching in algae (modeled using ¥y, ). An increase in the amount of xanthophyli

cycle pigments relative to photosynthetic pigments with increased irradiance is, however,
well documented (MaclIntyre et al. 2002). This should lead to an increased capacity for
non-photochemical quenching. However, most of this increase in the ratio of xanthophyll
cycle pigments to chlorophyll a is due to a decrease in the chlorophyll per cell rather than
an increase in the xanthophyll cycle pigments under high light.

In my model where acclimation occurs through a change in the size of the optical
cross-section, a simple decrease in the photosynthetic pigments per reaction center would
lead to this observed increase in the ratio of xanthophyll pigments to chiorophyll a (see
for example Figure 3.7). Therefore, the model would only need one dynamic equation for
acclimation of the optical cross-section; the capacity for non-photochemical quenching
could result solely from the decrease in the optical absorption cross-section (assuming for
example constant xanthophylls).

In the idealized case, not modeled here, where acclimation occurs through a

constant absorption cross-section and a change in the ratio of the number of PSII to
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carbon fixation capacity, changes in the xanthophyll pigments per photosystem is
required to reconcile the patterns observed by Maclntyre et al. (2002). However, because
the xanthophyll pigments are an integral part of the photosystems (Gilmore and
Govindjee 1999 and references therein), two acclimation functions would be required,

one that specifies the changes in n,,;, and one that specifies the changes in 7, , as they

would not have to be the result of the same process.
Therefore, the model developed here is more general in its construction than the

available data require. For acclimation through changes in the absorption cross-section,

only one equation is needed to account for changes in ¥, and 09, - The present

configuration, however, allows for the possible implementation of acclimation at the

level of n_,,,, in the future.

3.6 Cohclusions

I presented the first dynamic and mechanistic model that includes photosynthesis,
heat dissipation and fluorescence in phytoplankton with photoacclimation of the -
absorption cross-section of photosystem II and the capacity for energy dependent non-
photochemical quenching. The model is based on seven time-dependent differential
equations and allows the time dependence of all the processes to be examined on
timescales from seconds to days. The processes taken into account in the model are ideal
for the study of the effect of mixing on photosynthesis and fluorescence in the mixed
layer of the ocean (e.g. Franks and Marra 1994; Neale et al. 1998) through Lagrangian

tracking of particles in a 1-D model (e.g. Ross and Sharples 2004).
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Several assumptions were made during the development of the model and many
aspects rely on inferences from measurements that were not directly aimed at answering
the questions encountered while constructing the model. Therefore, the next step in the
development of this model should be to turn to the lab to verify and ascertain some of the
model’s relationships. Particular attention must be given to the effects of nitrate
limitation and photoinhibition on the quantum yield of fluorescence, and
photoacclimation on the capacity for non-photochemical quenching rates and magnitudes.

A better parameterization of the “other” sinks should also be sought.
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Chapter 4 A fluorescence model for the
inversion of ocean color using a floating
radiometer

4.1 Preface to chapter 4

In this chapter, 1 describe the fluorescence portion of an inverse model of
reflectance that I have developed with Catherine Brown, another graduate student. Here, I
focus mostly on the theoretical aspects of the fluorescence model whereas Ms. Brown is
responsible for the implementation of the elastic scattering aspect of inverse model and
has processed much of the data required for testing the model. A description of the
theoretical aspects of the incorporation of fluorescence into an inverse model, however,
would be incomplete without brief summary of Brown’s inverse model and a presentation
of some data. I have avoided the presentation of results from Brown’s inverse model and
will only do so where necessary to test the fluorescence aspects of the work. Possible
publication of this work will focus on using the inverse model with the fluorescence
component in two regions (Bering Sea and Lunenburg Bay) to study oceanographic

processes.

4.2 Introduction

Since the realization that variations in colored dissolved and particulate matter
concentration were causing the differences in the perceived color of the ocean (see

Yentsch 1960 and references therein), one of the most important objectives driving the
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development of ocean optics, has been solving the inverse problem of obtaining the
constituents of the water from the spectral upwelling radiance field (Gordon 2002a).
Specifically, the impetus has been to obtain parameters that will provide insights into
biogeochemical oceanic processes. Parameters of interest include the concentration of
different dissolved (Fichot and Miller 2002; Siegel et al. 2002; Johannessen et al. 2003)
and particulate materials (O'Reilly et al. 1998; Siegel et al. 2002), the scattering or
backscattering coefficients (Roesler and Perry 1995; Garver and Siegel 1997; Loisel and
Stramski 2000; Maritorena et al. 2002), the absorption coefficients (Roesler and Perry
1995; Loisel and Morel 1998; Carder et al. 1999b), and optical properties of the water
such as the diffuse attenuation coefficient (Austin and Petzold 1980; Clark 1999; Mueller
2000; Clark 2001). These properties can be obtained because colored dissolved and
particulate matter influence the spectral upwelling light field through their mass specific
absorption coefficients, volume scattering coefficients and concentrations. Inelastic
processes, which change the wavelength of a photon, also affect the spectral upwelling
light field (Mobley 1994; Pozdnyakov and Grassl 2003; Bukata et al. 2004). These
processes include Raman scattering by water (Marshall and Smith 1990; Sathyendranath
and Platt 1998) as well as fluorescence by chromophoric dissolved organic matter
(CDOM e.g. Hawes 1992; Vodacek et al. 1997), some algal pigments (e.g. chlorophylls
and phycobiliproteins) (Gordon 1979; Babin et al. 1996b; Hoge et al. 2003) and their
decomposition products (phacopigments e.g. Yentsch and Menzel 1963; SooHoo and

Kiefer 1982b; a; Fuchs et al. 2002).
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4.2.1 Contributions to upwelling radiance and reflectance

Ignoring fluorescence by phycobiliproteins and phacopigments as well as internal

sources such as bioluminescence, the upwelling radiance ( L, (A,Z) , kmol m? s nm™

sr', see Table 4-1 for a list of symbol and units) at depth z (m) and wavelength A (nm) in

surface waters of the ocean can be separated into contributions from four sources such

that

L, (Z,Z) =L, ()-,Z) + L, (A,Z) +L, ()"Z) + L cpom (A’Z) ) 4.1

where the terms on the right of the equation sequentially represent upwelling radiance

originating from photons elastically scattered in the upward direction, L, (A,Z) , Raman
scattered photons, L,z (2,z), chlorophyll a fluorescence, L, (A.z), and CDOM

fluorescence, L,cpom (Z,Z) . Note that in this equation the source of a photon is

considered to be the last scattering/fluorescence event occurring before a photon travels
upward through the horizontal plane at depth z (e.g. a photon that is successively
scattered by particles then absorbed and fluoresced by CDOM before crossing the plane

at depth z, is attributed to CDOM fluorescence). The radiance reflectance, (R, (A,z) sr™)

can then be expressed as

L (Az
R, (A.z)= = EA Z;
d J
- L, (A@Z) + Lz (’LZ) + L, (A’Z) + L, cpou (}”’Z) ’ 4.0
E, (sz) Ed(a"z) E, (A’Z) E, (A’Z)

=Ry, (’LZ) +Rip (l,z) + Ry, (;L’Z) + Rycpou (/1,2:)

where E,(A,z) (umol m? s nm”) is the planar downwelling irradiance, and R, (A,z),
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Table 4-1: List of symbol and units

Symbol Description Units

a acy a, a, Total, colored matter, phytoplankton, and water m”
absorption coefficient

a>(A) asy (1) Mean phytoplankton and CDOM absorption Unitless

? spectrum for the summer 2002 in Lunenburg Bay

normalized to 490 and 400 nm respectively

@ s a;gam Phaeocystis and large diatoms absorption Unitless

? spectrum normalized to 512 nm

a;if’d Phytoplankton absorption coefficient obtained m*
from the inverse model when the quantum yield of
fluorescence is maintained constant

a; Attenuation coefficient of upwelling fluorescence  m'™
radiance

b,(A) by (A) Total and particulate backscattering coefficient m’

G Proportionality factor between the radiance sr!
reflectance at 0.65 m and the ratiob, /a

$,..,; i* spectral components for absorption and Units vary
backscattering

F(A) fo(4) Spectral shape of fluorescence emission inside nm’
and outside the cell

e Fitted parameter for the parameterization of the Units vary (see
Hydrolight simulations of E(2,0.65) Table 4-4)

E, Downwelling planar irradiance wmol m? s™

nm'’
5 Scalar irradiance umol m?s™
nm™”

Scalar irradiance weighted by the phytoplankton pmol m? s

0 0 0
490 mean max
E PUR E PUR E PUR

K 0.65-2.75

absorption coefficient normalized by its value at
490, its mean value and its maximum value

Fitted parameter for the parameterization of the
Hydrolight simulations of K.,

Attenuation coefficient of downwelling planar
irradiance

Attenuation coefficient of scalar irradiance

Attenuation coefficient of scalar irradiance from
0.65t02.75m

Units vary (see
Table 4-3)
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Lu Lub LuR
Luf LuCDOM

TSRB
L;

my

Q.

R, R, R,
RLf Ry cpom

obs mod mod
R7” R Rj;
Scu

sbpart

St
T0.65

P Pso

Upwelling radiance and upwelling radiance due to
backscattered photons, Raman scattered photons,
chlorophyll fluorescence and CDOM fluorescence

Upwelling radiance due to fluorescence measured
by the TSRB

Slope of the fluorescence quantum yield

Fraction of the fluoresced radiance not reabsorbed
inside the cell

Radiance reflectance

Vector of observed, modeled backscattered and
modeled fluoresced radiance reflectance

Slope of the colored matter absorption spectral
shape
Slope of the particle backscattering spectral shape

Size factor for phytoplankton

Transmission from 0" to 0.65 m

Depth

Quantum yield of fluorescence and quantum yield
of fluorescence just below the sensor

Wavelength
Vector of parameters and element of that vector

Best fit vector of parameters
Solar zenith angle in air and in water

Wavelength redistribution function

umol m? s nm

srt

pwmol m? s nm™’
st

photon emitted
(photon
absorbed by all
cellular
pigments)’ m’
Unitless

ST

Sr

nm’
nm’’
Unitless

unitless

m

photon emitted
(photon
absorbed by all
cellular
pigments)™

nm

Units vary

Units vary
degrees

photon emitted
(photon
absorbed by all
cellular
pigments)’ nm’’
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Rix(A2), R (A.2), Rycpoy (As2) are the reflectances (sr”) due to elastic scattering,

Raman scattering, chlorophyll fluorescence, and CDOM fluorescence.

4.2.2 Inverse models using inherent optical properties spectral shapes

The goal of inverse modeling of reflectance is to retrieve the inherent optical
properties (IOPs, see Preisendorfer 1976 in this chapter the absorption and backscattering
coefficient) from the apparent optical properties (AOPs, see Preisendorfer 1976, in this
chapter the radiance reflectance and the attenuation coefficient). The approach used in
this chapter requires a function that expresses the AOPs in terms of IOPs. Many models
exist (e.g. Gordon et al. 1988; Morel 1988; Morel et al. 2002; Albert and Mobley 2003)
to express the term due to elastic scattering as a function of inherent optical properties
and they are usually of the form,

R, (A)=h(b,(1),a(A)), 4.3

where A() represents some function of b, (A) (m™), the total backscattering coefficient,
which can be expressed as the sum of particulate backscattering (b,,,, (1), m") and water
backscattering (b,, (1), m™), and a(A) (m™), the total absorption coefficient, which can
be represented as the sum of the contributions by colored dissolved organic matter

(Gepops (A), M), vnon—algal particulate matter (a,, (A), m™), phytoplankton (a, (1), m™),
and water (a,, (1), m™). Once a model is adopted, the different spectral shapes of the

absorption and scattering components, parameterized as simple functions of fitted

parameters (in vector @), are used in an non-linear regression procedure to find the best

~

vector, 8, to represent the measured reflectance spectra. For the rest of this chapter, the
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term “inverse model” will be restricted to this subset of modeling approaches using the
optimization of contributions of the spectral [OPs within a model of the AOPs to best
represent the AOP spectra; though many types of inverse model exist (Gordon 2002a).
More specifically, the method uses a non-linear regression where the estimated
parameters are defining the spectral shapes and amplitudes of the IOPs and the
independent variables are the AOPs spectra.

In the inversion models developed to date, the Raman scattering term (Marshall
and Smith 1990) and the terms for chlorophyll fluorescence (Roesler and Perry 1995,
Culver and Perry 1997; Morrison 2003) and CDOM fluorescence are usually treated
independently (Vodacek et al. 1994) or ignored.

4.2.3 Raman scattering

Recently, Gordon (1999) showed that Raman scattering can amount to an
important fraction (~10%) of the upwelling radiance in the blue and green wavebands in
surface waters, especially at low chlorophyll concentrations (see also Morel and Gentili
2004). My simulations with Hydrolight® for the cases examined in this chapter, suggest
that the fraction of upwelling radiance due to Raman is at most 2 to 3% for all
wavelengths (generally increasing with longer wavelengths; results not shown) due to the
high attenuation coefficient of the water. This is consistent with the results of Morel and
Gentili (2004) in high chlorophyll Case 1 waters. In clear waters, a simple model of
Raman scattering could be implemented (e.g. Marshall and Smith 1990; Sathyendranath
and Platt 1998; Morrison 2003; Pozdnyakov and Grassl 2003). However, for the

remainder of this chapter I will ignore this source of radiance with little consequence on

2 A commercially available radiative transfer software that is specifically developed for the ocean
environment.
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the development or the results.

4.2.4 Methods to separate fluorescence emission from backscattered radiance

Fluorescence emission is usually obtained by using the baseline method. In this
method, the fluorescence peak observed in a reflectance or upwelling raciiance spectrum
of the ocean is separated from the radiance or reflectance originating from other sources
by subtracting a baseline obtained by defining a straight line between two wavebands
outside the fluorescence emission band (see Chapter 5). This provides a good method for
comparing fluorescence emission from regions with similar optical properties. However,
because the baseline is not always a good or consistent representation of the background
upwelling radiance or reflectance, this can lead to a bias when comparing areas with very
different optical properties (see Chapter 5 and Appendix III). Another method to separate
the fluorescence signal from the background using inversion models has been proposed
(Roesler and Perry 1995; Culver and Perry 1997). In these models, the background
radiance is not assumed spectrally flat .and is modeled with the IOPs obtained from the
inversion model. Firstly, the inversion is done only in wavebands shorter than those
influenced by fluorescence (up to about 650 nm) and the reflectance/radiance in the
fluorescence band is extrapolated based on the reflectance model and the retrieved IOPs
magnitudes (e.g. Roesler and Perry 1995). The differences between the modeled
reflectance/radiance using the IOPs retrieved by the inverse model and the measured
radiance in the fluorescence part of the spectrum is attributed to fluorescence.
Fluorescence wavebands have not been used in inverse models developed to date since

fluorescence emission has not been included into the model used to relate the IOPs to the
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AOP (usually reflectance).

4.2.5 Objectives

The objective of this chapter is to provide a formulation for the addition of the
chlorophyll fluorescence term directly into inverse models of ocean color (e.g. Roesler
and Perry 1995; Garver and Siegel 1997, Carder et al. 1999b; Maritorena et al. 2002;
Roesler 2003; Sosik in press). By adding the fluorescence term, a new model for
reflectance that includes the influence of the IOPs and fluorescence is described, and thus
the spectral inversion can be extended above 650 nm. Because sun-induced fluorescence
is the only passively observable signal that can be unambiguously attributed to
phytoplankton in ocean water, its inclusion in inverse models opens the door to
refinement of ocean color algorithms for the measurement of the phytoplankton
absorption coefficient if the quantum yield of fluorescence is known. If biomass (and thus
absorption) can be obtained independently, the quantum yield of fluorescence can be
estimated. In such cases, information about physiology (e.g. Kiefer and Reynolds 1992)

“and species composition of phytoplankton (Loftus and Seliger 1975; Heaney 1978) could
be obtained.

Two applications of the model are presented. The first is from the Bering Sea,
where the quantum yield of fluorescence is followed over a ten-minute deployment while
the incident irradiance is changing rapidly due to changes in cloud cover. Of particular
interest in this timeseries is the rapid change in irradiance, which leads to large changes
in quantum yield while the biomass can safely be assumed to remain constant. The

second example is from eight days of a four-month timeseries in Lunenburg Bay, Nova
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Scotia where measurements of R, (1) were made every 30 minutes. In the first

application, I estimate variations in the quantum yield, while in the second case temporal
changes in the phytoplankton absorption coefficient are estimated based on the
fluorescence emission. The model is developed specifically for use with a hyperspectral
Tethered Spectral Radiometer Buoy (TSRB, Satlantic Inc.), or an instrument with similar
geometry. The TSRB has an irradiance sensor above the surface and a radiance sensor at
~0.65 m below the surface. Modification of the approach to other geometries is
straightforward; in the specific case of remote sensing reflectance, many of the
appropriate models already exist. For other cases, radiative transfer simulations may be

required to develop relationships between the IOPs and observed AOPs.

4.3 Methods

4.3.1 Description of the fluorescence model

4.3.1.1 General aspects

In this section, I develop a model of fluorescence that can be used directly in an
inverse model of ocean color. The reflectance model is the sum of two parts, one due to
the backscattered radiance and one due to chlorophyll fluorescence:

R, (A,z)= Ry, (A,z)+ R, (A,z). I will use the backscattered reflectance model developed

by Catherine Brown and colleagues (Brown et al. 2003) for the first part (R, (4,z)). The

Brown et al. model (2003) has been specifically adapted for the geometry of a
hyperspectral TSRB (measuring L, at 65 cm below the surface and E; above the surface)

as is also the case for the fluorescence portion developed here. To apply the model for
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fluorescence, one must extend the spectral components of the absorption and
backscattering parameters to 700 nm, which is usually straightforward. Most inverse

models work by minimizing the sum of the squared differences (or another cost function)
between the observed radiance reflectance vector (RS™(A), sr) and the reflectance
model, a vector valued function (R} (l|6) , st1) by varying the N parameters in the
vector of parameters @ =[6,,...,0, ] which define the amplitude and spectral shapes of J
spectral components ¢(l|6) . The dependency notation should be read “of lambda given
the vector of parameters theta”. These J spectral components are separated into two
types, those that correspond to the backscattering ¢, (A]O) and those that correspond to
absorption ¢,,(A|@) of the jth component. With this notation, ¢,, (4]8) could be used, for
example, to represent the spectl;al absorption of phytoplankton, which would be the
results of a chlorophyll specific absorption vector a;, (1) and an amplitude 6,
corresponding to the chlorophyll concentration, ¢,,(A|6)=a,(1)=6,4;(4). The

reconstructed total absorption and backscattering coefficients then become:

a(l) = Z¢aj (’1'6)
! 4.4

b, (A') = Zq’bj (Me)
j
The general formulation with fluorescence is simply obtained by adding the

modeled fluorescence vector valued function (RQ‘;’d (2.|6), sr’") developed below (see

equation 9) which leads to the general model for the regression of the ith measured -
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reflectance spectrum (RS7 (1)),

R (A)=R2(4]8,)+ Ry (2]6,)+e,(4) 4.5

where €(4) is a vector of errors. The least squares cost function becomes

Ngls

[Re(4,) - {R2(2,]6,)+ Rz (106,)}] - 4.6

bl
fl

1

where 2, is the k™ wavelength where the reflectance is measured with a total of K
wavelength measured. An optimization procedure is used to minimize the square of the
differences between the measured reflectance spectrum and the modeled reflectance to
obtain the estimated parameters é,. .

4.3.1.2 Equation for the upwelling fluorescence radiance to use in the inverse model

Assuming a homogeneous water column with respect to IOPs, the upwelling

radiance due to fluorescence emission at wavelength A and depth z in the ocean can be

modeled as follows (Babin et al. 1996a; Maritorena et al. 2000 see also Chapter 5),

700 oo

L, (2, z)— j j (2,4, = A)E(A,,2)e I sPeDgz4p 47

ex

where Q is the fraction of light emitted inside the cell and not reabsorbed, ¢ is the

fluorescence redistribution function for irradiance absorbed in waveband 4, by all

cellular pigments and reemitted at the emission wavelength A (nm™), E is the scalar

irradiance, K is the diffuse attenuation coefficient for scalar irradiance and a 2 is the

absorption of fluorescence upwelling radiance and Z (m) is the integration variable.

To simplify the problem, the spectral redistribution function is often assumed
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independent (discussed in more detail later) of depth: g(z,4,, = A)=¢(4,, — A) this

allows us to take it outside the depth integral and the depth integration can then be carried

out easily to obtain,

1 00 a,(2)E(A,..2)
L.(z,A)=—20] A== =—dA, . 4,
uf (Z ) 4” Qa (}’)4.([OG(A'& - ) K(}Vex)'*'af(l) A‘ex 8

The problem can be simplified by noting that in reality the spectral shape of the
emission (but not the magnitude) is independent of the excitation wavelength, such that

we can conveniently express the spectral redistribution function as

¢(A,. = A)= f,(A)9,(A,,), where f;(A) is a constant emission spectral shape (nm")
and @, (Aex) is the quantum yield of fluorescence defined as the number of photons

emitted at all wavelengths divided by the absorbed irradiance at wavelength 4, by all

cellular pigments.

Although it is well documented that the quantum yield of fluorescence for algal
cells is strongly dependent on the excitation wavelength at least in some species (Loftus
and Seliger 1975; SooHoo et al. 1982; Johnsen et al. 1997; Lutz et al. 1998; Raateoja et
al. 2004b), for convenience, I will follow the assumption generally made in ocean optics
research that the quantum yield is independent of excitation wavelength:

(A, = A)= f,(M)@,(A,)= f(A)@, . This assumption allows the simplification of

equation 4.8 to
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L (100015 (e, | Ll e,

)+af( )

TSRE _ L. 700,%(/1 ) (lex,OGS)
Luf ()”0‘65)_ 47[Qa (l)ff (A’)(pf‘;(’;o K( ex)+af(;{) da‘ex

4.9

In equations 4.9, the bottom equation refers specifically to the upwelling radiance due to

fluorescence measured by the TSRB (L;* (4,0.65), pmol m™ s nm' st™").

Because equation 4.9 specifies that both the irradiance (£ ( a,z)) and the
fluorescence radiance (L, (l,z) ) must be measured at the same depth, if they are not

measured at the same depth one measurement has to be propagated vertically. In the case
of the TSRB the two natural choices are above the surface, where E, is measured, or
below the surface at 0.65 m, where upwelling radiance is measured. In the first case, the
measured upwelling radiance must be propagated to the surface, and in the second, the
downwelling irradiance must be propagated to 0.65 m. When inelastic sources are absent,
both possibilities are straightforward and can be approximated fairly well by an
exponential decay or increase with depth. However, when inelastic sources are present,
especially in the case of an inelastic source with variable quantum yield with depth such
as fluorescence, propagating the radiance from 0.65 m to the surface can lead to
significant errors as it assumes that the quantum yield remains constant. This is why I
decided to propagate the irradiance down to 0.65 m rather propagate the upwelling
radiance to above the-surface.

With the assumptions about the wavelength dependence of the excitation and the

depth dependence of the quantum yield (the assumption of the constancy of the spectral
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emission dependence is believed to be very good for chlorophyll) the quantum yield

retrieved is expressed as:

700 oo

j j c(Z. 2, = A)a, (A ) (A, 2)e @574

ex

0= = 4.10

[ Ja,(2.) VE(A,,z)e Kb WED g7 45

In words, @, is the mean quantum yield weighted by the absorbed flux at depth

ex ®

(a (A)ISJ (/1 0 ) ~%(*)2y and the attenuation of the upwelling fluorescence radiance

(™). The value of ¢ in equation 4.10 is in fact the quantity retrieved by the model
P

developed here.

4.3.1.3 Criteria for inserting fluorescence in an inverse model

To be useful in an inverse model, the fluorescence portion has to be expressed
only in terms of parameters that influence the upwelling light field of the ocean (such that
they can be retrieved using an inverse model) or in terms of readily calculable parameters
such as the solar zenith angle. Typically an inverse model will retrieve the amplitude of
the following IOPs: a,(A), acy (A)= acpoy (A)+ @y, (A), and b,,,, (1) whereas the
spectral dependence is prescribed a priori. Some models also allow the spectral shapes to
be varied, requiring more fitted parameters (see Bering Sea model below). Therefore, the
fluorescence model can be expressed in terms of a(A), b,(A), their constituents, and
other known parameters.

4.3.1.4 Approach to constrain equation 4.9 during the inversion

Starting from equation 4.9 we need to express Q. (1), f;(1), E(A,z), K(A,2)
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and a,(2) in terms of a(4), b,(A),a,(4), ac, (1), b,(1) and other known quantities.

>
Furthermore, a(A), b,(4),a,(A), ag, (4), b,(A), have to be described in terms of the
model parameters [61,. . .,ON] . [ will now provide an overview of these terms, before

giving a more detailed description in the results.

For Case 1 waters, a parameterization of 0, (2) based on a central trend of

cellular optical properties as a function of chlorophyll can be used, similar to the one that
I derive in Chapter 5 (see also Babin et al. 1996b). This parameterization would not,
however, work in Case 2 waters where cells are typically large and highly packaged and
the optical properties of the water are not strongly dependent on the chlorophyll
concentration. It will also fail when the cells present in Case 1 waters do not follow the

central statistical trends (Ciotti et al. 1999; Bricaud et al. in press). For the present model,

Q.(A) is combined with the f(1) spectral shape and assumed constant
fo(A)=0,(1)f, (1) (nm™). This can be achieved by using the chlorophyll a
fluorescence emission spectrum for an algal culture (see results) for f, (2.) Maritorena

et al. (2000) used the term “realized quantum yield” for the quantum yield retrieved when

the parameter Q. (1) is not accounted for.

In the case of the TSRB, one must convert the measured planar downwelling
irradiance (E, (Z,O*) , umol m2 s nm"') to an estimate of E£(1,0.65) (umol m®s™ nm™"),

the scalar irradiance at the depth of the upwelling radiance sensor (0.65 m). In other

words, what is needed is a function of the form
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E(2,0.65) = hy(E,(A,0"),a(A),b, (1),6,

sun

), where a(4) and b,(A) are the total

absorption and backscattering coefficients respectively and 6,,, is the zenith angle of the

sun in water. The zenith angle of the sun can easily be calculated for any location and
time. The approach used here to obtain the function for the scalar irradiance at 0.65 m is
to run a series of radiative transfer simulations for a range of

E,(A,0%), a(A), b,(A), and 6, and derive a simple empirical function that best

represents the simulations (see below).

A similar approach is used for K (1), the attenuation for the downwelling
excitation irradiance, using the same Hydrolight simulations as above to provide a
function for Ky s s (4) = Iy (/1, E,(A,0%),a(A),b, (l),@mn) . In this case, K(A) is
represented by K, ,.s(A) which is the attenuation coefficient for scalar irradiance from

0.65 to 2.75 meters. This is used in place of K(4,,) in equation 7. The depth of 2.75 m

was chosen because the simulations were done for an irradiance sensor at 2.75 m on the
instrumented buoy in Lunenburg Bay (see below). Because the attenuation coefficient is
spectrally resolved (and not broad band such as for PAR), the changes with depth are
small, furthermore because most of the upwelling fluorescence radiance originates from
~5 meters below the sensor in the clearest waters and less in more absorptive waters
(Babin et al. 1996b), it is more realistic to limit the simulation to a layer near the sensor
rather than extending the calculation to depth greater than ~5 meters (see Chapter 5 for

another approach).
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Unless the measurement is made in a highly scattering environment, the
attenuation coefficient for the attenuation of upwelling fluorescence radiance a,(1), can
be approximated with high accuracy by a,(A)=a(1)=a,(1)+a,(1)+ac, (A). This

approximation was verified using another set of Hydrolight simulations (See Appendix I).

4.3.1.5 Fluorescence reflectance model

Equation 4.9 was for the upwelling radiance by dividing equation 4.9 by the

irradiance measured above the surface to obtain reflectance and replacing Q, (1) f(A) by

o (A), provides an appropriate model for the TSRB fluorescence reflectance as

R (1) = foMe, ™ a,(1,)E(4,.065)

= dA,, , 4.11
AT E,(2,0") 2o Koes-a7s (Aer) + 0 (A)

ex

where f,,(A) is normalized such that _[ f(A)dA =1, hence, the quantum yield obtained
0

by the inversion is defined in terms of the fluorescence emitted over all emission
wavelengths. Both sides of equation 4.11 are implicitly dependent on 0. Equation 4.11

will allow inversion of the fluorescence band once appropriate models are described for
Koes-27s (/1“) and E (lgx,0.65) in terms of IOPs or other known variables.
4.3.2 The inverse model for backscattered photons

An inverse model for the retrieval of the IOPs from three moorings deployed
during the summers of 2002 and 2003 in Lunenburg Bay, Nova Scotia, Canada has been
developed (Brown et al. 2003). These moorings consist of a surface Hyperspectral TSRB

and a chain of four irradiance sensors at depth. For the MB1 mooring analyzed below
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(MB1, near Blue Rocks, NS), the shallowest irradiance sensor was at 2.75 meters during
the summer of 2002. For completeness, I summarize the model development which will
be detailed elsewhere (C. Brown, in prep).

The radiance reflectance at 0.65 cm is given by

L,(2,065) L, (2,0.65)

R, (1,0.65)= = :
o ) E,(2.0.65) E,(1,07)T,(6,,.7,.W.IOP)

4.12

sun®

where T, is the transmission from just above the surface to 0.65 m for downwelling
irradiance T, = E,(A,0.65) / E, (A,O*’) and is dependent on the atmospheric conditions,

here represented by the optical thickness of the atmosphere (7, ), the wind speed (W, m

s1) and the inherent optical properties of the surface layer (/OP, m™). The following
relationship is found to parameterize reflectance well (Morel et al. 2002 and references
therein) in waters where absorption dominates,

Ta,W,IOP)M 4.13

R, (2,0.65)=G(6 (2

sun’®

where G(6

sun?

Ta,W,IOP) is a proportionality factor. Using equations 4.12 and 4.13 we

can write the ratio of upwelling radiance at 0.65 m to the downwelling irradiance above
the surface as,

L, (1,065)

b, (1)
E, (A’OJ,) =Ty (6

,W,IOP)G(6 ,
Ta ) ( Cl(/l)

s Tar W, IOP) 4.14

Rznbod(lle)= sun?
where both sides of equation 4.11 are implicitly dependent on 6. Relationships for

Togs (8- W7, 10P) and G(0

sun?

W, Fa , IOP) in terms of 10Ps consistent with those

found in Lunenburg Bay have been obtained (Brown et al. 2003) using the Hydrolight
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simulations described below assuming constant wind speed (W ) and atmospheric
conditions (Z ). Equation 4.14 is the equation for the backscattered reflectance term,

hence, using equations 4.11 and 4.14, we have a complete model of reflectance to use in
equation 4.6 and can proceed with the inversion.

4.3.3 Application to the Bering Sea

Despite their derivation for Lunenburg Bay, I will use here the same values of the
relationships for T (GS,I—?V—,:L':, IOP) and G(BS,W, ‘—L':, IOP) for the Bering Sea. This is

valid because, for the station analyzed, the total absorption and scattering coefficients are
within the range modeled for Lunenburg Bay. However, in contrast with the Lunenburg
Bay parameterizations, which were derived for clear sky conditions, the station analyzed
from the Bering Sea shows a varied radiance distribution: the sky was élmost completely
overcast with a small area of clear sky. This small patch of clear sky moved during about
5 minutes in front of the sun, leading to a sunny patch on the surface of the ocean. It
would be futile to try to model this kind of radiance distribution with the tools available
to me at this time. Hence, lacking a better description, I use the clear sky model; this
description will provide a radiance distribution that is too diffuse for the case when the
patch of sky was in front of the sun and too peaked in the solar direction when the patch
was not in front of the sun. The solar zenith angle in air was calculated with the Matlab
script written by Vincent Roy (sun_position.m obtained from
http://www.mathworks.com/matlabcentral/fileexchange/loadCategory.do, in June 2004)

which implements the algorithm presented by Reda and Andreas (2003). For the station
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analyzed, the solar zenith angle was equal to 72°. This value is slightly outside the range
of the Hydrolight simulations but, due to the smooth and slowly changing nature of the
function at high zenith angles, it is not expected to lead to a significant error. The Fresnel
equation was used to obtain the in-water solar zenith angle.

The model has seven fitted parameters (N=7) and three spectral components. Two
are for colored matter absorption:

Ay (2) = Qe (1) = 6, exp(~6, (A - 400)) , 4.15
where 6, = a,,(400) and 6, is the exponential rate of decrease with wavelength of the
CM absorption ( s, , nm™, often referred to as the “slope coefficient of CM absorption™).
Two other parameters are used for phytoplankton absorption,

a,(1) =y =0,[ 6,000, () +(1-6,) 2}, (1) ]. 4.16

where a’p..,() and a,,,,, are respectively the Phaeocystis and microphytoplankton
absorption spectra normalized to 512 nm such that 8, is the fraction of the total
phytoplankton absorption at 512 nm due to Phaeocystis and 1-6, is the fraction due to
diatoms, and 6, is the total absorption by phytoplankton at 512 nm (a,, (512)). This

linear mixing approach is modified from the work of Ciotti et al. (2002) where they used
two extreme shapes normalized to the mean phytoplankton absorption to represent a wide

range of phytoplankton absorption spectra and a size factor (S_,, , dimensioniess) as the

linear coefficient. Modifications for the Bering Sea were made by using the
phytoplankton absorption spectrum for Phaeocystis (see Ciotti et al. 2002 spectra “U-

phae BS 97, their Figure 7) and large diatoms (Ciotti et al. 2002 their

201



microphytoplankton spectral component, see their Table 3), which were the most
abundant groups in 2001 (standard light microscope observations), and by normalizing to

512 nm which simplifies the interpretation of the 6, parameter. To keep the notation

consistent with previous usage, I will use S_,, to represent ,, this is the same symbol as

used by Ciotti et al. (2002) for their size factor (although I am using a slightly different
definition).
Backscattering by particles was also modeled using two parameters,

Bypar: (A) = 05— 5[ A — 650], 4.17
where 6; is the backscattering due to particles at 650 nm (65 =b,,,, (650)) and 6, (nm)
is the spectral decrease backscattering with wavelength. I use a linear function for the
backscattering function as the data obtained with the Hydroscat 6 (see data collection
section) did not warrant a decreasing power function relationship for backscattering
versus wavelength. A power function is commonly used as it 1s the analytical solution for

a Junge particle size distribution (Morel 1973). The seventh parameter, 6., is the
quantum yield of fluorescence, ¢, ; while the shape used for f,, (A) is for the

fluorescence emission measured on Thalassiosira pseudonana (see Results).

4.3.4 Application to Lunenburg Bay
4.3.4.1 Overview of the approach in Lunenburg Bay

In Lunenburg Bay, standard ocean color models based on the blue-green ratio and
conventional inverse models fail due to the strong influence of CDOM. Here, use a
modified inverse model that uses the fluorescence signal with an assumed quantum yield

to retrieve phytoplankton absorption. Although the inverse model uses all wavebands for
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all constituents, the model developed below can be understood qualitatively by
considering that the bulk absorption, which is mainly due to non-algal colored matter, is
obtained by inverting long ultraviolet (UV, I used 380 to 400 nm) waveband, the
backscattering coefficient is obtained from wavebands between ~600-650 nm, and the
- phytoplankton absorption is obtained by inverting the fluorescence waveband. A
parameterization of the phytoplankton quantum yield as a function of irradiance level is
also described to account for the variability due to the effect of quenching (mostly non-
photochemical) on the retrieval of phytoplankton absorption.

4.3.4.2 Selection of wavebands - Influence of CDOM on blue-green wavelengths

Lunenburg Bay is a typical Case 2 water environment influenced strongly by
colored dissolved organic matter. The relative influence of CDOM can be understood by
noting that, at 490 nm, the absorption by CDOM is on average about 4 times higher than
that of phytoplankton (data not shown). This makes it impossible to retrieve the
phytoplankton absorption by standard algorithms of ocean color utilizing the blue and
green bands. The problem is not only limited to the strong CDOM absorption in the blue
region of the spectrum, but probably also by CDOM fluorescence. A simple simulation
using Hydrolight with the default CDOM quantum yield and redistribution function (see
Mobley 1994) for an average CDOM absorption value in Lunenburg Bay showed that
CDOM fluorescence covers a broad emission band centered around 490 nm where, at its
maximum, it accounts for about 20% of the upwelling radiance. Accounting for this
effect is very difficult in view of the highly variable redistribution functions (Hawes

1992; Mobley 1994; Vodacek et al. 1994; Coble 1996; Seritti et al. 1998) and to a lesser
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extent variability in the quantum yield of CDOM fluorescence (Blough and Del Vecchio
2002) measured in the environment. An attempt is made by Pozdnyakov and Grassl
(2003) to generalize the CDOM fluorescence effect on reflectance but this is made by
ignoring the change in the spectral redistribution function with excitation wavelength.

4.3.4.3 Selection of wavebands - Influence of CDOM in red wavelengths

In contrast to the blue-green region of the spectrum, at the red end of the spectrum
where phytoplankton fluorescence occurs, the absorption by water dominates, and
CDOM fluorescence and absorption are negligible. This allows the chlorophyll
fluorescence spectrum and amplitude to be estimated without interference from other
optical constituents (Roesler and Perry 1995). Therefore, the fluorescence band becomes
very useful for the retrieval of phytoplankton biomass in terms of absorption in these
waters (see equation 4.9) assuming that the quantum yield is constant or its variability
can be predicted (see chapter 3 for a general model).

4.3.4.4 Selection of wavebands — Limitation in the ultraviolet

The wavebands below about 400 nm are much less affected by CDOM
fluorescence as shown by my Hydrolight simulations (see also Vodacek et al. 1994,
Pozdnyakov and Grassl 2003). However, the amount of backscattered light decreases
rapidly with decreasing wavelength below 400 nm due to the rapid increase in absorption
due to CDOM in coastal waters and the lower incident irradiance. Furthermore, owing to
the non-linear nature of the functional relationship between reflectance and absorptions
(see equation 4.13), small errors in the retrieval of reflectance in those wavebands can

lead to large errors in the estimated absorption (in absolute values) when reflectance is
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low: therefore instrumental limitation can prevent the extension to wavelengths below
~380 nm in high CDOM waters such as Lunenburg Bay.

4.3.4.5 Selection of wavebands — final choice

Because CDOM affects fluorescence in the blue and green wavebands, and
bottom reflectance can influence the upwelling spectrum in the green and yellow
wavebands (the clearest wavebands in Lunenburg Bay) and these two processes are not
included in the model of reflectance developed above, the inverse model does not fit the
wavebands from 400 to 600 nm. These wavebands are usually important to obtain
phytoplankton biomass in absorption based models. Instead, chlorophyll fluorescence is
used to retrieve the phytoplankton absorption. Therefore, the optimization is only carried
out over the wavelengths from 380 to 400 nm (influenced kmostly by backscattering and
CDOM absorption) and 600 to 700 nm (influenced mostly by water absorption,
chlorophyll fluorescence and backscattering) while the model also uses the diffuse
attenuation coefficient at 380 nm. The diffuse attenuation coefficient at 380 nm is
obtained directly from the mooring using the above-surface sensor and the sensor at 2.75
m. The simultaneous inversion of the attenuation coefficient is not detailed here (see
Brown et al. 2003 for details). The lower limit at 380 nm for the reflectance fit was set
due to the consideration mentioned above regarding the rapid decrease in upwelling
radiance and its implications for the retrieval of accurate absorption values. The
wavelengths used in the model are outside the main absorption band in the blue for
phytoplankton (Kirk 1994; Bricaud et al. 1995) such that the amplitude of phytoplankton

absorption is not strongly constrained by the UV spectral regions.
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4.3.4.6 Spectral shapes in Lunenburg Bay
The Lunenburg Bay model has 5 fitted parameters and 3 spectral shapes. The

spectral shapes for the absorption of phytoplankton and colored matter are kept constant
at the mean values measured in Lunenburg Bay during the weekly sampling conducted
from June 2002 thru September 2002, which showed very limited spectral variability,
a,(A)=¢,,=6,a"(1), 4.18

and

Aoy ('l) =Qucn = 92531?/10 (}“) > 4.19
where @, (1), @y (). are the average spectra for phytoplankton and non-algal colored
matter normalized to 490 nm and 400 nm respectively. The backscattering shape is given

by

A"
bbpan (A‘) = ¢bpart = 63 (—6—5_6) s 4.20

where 6, is the backscattering coefficient by particles at 650 nm (5,,,

.(650)) and 6, is
the spectral decrease of the power function used to describe the backscattering (closer to
1-2 for small particles and closer to O for large particles e.g. Morel and Maritorena 2001).

In this model, the quantum yield of fluorescence is a prescribed function of irradiance

and is not fitted and the shape f, (1) is the same as for the Bering Sea model. Note that

although the same symbol, 8, is used for the fitted parameters, for both the Bering Sea
and Lunenburg Bay the same subscript is not used to represent the same optical

parameters (see Table 4-2 for a comparison of the models).
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Table 4-2: Comparison of the two inverse models used in this study

Bering Sea Lunenburg

Number of Fitted parameters
7 5

IOPs retrieved
Gy Qcy s bbpart Qs - Gy lcy bbpan

The quantum yield of fluorescence ,
Is retrieved Is a prescribed a function of
irradiance

Waveband fitted
400 to 700 nm 380 to 400 nm and 600 to 700 nm

AQP used
Reflectance Reflectance and diffuse attenuation

Spectral shapes
= 0,[6: a3y (1) + (1~ 6,) 3 (1) a,(2)=6,a*" ()

=0, (512)[ S, 432, (W) + (1= S, ) a5t som (1) =a,(490)a, (4)

ey (’l) =6, exp(-—62 (l - 400)) 8cpom (’l) 6. aCDOM (ﬂ“)
= a,, (400)exp (-—SCM (A- 400)) = Acpoy (400)apy (1)

Bypart (A) = 05— 65 [ A - 650] by (A) = 0,(2/650) ™

= bbpart (650) - sbpan [l - 650] = bbpan (650)(2'/650)—-51,””
)

=07fo(ﬂ‘) =95fo(A
Fluorescence : Fluorescence :
=(Pfffg(’1) =(Pffo(l)

fr(A) is from Thalassiosira pseudonana f1o (1) is from Thalassiosira
pseudonana

Model
Toes(OyunsTas W, IOP)G(8

sun® sun?

L, (4,0.65) _
E,(2,0%)

b, (4)

R} (26)= (D)

1,,W,IOP)

Ry (46)=

AGT K (1) E(.065)
47tEd(l,0+)400 0.65- 275(”{' )+af(/l) N
Cost function

SR () {RE (46, + R2 (1,]0,)} ]

k=1
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4.3.5 Data collection and Hydrolight simulations
4.3.5.1 Bering Sea
Reflectance data were obtained from a hyperspectral TSRB (Satlantic, Nova

Scotia, Canada). The binary data stored as counts were calibrated to physical units by
applying the factory calibration. The upwelling radiance and downwelling irradiance
were corrected for the dark spectra using the measurements when the instrument shutter
is closed every 6 measurements. The reflectance was calculated as the ratio of the
quelling radiance measured using the sensor at 0.65 m to the downwelling irradiance
measured by the sensor above the sea surface. A temporal 5-point running (~10 s)
average was applied to the data to decrease the variability on the second timescale.
The attenuation coefficient for downwellin-g irradiance was obtained by a linear fit on the
log transformed calibrated data obtained with a profiling radiometer (Satlantic, Nova
Scotia, Canada). Before the fit, a dark value was identified and subtracted. The dark value
was identified as the value of the irradiance when it no longer decreases exponentially
with depth. Each wavelength was quality checked and fitted individually, with the depth
range for the fit restricted to the mixed layer or shallower as necessary depending on the
location of the selected dark value and the shape of the irradiance profile. For the red
wavelengths, particular attention was given to restrict the range to the part where the
logarithm of the irradiance is linear with depth; this can be less than 2-3 m for the longer
wavelengths.

For the determination of chlorophyll concentration, 70 ml of water were filtered

on GFF filters extracted in 90% acetone in a freezer on board the ship for 24 to 48 hours
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and measured using a calibrated Turner Designs ﬂuororﬁeter. Acidification allowed the
separation of the phaeopigments from the chlorophyll a concentration (Yentsch and
Menzel 1963).

Throughout the cruise, water was pumped from ~3 m depth continuously through
a fluorometer and conductivity-temperature sensor onboard. Thus providing a measure of
in vivo fluorescence, salinity and temperature while, underway and at each station. The
time from water intake to the fluorometer was estimated to be 1 to 2 minutes by the
ship’s scientific technician.

4.3.5.2 Lunenburg

Reflectance data in Lunenburg was obtained from a hyperspectral TSRB. The
hyperspectral TSRB was deployed as part of the MB1 instrumented mooring and data
were collected for 15 minutes every 30 minutes during daylight from June 4 to September
28, 2003. Simple quality coﬁtrol was applied to the data to remove outliers and correct
for dark values, and the median of the 15 minutes acquisition was taken and used for the
inversion. No further processing was applied to the optical data. The reflectance spectra
were matched with the time of sampling of the discrete samples by taking the first
median spectrum that passed the quality control test following the sampling time (when
the optical sensors are cleaned). This provided 14 spectra usually within 1 hour of
sampling.

The attenuation coefficient for the 380 nm waveband is used in the inversion. To
retrieve it, the irradiance was measured at 2.75 m with an OCR-504 head (Satlantic, Nova

Scotia, Canada) at the same time as the surface irradiance from the TSRB. The
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attenuation coefficient was obtained as:

K,(380)=~In(E, (380,2.75)/E,(380,0")) /275, where E,(380,2.75) is measured

with the OCR-504 head and E,(380,0") is measured with the TSRB. The median was

then computed for the 15-minute acquisition. No correction for reflection was applied as
it is accounted for in the model simulation.

CDOM and particulate (detritus and phytoplankton) absorption coefficients were
obtained according to the NASA satellite validation protocols (Pegau et al. 2003).

The scattering coefficient was measured using an ac-9 (Wetlabs, Oregon, USA)
and processed according to the manufacturer protocol (using a spectrally resolved
scattering correction, their method #3). Temperature and salinity corrections were made
using data from a near-simultaneous CTD cast.

The backscattering coefficient was obtained with a Hydroscat-6 (Hobilabs,
Arizona, U.S.A) deployed on the same package as the ac-9 and was processed according
to Boss and Pegau (2001).
4.3.5.3 Hydrolight simulations

To obtain a complete model of reflectance for fluorescence, I need to obtain a

functional description of E(A,0.65)and Ko ,5(4,,) in terms of known quantities and

quantities obtainable from the inverse model. Because there are not analytical solution or
previously described models for these parameters, I quantify them using a series of
radiative transfer simulations made for Lunenburg Bay to find functions that best

described them. In these radiative transfer simulations, the IOPs are the prescribed inputs
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and the AOPs, E(A,0.65) and K, ,+(4,.) are the outputs. The objective is to

parameterize the solution of the radiative transfer equation in terms of simple functions of
IOPs and known variables. The radiative transfer calculations done in Hydrolight are
described below.

The Hydrolight simulations were run for absorption and scattering coefficients
that are representative of Lunenburg Bay, Nova Scotia, for which absorption is mostly
dominated by CDOM, but results are valid for any location where the backscattering to
absorption ratio are in the same range as those computed here (Figure 4.1).

The Hydrolight simulations were run for thirty-five combinations of two
constituents: non-colored particulate matter and colored matter and 4 sun zenith angles
(20, 40, 50, 70 degrees). The colored matter was assumed non-scattering and its
absorption coefficient was varied in steps equal to 1 standard deviation (s.d.) of the
measured range of the total absorption coefficient (minus water) measured in Lunenburg
Bay on filtered particulate and dissolved water samples during the summer of 2002 at
each wavelength (mean-3s.d., mean—2s.d., mean-1s.d., mean, mean+1s.d., mean+2s.d.,
mean+3s.d. see Figure 4.1). The absorption by non-colored particulate matter was zero at
all wavelengths, while its scattering coefficient was varied in 5 steps, where each step is
equal to 1 standard deviation of the measured range of the particulate scattering
coefficient measured with the ac-9 in Lunenburg Bay during the summer of 2002 at each
wavelength (mean—2s.d., mean-1s.d., mean, mean+1s.d., mean+2s.d., see Figure 4.1).
The Fournier-Forand scattering phase function with a backscattering ratio equal to 0.011

was used for particulate matter. This backscattering ratio is the mean measured in surface
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Figure 4.1: Hydrolight simulation inputs. Presented are the mean values for
absorption and scattering and the range used at all wavelengths. The scattering
values were obtained from the ac-9 casts during the summer 2002 while the
absorption value were obtained as the sum of the absorption from discrete CDOM
and particulate absorption samples during the same period. To obtain the
backscattering coefficient, the scattering values were multiplied by 0.011 (within
Hydrolight).
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waters of Lunenburg Bay during the summer of 2002 (Hydroscat backscattering / ac-9
scattering at 510 nm). Absorption by water was from Pope and Fry (1997) and scattering
was from Smith and Baker (1981). The simulated water column was infinitely deep. All
runs were done with a clear sky model (Gregg and Carder 1990). The wind speed, which
affects the sea-surface slope distribution function, and thus the atmosphere-ocean and
ocean-atmosphere radiance transmission, was set to 2 m/s. Raman scattering was

parameterized as in Morel et al. (2002), no fluorescence sources were included.

4.4 Results
4.4.1 Fluorescence spectral components

The fluorescence spectral component used during the inversion was measured
with a spectroradiometer on thin, nutrient replete, high light grown cultures (~1000 pmol

m? s of Thalassiosira pseudonana (Figure 4.2) by illuminating them with a broadband
blue light. For comparison, fluorescence emission spectra measured or used by others are
also shown in Figure 4.2.

4.4.2 Parameterization using the Hydrolight dataset

In this section, I relate two AOPs (E(4,0.65) and K, ,.s (1) see equation 4.11)

to IOPs retrievable by the inverse model and other known quantities such as the solar
zenith angle. Using a radiative transfer model (Hydrolight) to provide the dataset used to
derive the relationships for the inverse model is necessary since having a consistent
dataset comprising all IOPs and measured AOP for the range and combination of IOPs
expected to occur in the region studied is extremely difficult. The correction of upwelling

radiances for bi-directional effects for satellite remote sensing conditions has also been
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Figure 4.2: Five emission spectra for phytoplankton fluorescence normalized to
their maximum values. The spectra are for Thalassiosira pseudonana (this study);
Dunaliella tertiolecta (Collins et al. 1985, their ‘“‘sun” spectra digitized and
extrapolated in the short wavelength); Cryptomonas sp. (Sciandra et al. 2000
extrapolated linearly at the short wavelengths); and two theoretical shapes from
Gordon (1979) and Ostrowska et al. (2000a).
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accomplished using similar types of simulations (Morel and Gentili 1996; Morel et al.
2002).
The empirical relationship for the diffuse attenuation for scalar irradiance

(K527 Figure 4.3, top panels) has a mean percent error of 0.4% and is valid for solar

zenith angles between 20° and 70° and wavelengths from 355 to 700 nm,

a(l) +k, (A‘)bb (}“)
k (A)+ ky(A)cos(8.,, )+ k;(A)cos® (6, )

sun

K652 (}“) = 4.21

where the parameters k, (1) are fitted using a non-linear regression routine (see Table

4-3 and Figure 4.3).

The empirical relationship for E (4,0.65) (Figure 4.3, bottom panels) has a mean percent

error of 3.2% from the Hydrolight simulations and is described as,

E(2,065)=[1+¢a(A)][ e, cos(8,)+ e, cos’ (0!

L) 1+ e b, (A)]E,(2,07), 4.22
where ¢; are fitted parameters (Figure 4.3 and Table 4-4)

4.4.3 Inversion in the Bering Sea
The station 35 (55.248°N, 168.149°W) analyzed here, was visited on June 2,

2001. The surface chlorophyll concentration was 11.75 mg m™ in the mixed layer, which
extended to a depth of about 30 m. The surface water temperature was 5.2°C. The
timeseries shown started at 090%h local time.

The timeseries of absorption by phytoplankton and CDOM as retrieved by the
model show limited’ variability (Figure 4.4A) during the ~10 minute deployment; given
the 95% confidence interval on the parameters, the model could not resolve any

variability during the time series. The CDOM absorption slope similarly showed very
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Figure 4.3: Comparison of the empirical parameterization (estimated) and the
Hydrolight simulated dataset for K, ,.s (top panels; using equation 4.21) and

E(2,0.65) (bottom panels; using equation 4.22). Left panel shows a direct

comparison of the parameterized results against those of Hydrolight while the right
panels show the spectral changes in the fitted coefficients. The insets on the left
panels provide the percent error between the empirical relationship and Hydrolight
results. The relationships are valid for zenith angles between 20° and 70°.
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Table 4-3: Fitted parameters, k; from the Hydrolight simulations for Lunenburg
Bay Nova Scotia for K, _,,; (see equation 4.21).

Wavelength £, k, k; ky
(nm) (dimensionless) (dimensionless) (dimensionless) (dimensionless)

K (/l)= a(/’{‘)+k4(2')bb (A)

065-275 k (1) +k,(1)cos(8., )+ k;(A)cos® (6., )

355 1.1111 -1.1235 0.9531 2.9167
367.5 1.0818 -1.0978 0.9535 2.3933
380 1.0519 -1.0641 0.9475 1.9767
390 1.0243 -1.0293 0.9381 1.6167
400 0.9997 -0.9965 0.9287 1.3533
410 0.9769 -0.9651 0.9192 1.1033
425 0.9445 -0.9194 0.9052 0.7867
440 0.9146 -0.8778 0.8934 0.5033
465 0.8687 -0.818 0.8809 0.1267
490 0.8307 -0.7728 0.8785 -0.1467
500 0.8178 -0.7588 0.8814 -0.2033
510 0.8119 -0.7523 0.8872 -0.1733
532.5 0.7915 -0.7267 0.895 -0.2033
555 0.7815 -0.7054 0.8982 -0.0900
562.5 0.7804 -0.7024 0.9016 -0.0400
570 0.7806 -0.7002 0.9033 0.0167
585 0.7927 -0.689 0.8884 0.5867
600 0.8178 -0.6963 0.8685 1.6967
617.5 0.8206 -0.6924 0.8599 2.0600
637.5 0.8196 -0.6856 0.8529 2.2967
650 0.8197 -0.6826 0.8492 2.4533
660 0.8278 -0.6924 0.8487 2.8233
670 0.8305 -0.695 0.8477 2.9833
677.5 0.8312 -0.6953 0.847 3.0733
685 0.8321 -0.6962 0.8471 3.1733
695 0.839 -0.7068 0.8501 3.4367
705 0.8582 -0.7384 0.8611 3.8867
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Table 4-4: Fitted parameters, ¢, from the Hydrolight simulations for Lunenburg Bay

Nova Scotia for E(1,65).

Wavelength

(nm)

£(2,065)=[1+¢ -a(A)][ e,cos(8,,)+e,

€

(m)

€;

(unitless)

€3

(unitless)

€4

(m)

cos*(8",, )][1 +e,-b,(1)]E, (l, O*)

355
367.5
380
390
400
410
425
440
465
490
500
510
5325
555
562.5
570
585
600
617.5
637.5
650
660
670
677.5
685
695
705

-0.4795
-0.525

-0.5674
-0.6085
-0.6444
-0.6816
-0.7388
-0.8038
-0.9478
-1.1307
-1.2005
-1.196

-1.2995
-1.2915
-1.2953
-1.2743
-1.0354
-0.7761
-0.718

-0.6833
-0.6637
-0.6227
-0.6029
-0.593

-0.5847
-0.5592
-0.5101

2.5702
2.7266
2.8517
2.9544
3.0354
3.107

3.1998
3.287

3.4263
3.5477
3.5804
3.5791
3.6269
3.6284
3.6323
3.6255
3.5231
3.3234
3.2459
3.1885
3.1489
3.046

2.9874
2.9561
2.9274
2.8293
2.6033

-1.6263
-1.7522
-1.8566
-1.9448
-2.0159
-2.08
-2.1647
-2.2451
-2.3737
-2.4861
-2.518
-2.52
-2.5675
-2.5739
-2.5785
-2.5738
-2.4836
-2.2972
-2.2245
-2.1711
-2.1339
-2.0366
-1.9823
-1.9533
-1.9266
-1.836
-1.6317

3.5558
4.3167
5.0803
5.8843
6.6302
7.4546
8.7484
10.1661
12.7937
15.7094
16.5573
16.1823
17.3411
17.1808
17.1438
16.8996
13.2533
8.1741
6.8919
6.137
5.6857
4.7319
4.313
4.1047
3.916
3.3744
2.4499
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Figure 4.4: Time series of the fitted parameters with the inverse model and
measured incident irradiance. A) Absorption by CDOM at 400 nm (6,) and

phytoplankton at 512 nm (6, ). B) Quantum yield of fluorescence (6,) and slope of
the CM absorption spectrum (6,), the blue point represents the measured of the

CDOM at that station. C) Measured planar incident photosynthetically available
radiation above the sea surface. D) Retrieved backscattering coefficient at 650 nm
(65) and slope of the backscattering spectrum (6;). E) Phytoplankton absorption

fraction (6;, S_;,). The 95% confidence intervals (see appendix II) are in gray for

the black lines and in pink for the red line; confidence intervals forb, (650) are
undistinguishable from the line.
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little change as retrieved by the model while the quantum yield of fluorescence varied by
about a factor of two (Figure 4.4B). The sources of variability in the fluorescence yield
appear to be of two kinds, one which is unrelated to incident irradiance on time scales of
the minute (Figure 4.4B), and another strongly influenced by — and inversely related to
— the incident irradiance (Figure 4.4C). The retrieved backscattering coefficient (Figure
4.4C) did not change much during the 10-minute deployment. However, the
backscattering slope showed a lot of variability suggesting that is a poorly constrained
parameter (see Appendix II). The phytoplankton fraction is particularly stable (Figure
4.4E) at ~0.3. The small confidence intervals on clearly suggest that there is sufficient
information in the spectrum to retrieve it (see Appendix II). The measured spectra are
well fitted by the modeled reflectance spectra, with some non-random residuals in the
fluorescence band (Figure 4.5). During deployment, a slight decrease in the reflectance
between 400-650 nm was observed which likely originated from a change in the radiance
distribution (compare the 79 s spectrum with the 493 s spectrum in Figure 4.5). This is
reflected in a small change in the retrieved b,(650). (See below and Figure 4.4). The
shape of the residuals in the fluorescence band (Figure 4.5) suggests a problem with the
fluorescence shape chosen ( f, (1)), the reabsorption of light outside the cells or the
assumption of a constant quantum yield with depth (discussed in more detail below).

A comparison of the retrieved diffuse attenuation coefficient, total absorption and

backscattering coefficient are shown in Figure 4.6. While the diffuse attenuation

coefficient is overestimated slightly in the blue wavelength, the total absorption
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Figure 4.5: Modeled and measured reflectance spectra at two times in the timeseries
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spectra chosen represent the times at which the fluorescence yield were the highest

and the lowest. Residuals are also shown for each spectrum.
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Figure 4.6: Measured and modeled optical properties at station 35 in the Bering Sea
in June 2001. Top panel: Diffuse attenuation coefficient from two drops of the
profiling radiometer and modeled value of K, ... Middle panel: Measured and
retrieved absorption coefficient by all colored matter (phytoplankton, detritus and
CDOM). Bottom panel: total backscattering coefficient. On all panels, the dashed
lines represent one standard deviation of the optical measurement retrieved using
the inverse model during the 10 minutes of deployment.
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coefficient is retrieved very well. Because the attenuation coefficient is mostly affected
by absorption and the geometrical distribution of the light field, this suggests an
inaccurate model for the attenuation coefficient. However, as will be discussed in more
details below, the diffuse attenuation coefficient seems to have been measured in a
slightly different water mass; the flow-through fluorescence measurement was lower
during the profiling radiometer deployment than during the TSRB and ac-9 deployment.
The backscattering coefficient retrieved from the model is about 40% higher than the
measured value.

4.4.4 Inversion in Lunenburg Bay
4.4.4.1 Irradiance dependence of the quantum yield

The reflectance measurements for the four-month deployment of mooring MB1
during the summer of 2003 were first inverted by keeping the quantum yield constant.
When the quantum yield is held constant at a realistic value (here I chosé 0.01) given the
conditions described above for the fit, the variability in the retrieved absorption by
phytoplankton is the result of the real variability in absorption, variation in the quantum
yield (due to changes in light intensity, physiology or species composition) and
systematic and random errors in the model and fit. As such, because absorption is not
expected to vary much with irradiance, the portion of the variability explained by
irradiance must originate from changes in the quantum yield of fluorescence.

For each month (see Figure 4.7) the data was fit to a second order polynomial

function of the scalar irradiance weighted by the phytoplankton absorption spectrum

(photosynthetically utilizable radiation, PUR) at 0.65 m (Eo igsR (0.65)) as the independent

225



0.06

0.05

0.01

T

vield 5430  _ .
a) (@UR] =-5.2952e-09

i

1

i T

Ef,lm -9.6683e-06E, _ +0.0325

ield ; A%
July u{p (E‘;,UR]
e Pit June
e Fit July {r*=0.54)
— Fit Angost
e Fit September
—_ Fit Mean

i

200

400 600
E, (0.6 (

800

pmol m

1000 1200
-2 S-l)

1400
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variable,

700
Epe(0.65)= [ @ (A)E(4,0.65)dA, 4.23

400

490

where a, (1) is the phytoplankton absorption coefficient normalized to the value at 490

nm. I used PUR for this analysis as it was the best proxy I could obtain of the exciting
radiation for phytoplankton fluorescence (the ideal weighting would be the fluorescence
excitation spectrum). This definition of PUR differs from others by the manner in which I
normalized the phytoplankton absorption coefficient. For example, Morel (1978) used the
maximum of phytoplankton absorption while Markager and Vincent (2001) and Lehmann
et al. (2004) used the mean value of the phytoplankton absorption. In practice, the
normalization is only a scaling factor, and the preferred value will depend on the study
and the interpretation of the data. In my case, it was practical to use 490 nm because the
backscattering reflectance portion of the model was developed with the phytoplankton

shape normalized to 490nm. The relationship between these different PUR (umol m? s™)
irradiances using the mean Lunenburg Bay phytoplankton absorption spectrum is

2 490 O mean

B2 = 0.669 B =1.65 Epgy, where Epgy is the PUR weighted irradiance when the

absorption spectrum in normalized to the mean value of the spectrum and E o 1S the
weighted irradiance when the absorption spectrum is normalized to its maximum.

As noted before, the retrieved phytoplankton coefficient when keeping the
quantum yield constant reflects variability in both the phytoplankton absorption and

quantum yield. Therefore, the mean relationship obtained for all four months (Figure 4.7)

227



for the retrieved absorption as a function of PUR using a constant quantum yield, denoted

ay (E;?EQ) (m™), can be used to describe the irradiance dependence of the quantum

yield of fluorescence (see equation in Figure 4.7). However, this will provide only the
relative irradiance dependence, and the absolute value of the quantum yield, which will
scale this relationship, can only be obtained through validation with in situ data (see

below).
Note that the attribution of all the irradiance dependence of @) (Eﬁ?,‘}) to

changes in the quantum yield is not necessarily correct; part of the variability could
originate from diel changes in the absorption of phytoplankton (e.g. Stramski and

Reynolds 1993; Ohi et al. 2002). As such, attributing all the variability to the quantum

yield could bias the retrieval of a,. For example, imagine a hypothetical situation where

the quantum yield in situ remained constant and all the decrease observed in fluorescence
radiance would be due to a decrease of phytoplankton absorption as light increases. My
erroneous attribution of the decrease in L at midday to changes in the quantum yield
would lead to the prediction of constant phytoplankton absorption. However, the decrease
of the quantum yield of fluorescence at high irradiances is well documented as

originating from photoprotective mechanisms that cause non-photochemical quenching of
fluorescence under high light (Kiefer 1973b; Genty et al. 1989; Demers et al. 1991;
Krause and Weis 1991 ; Falkowski and Kolber 1995; Miiller et al. 2001), while diel
changes in absorption do not lead to the lowest values at the time of highest irradiance

(e.g. Stramski and Reynolds 1993; Ohi et al. 2002).
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4.4.4.2 Weighted irradiance and quantum yield of fluorescence

In many sun-induced fluorescence studies, the unweighted PAR irradiance (or
irradiance at one waveband above the surface) is used as a proxy for the exciting
irradiance. To verify the importance of using the weighted absorption at 0.65 m I did the

same fit as in Figure 4.7, but used the incident PAR irradiance above the surface

(Epux(07)) and 2t 0.65 m Erar (0.65). For each month, the norm of the residuals was

calculated (|@(x)|, using this notation @ is the vector of differences from the fit and x is

the independent variable of the fit) and followed

A(E Dy (0.65))| < |0(Eraz (0.65))

<|0(E, (07))

' e . This implies that more of the

variability in the change in the quantum yield with irradiance is explained by Es (0.65)

than by other simple measures of excitation irradiance. However, it should be noted that
the scalar irradiance absorbed by phytoplankton was used in the inversion model (see

equation 4.11), and as such, it is not surprising to find that PUR irradiance has the lowest

norm of residuals. However, unless the model for E??;g,?R (0.65) is biased, this finding

provides a strong argument for using a weighted irradiance at the depth of the radiance
sensor in fluorescence studies (see also Figure 4.8 and results below) instead of other
measures.

A first test of the model applied to Lunenburg Bay was made by comparing the
retrieved attenuation coefficient from the inversion with the attenuation coefficient

measured by the irradiance sensor at the surface and at 2.75 m (Figure 4.8, top panel). A
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Figure 4.8: Time series comparison of measured and retrieved optical
measurements with the inverse model. Top panel: Measured and retrieved
absorption by non-algal colored matter (at 400 nm) and diffuse attenuation
coefficient at 380 and 490 nm. Black symbols are the measured absorption by
colored matter (see Figure 4.10 for error bar definition) with a spectrophotometer.
Middle panel: measured and retrieved absorption coefficient by phytoplankton.
Phytoplankton absorption was measured using the filter pad method (see Figure
4.10 for error bar definition). Bottom panel: measured incident planar irradiance in
the PAR domain and modeled scalar PUR at 0.65 m. The PUR irradiance has been
normalized to the first point of the PAR irradiance to allow assessment of the effect
of variable colored matter absorption on the ratio of PAR above the surface to PUR
at 0.65 m.

230



comparison with the attenuation at 380 nm is a measure of goodness of fit. The
attenuation coefficient at 490 nm is not used during the regression and can be used as a
measure of the quality of the retrieval. Because the attenuation at 490 nm is, like the
attenuation at 380 nm, mostly influenced by CDOM, it is mostly a test that the shape of
absorption by colored matter is appropriate and the model for the attenuation coefficient
is accurate. On the same panel, the absorption by colored matter (a,, (400)) retrieved by
the model and from two samples from the weekly sampling are shown. This period of the
timeseries coincident with a heavy rain event in the region, which lead to increased
runoff from land and a steep increase in the CDOM absorption, this absorption subsided
within three days to return to values similar to those observed before the event. As
retrieved by the model, the rain event led to a modest increase in the phytoplankton
concentration (Figure 4.8, middle panel) at this mooring. The inversion provides

relatively accurate retrievals of phytoplankton absorption at the two points measured. A
comparison between E,,, (0*) and Ejy,(0.65) for this period shows that their ratio

varies by a factor of almost 2, which would lead, if it was not accounted for, to similar

errors in the retrieval of phytoplankton absorption retrieved from fluorescence (Figure
4.8, bottom panel). Note that Ej2 (0.65) is normalized to the E,,;(0") value for the
first point of the timeseries in Figure 4.8 to allow a better comparison of the ratios. In this
example, I show only a few days that showed the greatest variability in the attenuation

coefficient measured, during the summer of 2003, allowing more clarity on the graph.

To verify that the model worked for the whole season, I selected all the
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reflectance spectra times when discrete samples were collected (Figure 4.9). These
spectra show limited variability, while two spectra are clearly different; one from August
13 which shows a lower reflectance in the UV-blue region consistent with larger than
usual CDOM absorption and one from September 17 which shows lower reflectance in
the 600-650 nm region, consistent with a lower than average backscattering coefficient.
After inversion of the selected spectra presented in Figure 4.9, I obtained the absorption
coefficient associated with these spectra, which can be compared with the in situ samples
taken at MB1 during the summer of 2003 (Figure 4.10). This comparison shows that
phytoplankton absorption is retrieved well, despite the limited variability observed
(Figure 4.10). One outlier is clearly observed in the phytoplankton absorption. I used a
robust fit technique (which weights points further from the best fit line less than with
standard methods using the square of the distance) which decreases the influence of this
point on the resulting relationship. The outlier corresponds to the sampling day on
September 17, 2003. In addition to having a distinct reflectance spectrum, the HPLC
pigments obtained that day on discrete samples show a large peak, probably
corresponding to a phaeophytin (not fluorescing), which has not been seen in any other
samples that year (Claire Normandeau, personal communication). Clearly, the optical and
environmental conditions on that day were different from the rest of the season.

The final quantum yield as a function of irradiance was found by scaling the
relationships for a)* (E,f?,‘;) to follow the 1:1 line in Figure 4.10 as closely as possible.

This led to a scaling factor of 0.4, such that the final relationship for the quantum yield is
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Figure 4.9: Selected reflectance spectra for the inversion. The spectra were selected
to follow immediately the time of the discrete samples. Top panel: full spectrum.
Bottom panel: Fluorescence region only.
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Figure 4.10: Comparison of measured and retrieved absorption coefficients at
LMBI1 buoy during the summer of 2003. Left panel: absorption by phytoplankton at
490 nm. Measured points are the mean of four samples from two sets of duplicate
measurements of absorption by phytoplankton collected at 1 and 7 meters. The
error bars represent one standard deviation of the same measurements. Right
panel: absorption by non-algal colored matter. Points represent the mean of two
measurements of CDOM plus detritus absorption (1 and 7 meters) from the
extracted samples of the phytoplankton filter. On both panels, the dashed black line

is the 1:1 line and the blue line is a linear fit to the data (using a robust fitting
technique).
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given by: @, = ¢, (E;‘?,‘}e) =04a)" (E;ZOR) .

Absorption by non-algal colored matter at 400 nm (mostly from K,(380) and
reflectance from 380-400 nm) is similarly well retrieved, the large error bars on some of
the measurements stem from the large variability with depth in the absorption. Because
the absorption coefficient retrieved using the inversion model is a complicated weighted
average with depth of the colored matter absorption, it is hard to provide rigorous
estimates of the real error bars. As such, the error bars presented should be interpreted as
a measure of the variability observed at that station near the time of the reflectance
measurement plus analytical errors. Usually, analytical errors are small compared to the
natural variability between different depths (O and 7 m) where the discrete water samples

are taken.

4.5 Discussion

The model used in this chapter to describe the upwelling fluorescence radiance is
very similar to models developed by others (e.g. Ostrowska et al. 1997; Maritorena et al.
2000; Morrison 2003). Adapting it to the TSRB and recasting it for direct incorporation
in the inverse model of reflectance was mostly a matter of accounting for the geometry of
the TSRB. Therefore, the results for the retrieval of the quantum yield will be as accurate
as those obtained by others as long as the geometry of the sensors was accounted for
correctly and that the optical properties of the water and absorptioﬁ by phytoplankton are
retrieved correctly by the inverse model. For the retrieval of phytoplankton absorption,

the main limitation is the variability in the quantum yield in surface waters.
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4.5.1 Origin of non-random residuals

The residuals in the Bering Sea are clearly not randomly distributed in the
fluorescence band. The shape of these residuals led me to suspect at first an overestimate
of the absorption effect by the red band of the phytoplankton. This effect can be due to
the reabsorption inside the cells (Collins et al. 1985), or outside the cells (Babin et al.
1996b: Maritorena et al. 2000). A quick look at the measured and retrieved K, would
suggest that the overestimate of K in‘this band is the source of the problem (this should

also lead to an overestimate in a,). However, even if care was taken to calculate K, as

close as possible to the surface, it is possible that an effect of fluorescence or Raman
could be decreasing the amplitude of the measured K, in the red band. Furthermore, the
fluorescence measurements from the flow through system on board the ship show that the
measurements of K, were made when the phytoplankton fluorescence was ~10 to 20%
lower than during the reflectance and absorption measurements. This is consistent with
small simultaneous changes in salinity and temperature. No effect of light on the flow
through fluorescence was observed at this station. This is probably due to the ~1-2
minute delay between the intake and the fluorescence measurements which would allow
much of the energy-dependent non-photochemical quenching to relax (see Chapters 2 and
3).

4.5.1.1 In water reabsorption

To test the possibility that reabsorption in the water is overestimated, I removed

altogether the phytoplankton absorption from the a, parameter and redid the fit, the

residuals maintained a very similar shape. I concluded that the reabsorption in the water
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was not the sole source of the error.

4.5.1.2 Intracellular reabsorption

To verify that the shape of the residuals was not due to the effect of intracellular
reabsorption I used five fluorescence emission spectra (see Figure 4.2): |
1) Cryptomonas sp. This spectrum was obtained from Marcel Babin (from Sciandra
et al. 2000). It has strong emission due to phycobilins.
2) Thalassiosira pseudonana Used in the base model. Described earlier (See

Results).

3) Dunaliella tertiolecta Different reabsorption coefficients were applied to the

spectrum using the shape provided in Collins et al. (1985).

4) Gordon (1979) used a spectrum for fluorescence based on a Gaussian shape
centered at 685 nm and with a standard deviation of 10.6 nm.
5) Ostrowska et al. (2000a) used a spectrum based on a Gaussian shape centered at

683 nm and with a standard deviation of 8.55 nm.

The smallest residuals were obtained for the spectrum for 7. pseudonana used in
the standard inversion while all others showed stronger non-random residuals. The
Cryptomonas sp. spectrum did not provide appropriate fits. This clearly shows that the
spectrum chosen for the fit is important, as residuals in the fluorescence band will
influence the fit for the rest of the spectrum. In many studies of sun-induced fluorescence,
the spectrum provided by Gordon is used (Topliss and Platt 1986; Abbott and Letelier
1999; Maritorena et al. 2000). Another important point about these spectra is that

chlorophyll fluorescence is not restricted to a narrow Gaussian band but rather extends
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with significant fluorescence up to about 750 nm (not shown on graph). This will have
implications for the absolute value of the retrieved quantum yield, as the value used for
the normalization of the spectrum should take into account the whole emission band. This
can lead to errors of the order of approximately 10-20%.

4.5.1.3 Depth variations in the quantum yield

Another effect that can change the shape of the fluorescence signal observed at
the sensor is the non-uniformity of the phytoplankton absorption or quantum yield below
the sensor. The first is unlikely on scales of a few meters near the surface, however the
second is well documented and a decrease near the surface in the yield is expected due to
non-photochemical quenching. Increase with depth of the quantum yield by a factor of 2-
3 can be expected in the first 5 meters (Morrison 2003). In fact at the station studied in
the Bering Sea, the fluorescence measured using a profiling fluorometer increased from
~5 (relative units) at the surface to ~12 at 5 meters without significant trends in
absorption at 676 nm as measured with an ac-9 (WET labs) over that depth interval,
suggesting that all changes were due to changes in the quantum yield. Assuming that the
quantum yield can be modeled, in a first approximation, as a linear function of depth:

Q()=Pot+m; 2 4.24
Using ¢(z.4,, — )= Fo(Mo, (z) and replacing this yield for ¢, (z) by the right hand
side of equation 4.24 in equation 4.7 we find that the model for upwelling radiance at
depth z becomes

E(d)  ay(Au)E(hur2)
L,(42)= i J%o A )+af(l ¥ f[K(/lax)+af(l):|2dlex A2
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Using this model, the new term changes the shape of the fluorescence spectrum at
the surface by decreasing emission more where absorption in the water is high. This is
because a greater fraction of the fluoresced light originates deeper. Including this

formulation in the inversion model and increasing the m, parameter from 0 to 0.05

increased the residuals. I thus conclude that non-uniformity of the quantum yield cannot

be the reason for the non-random residuals of the fit. Negative values of m, would imply

a decreasing quantum yield with depth near the surface, which is inconsistent with
observations.

4.5.1.4 Fluorescence by other pigments

Another possibility to explain the non-random residuals is the presence of another
fluorescing pigment in the same wavelength region but with a slightly different emission
spectrum. Such fluorescing pigments are certainly present in these waters since the
fluorometric determination of chlorophyll a also provided an estimate of the phaecophytin
a concentration, which amounted to 3.55 mg chl eq. m” in the mixed layer. This would
means that ~ 10-15% of the fluorescence emission in the Turner Designs fluorometer
originated from pigments other than chlorophyll a (e.g. SooHoo and Kiefer 1982b;
SooHoo and Kiefer 1982a). Consistent with this finding, at that station, fluorescence at
670 nm (excited with 405 nm) by pigments other than chlorophyll a (i.e. chlorophyllide
a, phaeophorbide a, phacophytin a) amounted to about 1/3 of the chlorophyll a
fluorescence in the HPLC eluant. Although, this does not provide any spectral resolution
of the peak, it could significantly affect the shape of the fluorescence emission

(equivalent to f, (2) but for all pigments instead of for chlorophyll a only) and could
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lower the residual in the fluorescence band, especially if the emission was at a waveband
shorter than the emission by chlorophyll a (see Figure 4.5).

4.5.1.5 Inversion model and spectral smoothing

At least two other possibilities remain to explain the non-random residuals in the
fluorescence band. One possible source of this discrepancy is an inappropriate choice for
the backscattering spectrum for the inversion. This can occur due to the influence of the
blue-green part of the spectrum strongly influencing the shape of the backscattering
spectrum and not representing the red end correctly. If the blue-green region is removed
from the fitting procedure, it means that the prescribed spectral components can take any
value in the blue-green region as long as they fit the orange-red region correctly. In the
orange red region of the spectrum, phytoplankton and CDOM have little influence on the
reflectance and most of the variability originates from changes in the backscattering
coefficient, and fluorescence. Indeed fitting only wavelengths greater than 600 nm
provided much lower residuals in the fluorescence band (while however returning values
for absorption that are unrealistically low).

Another possibility to explain the residual is that the TSRB bandwidth does not
correspond to the bandwidth of the measurement of the IOPs such that the TSRB is
smoothing over the sharp features in the reflectance spectra while those features are
present in the modeled spectra. Smoothing the spectral components with a 10 nm (3 point
running average) did indeed provide a better fit in the red region while having little effect
in the other spectral regions.

Because the objective of this chapter is not to describe or work on inverse models



of reflectance, but rather to describe a fluorescence model to be used with them, I will
only suggest that a way of testing that the inverse model is accurately retrieving the
reflectance due to the backscattered radiance in the fluorescence band is to ascertain that
the radiance reflectance in the 600 to 650 waveband is retrieved accurately. In this band,
backscattering by particles is the dominant source of variability such that it provides a
good test to the validity of the underlying reflectance model in the fluorescence band.
Any discrepancy in the 600-650 nm region will lead to a poorer estimate of the
backscattered reflectance radiance in the fluorescence band.

In the case of the Bering Sea however, the temporal changes in the quantum yield
should not be influenced by any discrepancies in the backscattering model since the
shapes of the model parameters and their amplitudes stayed constant during the
timeseries while the retrieved quantum yield varied. The highly variable spectral slope of
the particle backscattering spectral shape should not lead to errors in the quantum yield as
errors between these two parameters are not correlated (see appendix II). It is possible
however, that the absolute value of the quantum yield may be biased, compared to one
that would be retrieved if the reflectance due to backscattering were perfectly retrieved.

4.5.2 Bering Sea timeseries

We can speculate that the variability in the quantum yield on the order of the
minute that is observed in the time series may be due to coherent mixing processes, such
as Langmuir cells (Thorpe 2004). In this case, the upwelling water on one side of the cell
would have a higher yield as high levels of non-photochemical quenching would have

been achieved in while on the other side of the Langmuir cell, the algal cells would be
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quenched and have a lower yield. The TSRB could have been crossing many of these
cells as the ship was drifting during the measurement (the ship’s position was not
dynamically maintained). It is not clear, however, if the Langmuir circulation timescales
are fast enough to lead to such asymmetric levels of quenching. The rapid decline in the
fluorescence yield upon increase in the incident irradiance (see Figure 4.11) clearly
reflects non-photochemical quenching.

4.5.3 Lunenburg Bay inversion

The Lunenburg inversion uses a dependence of the quantum yield of fluorescence
on incident irradiance to retrieve phytoplankton absorption from sun-induced
fluorescence. This is the first time such dependence has been applied to the retrieval of
phytoplankton biomass from natural fluorescence measurements. Although this approach
has been advocated by Cullen and Lewis (1995) for active fluorescence, it has rarely been
applied. Without using this dependeﬁce, a decrease in phytoplankton absorption is
retrieved by the model at high irradiance. The mean curve computed for the summer of
2003 suggests that over the range of irradiances measured, the quantum yield of
fluorescence varies by a factor of ~3, this is a considerable source of variability as it
means that within one day, the observed changes in the phytoplankton absorption
could be as large as those observed over the whole season during the weekly sampling
(see Figure 4.10). Similarly, because the incident PAR irradiance at the surface is not
necessarily a good predictor of the PUR irradiance at 0.65 meters (Figure 4.8, bottom), an
accurate description of the latter is essential otherwise errors on the order of 40% are

unavoidable in highly attenuating waters in the phytoplankton absorption. The same
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Figure 4.11: Retrieved quantum yield versus irradiance for the Bering Sea
timeseries (Figure 4.4). The decrease in quantum yield with irradiance is due to an

increase in non-photochemical quenching.

243



applies to regions where phytoplankton absorption is strong such as in the Bering Sea,
since phytoplankton absorption, by definition, has a strong influence on changes of PUR
with depth.

4.5.4 Comparison with published work

Most determinations of the quantum yield of fluorescence in oceanic waters have
involved the deployment of a profiling device and the collection of discrete samples to
measure the quantum yield of fluorescence at discrete depths (Topliss and Platt 1986;
Ostrowska et al. 1997; Maritorena et al. 2000), this is a tedious analysis, which provides
only a few data points. Others have used simple models to approximate the absorbed
irradiance by using the remote sensing chlorophyll concentration multiplied by the
incident irradiance above the surface (Letelier et al. 1997). A more complete
parameterization which attempts to account for variability in the optical properties of the
water has also been used (e.g. Schallenberg et al. 2002). This has allowed the
determination of continuous time series of a proxy of the quantum yield. In the case of
the MODIS sensor, an invc_rse model is used to invert the reflectance in the blue and
green region to obtain the absorption by phytoplankton and the attenuation coefficient
whereas an independent measure of the baseline corrected fluorescence signal is used to
obtain an estimate of the quantum yield (Abbott and Letelier 1999; Carder et al. 2003)
(See also Chapter 5).

One of the greatest difficulties in most natural fluorescence studies is the
separation of the fluorescence signal from the backscattered background signal (See

Chapter 5). Roesler and Perry (1995) showed that the use of an inverse model of
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reflectance provides a good tool for this purpose in as much as the backscattered
spectrum is well represented. The use of an inverse model with depth profiles of
irradiance has also been carried out by Morrison (2003), who emphasized the difficuity in
separating the fluorescence signal from not only the backscattered light but also from the
Raman signal (see also Maritorena et al. 2000). My model has this limitation with respect
to Raman scattering, though it is of limited consequence at the surface in coastal waters
or waters with high attenuation coefficients (Morel and Gentili 2004). Hu and Voss
(1998) use a different method to separate the inelastic radiance by using highly resolved
spectra (resolution ~ 0.008 nm) to measure the filling of Fraunhofer lines (and in the case
of fluorescence an atmospheric oxygen absorption line). This technique requires very
specialized spectrophotometers, which are rarely used in ocean optics studies.

The model presented here goes beyond most other models by providing a
framework that is optimized for one instrument and permits the determination of both the
quantum yield of fluorescence if the phytoplankton absorption is known and the
phytoplankton absorption coefficient if the quantum yield of fluorescence is estimated.
The use of a measured fluorescence emission spectrum for the spectral components in an
inverse model is also the first application of its kind. The inclusion of fluorescence in the
inverse model instead of as an additional step after the retrieval of the IOPs with the
inverse model is also novel, and allows for an extended spectral range for the inversion.

The utilization of fluorescence to retrieve the biomass of phytoplankton has
focused mostly on chlorophyll concentration (Neville and Gower 1977; Gower and

Borstad 1990; Fell et al. 2000). In this approach, I concentrate on the retrieval of
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phytoplankton absorption. This should not be a limitation as, for many applications, the
phytoplankton absorption is preferable to a measure of chiorophyll concentration (Perry

1994) and provides a more direct link between primary productivity and ocean color.

4.6 Conclusions

I presented a model of fluorescence that can be readily adapted to a commercially
available and widely used instrument in the ocean optics community. The model relies
heavily on the accurate retrieval of the inherent and derived optical properties and in
particular the accurate representation of the backscattering spectrum and amplitude. The
use of such a model opens the door to more long term, moored or drifter based studies of
the absolute quantum yield of fluorescence. It could be used for example for long-term
studies of physiological changes in the phytoplankton community as influenced by
environmental effects. Such studies are very hard to conduct with the limited number of
samples that can be acquired during traditional sampling programs such as those
involving weekly or monthly sampling, or those based on ship cruises. This approach
further provides the opportunity to study changes in the quantum yield on the timescale

of minutes to years.
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Chapter 5 New algorithms for MODIS sun-
induced chlorophyll fluorescence and a
comparison with present data products

5.1 Preface to chapter 5
This chapter is in press in Limnology and Oceanography: Methods. The

bibliographic reference is: Huot, Y., C. A. Brown, and J. J. Cullen. 2004. New algorithms
for MODIS sun-induced chlorophyll fluorescence and a comparison with present data
products. Limnology and Oceanography: Methods. 1 was responsible for most of the
work in this paper, including the developing the model and taking the lead role in writing

the manuscript.

5.2 Introduction
The launch of the MODIS instrument (Esaias et al. 1998), with a waveband

dedicated to the measurement of sun-induced chlorophyll fluorescence, has taken remote
sensing of marine phytoplankton in a new direction. In theory, it is now possible to obtain
a global quasi-synoptic assessment of near-surface fluorescence emission and its quantum
yield. While the remote measurement of in vivo fluorescence emitted by phytoplankton is
in principle straightforward (but see Letelier and Abbott 1996), obtaining an estimate of
the quantum yield of fluorescence (the ratio of fluoresced to absorbed photons by
phytoplankton) requires a complex algorithm (Abbott and Letelier 1999). Yet, this
physiological measurement could foster a major leap in our understanding of the ocean

by providing global coverage of a parameter linked to algal physiology (Kiefer and
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Reynolds 1992) and species composition (Loftus and Seliger 1975; Heaney 1978). In this
study, we review the sources of variability of sun-induced fluorescence as they affect the
MODIS data products and examine how they relate to the retrieval of the quantum yield
of fluorescence and chlorophyll concentration. We propose new algorithms based on
semi-empirical relationships from the bio-optical literature and compare our results to

MODIS data products.

5.3 Nature of the MODIS fluorescence measurement
Quantum yield of chlorophyll fluorescence — In this study, we define the

quantum yield of chlorophyll a fluorescence in vivo (¢, dimensionless; see Table 5-1 for

symbols and definitions) as the ratio of photons fluoresced by chlorophyll a over the
whole fluorescence band to the photons absorbed by all cellular pigments. Others have
referred to this as the apparent quantum yield of chlorophyll a fluorescence, limiting the
term quantum yield of chlorophyll a fluorescence to the ratio of photons fluoresced by
chlorophyll a (or by chlorophyll a associated with photosystem II (PSII)) to those
absorbed only by photosynthetic pigments associated with PSII (e.g. Gilmore and
Govindjee 1999). This distinction is important for the physiological interpretation of
remote sensing data and for the comparison with laboratory measurements (see Appendix
V).

There are three important proximate physiological processes that influence the
quantum yield of chlorophyl! fluorescence as defined here: 1) photochemical quenching

(PQ); 2) non-photochemical quenching (NPQ) (Krause and Weis 1991); and 3) the
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Table 5-1: List of symbols and units.

Symbol Description Units

Aityin Absorption coefficient for colored dissolved matter m’

a; Attenuation of upwelling fluorescence radiance m’

a,,a, Absorption coefficients for phytoplankton and water m’

a, Chlorophyll specific absorption in solution m? mg chl”

a, Chlorophyll specific absorption coefficient for m’ mg chl”
phytoplankton

a, Irradiance weighted chlorophyll specific absorption m’ mg chl’
coefficient

A,(2) Absorbed radiation per unit volume mol m” s~

ARP Instantaneous absorbed radiation by phytoplankton mol m? s

C, Proportionality factor, converting fluorescence nm
measurements made at 678 nm to the whole fluorescence
band

chl Chlorophyll a concentration mg chl m”

chlguo Our estimate of chlorophyll concentration using mg chl m>
fluorescence

chlviopis MODIS estimate of chlorophyll concentration mg chl m>

CFE Chlorophyll fluorescence efficiency: MODIS estimate of | unitless
®

dL,, Volume fluorescence emission mol m” s sr!

Epr Irradiance in the photosynthetically available radiation mol m?s™
waveband (400-700 nm)

. . 2 -1 -
£(A,2) Scalar irradiance {nol m”s nm
FLH Fluorescence line height W m? pm™ st

or mol m?s™
nm”’ sr!
ipar Instantaneous scalar PAR irradiance just below the sea mol m? s
surface. A standard MODIS algorithm product.
K, K4, Kpar | Attenuation coefficients for scalar, planar and PAR m’!
planar irradiance
KZis» IEZZS Fitted attenuation coefficients for absorbed radiation over | m™
the depth z, and results of numerical calculation
L Upwelling radiance due to fluorescence at the surface mol m?s” nm™
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fraction of light absorbed by photosynthetic pigments functionally associated with PSII

relative to the total light absorbed by the cell. Photochemical quenching is the diminution
of ¢ due to energy flow to photochemical processes (photosynthesis) in competition with
fluorescence emission (e.g. Kiefer and Reynolds 1992). With increasing light intensity,

photosynthetic systems become saturated and the influence of PQ diminishes causing ¢
to increase. Non-photochemical quenching is a decline of ¢ due to competition with non-

photochemical processes (dissipation of energy as heat in the pigment bed or reaction
centers). The influence of NPQ is most important at light intensities that are super-
saturating for the photosynthetic systems. Non-photochemical quenching is a
consequence of downregulation, other photoprotective mechanisms, or damage to
photosynthetic reaction centers (Long et al. 1994; Pospisil 1997; Miiller et al.
2001).Polar-orbiting satellites record ocean color data close to midday under cloud-free
conditions; surface irradiance is close to the daily maximum. Also, water absorbs
strongly in the red fluorescence waveband, so the depth from which water-leaving
fluorescence can be detected is limited to the upper 5 m or so (Babin et al. 1996b), where
irradiance is also close to maximal. Non-photochemical quenching is thus important
under these midday, clear-sky, near-surface conditions (Maritorena et al. 2000; Morrison
2003) and should be considered directly in the physiological interpretation of
fluorescence measured from satellites (Dandonneau and Neveux 1997; Morrison 2003).
Independent of quenching, the fraction of light absorbed by photosynthetic

pigments in PSII relative to that absorbed by photoprotective pigments and pigments
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associated with PSI is directly proportional to the quantum yield (as defined in this
study). This is because most chlorophyll fluorescence originates from chlorophyll a
associated with PSII in vivo. This point is emphasized in Appendix IV.

Another factor influencing the observed fluorescence is the reabsorption of
fluoresced light within the cell. The fraction reabsorbed varies spectrally and depends on
the absorption efficiency of the cell and, therefore, on its size and internal pigment

content (Morel and Bricaud 1981; Collins et al. 1985; Morel and Bricaud 1986). This
effect has to be addressed to obtain an absolute and accurate measure of ¢ (Babin et al.
1996b).

Furthermore, there are many indirect physiological influences on the quantum
yield, which affect the magnitude of PQ, NPQ, and the absorption cross-section of PSII
as a function of irradiance. These factors include the interaction of incident irradiance
(e.g. Kiefer 1973a; Kiefer and Reynolds 1992; Kolber and Falkowski 1993; Ibelings et al.
1994) with the species composition (Heaney 1978; Campbell et al. 1998), state of light
acclimation (Ogren 1994), and nutritional status (e.g. Kiefer 1973a; Cleveland and Perry
1987) of the algal communities.

Since @ is dependent on algal physiological status (Falkowski and Kolber 1995),
and physiological responses to environmental variability are adaptive features that can be
related to taxonomy (Ibelings et al. 1994; Cullen and MacIntyre 1998), remote sensing of

@ could help describe spatial and temporal variability in physiological or trophic status of

phytoplankton (depending on the dominant source of variability). While this is true in
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theory, we still lack the quantitative — perhaps even the qualitative — framework to
interpret variability in algal fluorescence under remote sensing conditions (Cullen and
Lewis 1995). More importantly, before physiological interpretations are possible, we

need to assess whether remote sensing images display real variability in ¢ or simply

environmentally driven biases in the algorithms. For this reason, we focus our study on
the measurement, rather than the interpretation, of the quantum yield of sun-induced
chlorophyll fluorescence.

Wavelength of measurement — MODIS measures the upwelling radiance at 676.7

nm (bandwidth 673 to 683 nm, henceforth referred to as the 678 nm waveband), whereas
the maximum emission of fluorescence is around 683 to 685 nm. This offset was chosen
to avoid an atmospheric oxygen absorption band at 687 nm (Letelier and Abbott 1996;
Abbott and Letelier 1999; Gower et al. 2004). In addition to reducing the sensitivity, the
offset places the measurement closer to the absorption peak at 676 nm for chlorophyll a
in vivo, and consequently, measured fluorescence can be decreased by up to 40% by
intracellular reabsorption. If the quantum yield is to be obtained accurately, careful
corrections are required to account for the absorption of the emitted radiation both inside

the cell (Collins et al. 1985; Babin et al. 1996b) and within the water column.

5.4 Theoretical background

Theoretical descriptions of the oceanic fluorescence field have been published
(e.g. Gordon 1979; Preisendorfer and Mobley 1988; Babin et al. 1996b; Abbott and

Letelier 1999; Maritorena et al. 2000). For completeness, we describe the relationships
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necessary to estimate the emission of fluorescence near the surface of the ocean from

measurements of upwelling radiance.
Neglecting depth variations in ¢ (assumed to be small in the thin layer from

which fluorescence is detected), the infinitesimally small amount of upwelling radiance
due to fluorescence at the surface of the ocean (dL,, mol m? s’ st nm™) over a narrow

waveband (AA, nm) centered at the emission wavelength 4, originating from a thin layer

of water at depth z (m) is:

1 14 = ~af (Aom )2

dL.(A,,.z)=— — Q. (A, ) Ay {2)- € 7" dz 5.1
f ( em ) 4 T Cf Qa ( ) b. ( )

where the factor 1/4m(sr’') converts an isotropic fluorescence field to radiance; C;(nm) is

the ratio of the emission in the whole fluorescence band to that observed over AA

(assumed independent of reabsorption fraction, but see Collins et al. 1985); Q: isa

parameter accounting for the fraction of emitted radiation at A, not reabsorbed within

the cell (see Babin et al. 1996b); and A, (z) is the flux absorbed by phytoplankton at
depth z (mol m™ s™"). In most case 1 waters, for the MODIS band, the attenuation
coefficient for upwelling fluoresced radiance at 678 nm, a,(678) (m™), can be
approximated as a,(678) +a,(678) with a, and g, being the absorption coefficients for

water and phytoplankton, respectively (Maritorena et al. 2000). In the remainder of this
paper the dependence on A, = 678 nm is implicit. This description is valid for nadir

viewing; for non-nadir viewing conditions a, is replaced by a,/cos(6'), where €' is the

zenith angle of observation in water (as defined in Morel and Gentili 1996).
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Neglecting variations with depth of the optical properties of phytoplankton and

water, the absorbed flux is described by:

700
(z)= _[ a,(A)-E(A,0)-e ¥ .d), 5.2

400

A

abs

where E(4,0) (mol m? s™ nm™) is the scalar irradiance just below the surface and K(})

(m™) is the attenuation coefficient.
Integration over depth provides the total amount of fluorescence radiance at the

surface:

1 700

=12 o ). E(2,0)- W) gz 4
7 4arm C, Q. ;{0 ) ¢

O oy §
)
ﬁ
PRl

5.3
™4 (1)-E(A,0
4n C, e K(A)+a,

Here we used a, = chl-a;, where a;, is the chlorophyll specific absorption coefficient

for phytoplankton (m®mg chl™).

It is convenient for the formalism presented here to assume a wavelength
independent quantum yield. This is rarely the case due to different efficiencies of exciton
transfer for different pigment pools and different pigment distributions between PSII and

PSI (e.g. Johnsen and Sakshaug 1996; Lutz et al. 1998; 2001), such that ¢ represents a

mean quantum yield weighted by the absorbed irradiance:

Q= J.q)(l) l% dl/ 112 )-dA.

PAR

Solving equation 5.3 for chl and ¢ gives:
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chl-Q, |40 K(A)+a,

MODIS algorithms: FLH, ARP, and CFE — Chlorophyll fluorescence efficiency

(CFE, unitless) is obtained by dividing an estimate of the amount of fluoresced light at
the surface (FLH, see below) by the amount of light absorbed by phytoplankton in the
upper water column (ARP, see below); hence, it is intended to provide an estimate of the
quantum yield of fluorescence. This section provides a short description of the methods
developed by the MODIS science team to obtain the CFE; a complete description is
given in MODIS ATBD 19 (Carder et al. 1999a), 20 (Carder et al. 2003) and 22 (Abbott
and Letelier 1999).

The fluorescence line height (FLH, provided in W m™? um™ sr' and converted to

mol m? s” nm sr” for our calculations) is the MODIS measurement of L; (see equation
5.3). The FLH is measured by subtracting from radiance at 678 nm the radiance due to
backscattered and Raman scattered photons at 678 nm, which is estimated using a linear
baseline between 667 nm and 748 nm. The MODIS FLH algorithm uses the top of
atmosphere upwelling radiance, which is corrected for Rayleigh scattering, but not
aerosol scattering, thus assuming that upwelling radiance is a linear function of
wavelength for aerosol scattering.

By applying the Beer-Bouguer-Lambert law to photons emitted at depth, we can

define a depth, z4, at which the upwelling fluoresced radiance is attenuated by 63.2% at
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the surface:

cos(0')
= ) 5.5
‘o G, (678)+a,(678)
The amount of visible radiation absorbed by phytoplankton (ARP) over that depth is:
700 Ze7s . 700 " 1- e‘K(l)'st
ARP= [ | a,(1)-E(2,0)-¢*"*.dz-dA= [ aq,u)-E(a,o).[—————}-dz 5.6
P 0 K(2)

where a,(A) and K(2) are retrieved by a semi-analytical model that also retrieves

chlorophyll concentration and gilvin absorption (Carder et al. 1999a; Carder et al. 2003)
using MODIS measurements of water-leaving radiance in all bands from 412 to 551 nrﬁ.
Since it uses the band at 412 nm, this algorithm, despite its accuracy in many locations
(Carder 2003), may be more affected by a poor atmospheric correction than empirical
algorithms using only longer wavelengths: the 412 nm waveband shows the largest errors

in retrievals (Gordon 2002b) even under ideal conditions. Note that the MODIS ATBD
20 (version 7) describes Zgs as 2gs = cos(8') /[ a, (685)+ a,(675)]. The waveband for
water is from an older specification of the MODIS sensor and the algorithm will be

changed to 678 nm (i.e., equation 5.5) to reflect the present specifications (Ken Carder

pers. comm.).
The CFE is obtained as CFE = FLH / ARP. To compare with equation 5.4 for ¢

this can be written as (using 5.6):

700 . 1— e—K(A)'zm -
CFE=FLH -4n-C, { j aq,(A)E(,l,o)-[——————]-d,l] 5.7
&0 K(2)

where C; =43.38 nm for the MODIS bands and was calculated as
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C, = '[ f(A)-dA /( f(677)~baseline(677)) where f{2) is the fluorescence emission

spectrum (assuming a Gaussian distribution with a width at half-maximum of 25 nm
centered and normalized to 683nm), £677) is the same Gaussian evaluated at 677 nm and
baseline(677) is the value of a linear baseline from 665 to 747 nm at 677 nm (Ricardo
Letelier pers. communication). In practice, a small constant is added to FLH before
dividing by ARP to account for negative values of FLH encountered at low chlorophyll
concentrations under remote sensing conditions (see below, and Abbott and Letelier
1999). The use of 677 nm is consistent with the MODIS band for fluorescence emission

being centered at 676.7 nm.

5.5 Procedures
Analysis of MODIS data— MODIS level 3 datasets from reprocessing version

4.0 were obtained from the Goddard Distributed Active Archive Centers (DAAC) for 15
January 2001 (inspection of data from the 4.1 reprocessing shows very little change for
the regions and days studied). The dataset comprises: three estimates of chlorophyll
concentration (case 1 pigment algorithm, case 2 algorithm and SeaWiFS analog); CFE;

ARP; FLH, sea surface temperature; the attenuation coefficient at 490 nm (X, (490) ,

m'); an instantaneous estimate of the photosynthetically available radiation (PAR)
irradiance at the time of the satellite overpass (based on the model of Gregg and Carder
1990, referred to as ipar) (see ATBD 20); and quality flags. We used the SeaWiFS analog

chlorophyll algorithm (SeaWiFS algorithm using MODIS bands, switching between
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reflectance ratios 443/551 and 488/551) to compare our algorithm for chlorophyll from
fluorescence with those of MODIS. Two other chlorophyll algorithms are used during a
sensitivity analysis of our algorithms. The case 2 algorithm is a semi-analytical inversion
algorithm and also retrieves the absorption by gilvin (Carder et al. 1999b) while the case
1 water algorithm is an empirical relationship based on HPLC chlorophyll concentration
and a blue to green waveband ratio (Clark 1999). The algorithm for the attenuation
coefficient at 490 nm is described in Clark (1999) and Mueller (2000); it uses a power
function ofv the ratio of the water leaving radiance at 488 and 551 nm. Larger
uncertainties in this algorithm are expected with an increasing attenuation coefficient:

from 18% at K,(490) < 0.2 m™ to 50% at K,(490) > 0.3 m" (Clark 2001). In our

algorithms, we used the standard FLH product such that a small value, FLH,, has been
added to FLH to avoid negative radiances encountered due to the top of the atmosphere
(minus Rayleigh scattered radiance) measurement of FLH.

Two subscenes were selected for examination: one from the Arabian Sea and one
off the west coast of Central America including the Costa Rica Dome. Only pixels that
achieved the highest quality level (quality flag = 0) set by the ATBD were included in the
analysis.

Note that the ipar product, despite being validated, had some spatial
inconsistencies, especially near the sunglint region. The regions chosen for this analysis
are relatively far from the main region of sunglint and should not be greatly affected. In
any case, this should not influence the comparison of the MODIS CFE and our quantum

yield as they will both be affected equally. However, the CFE or our estimate of the yield
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may show trends vs. ipar or increased variability that are not natural. The ipar algorithm

is being corrected by the MODIS science team.

5.6 The algorithms

Overview — We will now describe two new fluorescence algorithms for

retrieving chlorophyll concentration and the quantum yield. The FLH contains
information on both the quantum yield of fluorescence and chlorophyll concentration (see
equation 5.4); however, to obtain information about one requires assumptions about — or
measurement of — the other.

In case 1 waters (Morel and Prieur 1977), variability in the optical characteristics
of the water column are influenced mostly by the abundance of phytoplankton and
associated materials. This characteristic has allowed the development of ocean color
algorithms based on phytoplankton biomass (expressed in terms of chlorophyll
concentration). In this study, we use the diffuse attenuation coefficient at 490 nm
(K,(490), m") instead of chlordphyll to characterize trends of optical properties. This
approach is similar to the one proposed by Babin et al. (1996b); however, we depart from
their chlorophyll-based approach, thereby deriving an estimate of chl from fluorescence
emission that does not require another estimate of ch/ as input. It should be stressed that
both the standard chiorophyll algorithms and K, (490) are obtained using ratios of the
‘blue to green upwelling radiance; in case 1 waters, phytoplankton absorption and
covarying matter are the dominant sources of variability affecting the blue to green ratio.

Hence, K,(490), phytoplankton absorption, and chlorophyll concentration are strongly

260



correlated to each other (Morel and Maritorena 2001) in these waters. Our chlorophyll
algorithm should be considered an approach using information from both the blue
to green ratio and fluorescence region to estimate chlorophyll. Furthermore, we
consider K,{490) to be a more direct descriptor of the optical properties of the water
column than chlorophyll, as it is directly dependent on the inherent optical properties
(Kirk 1994) which themselves, in addition to the angular dependence of the light field,
define the water leaving radiance measured by MODIS (e.g. Morel et al. 2002).

The empirical relationships required between K,(490) and the optical properties

of phytoplankton and the water column are those that will specify a simplified version of

equation 5.4 and allow the retrieval of @ and chl. Assuming that FLH retrieves L,

perfectly we can write:

FILH =

5.8

* — 0 -1
Chl'Qa'QD'aq,‘EPAR(O). KT+ a;
arn-C, cos(6")
The parameter K is the attenuation coefficient for downwelling absorbed irradiance,

abs

evaluated to depth, z,,, where 90% of the fluorescence radiance at the surface originates,

and @, = | a(4)-E£(1.0)-dA / [ £(2.0)-da is the irradiance-weighted chiorophyll
PAR

PAR
specific absorption coefficient (e.g. Morel 1978). In this work, the value of K satisfies

the following equation in a least square sense from z =010 z4,:

ln[Aabs (Z) / Aabs (O—)] = —_K:lfxs "2 ”

z=0

The relationships to be specified are 0, @,, a, , and K, as a function of K, (490)
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(Figure 5.1), and are described in the next sections.

Equation 5.8 represents almost all of the spectral effects in equation 5.3 in a much

simpler form. This is accomplished in two ways. Firstly, Zi; is parameterized as a
function of K,(490) at the surface, thereby accounting for the variability in the
phytoplankton absorption spectrum as a function of trophic status (Bricaud et al. 1995;
Ciotti et al. 1999; Ciotti et al. 2002). We approximate @, as a, (512), which can be done
since phytoplankton absorption at 512 nm is nearly equal to @, over the

photosynthetically available radiation range (PAR, 400-700 nm) for a wide range of
phytoplankton absorption spectra (Bricaud et al. 1995; Ciotti et al. 2002) and a typical
solar irradiance spectrum at the surface (data not shown). Secondly, the depth
dependence of the spectral light field influencing phytoplankton fluorescence is well
accounted for by the attenuation coefficient for the absorbed irradiance (described
below).

Deriving Q,, @,, and a; as functions of K ,(490) — To derive relationships for
Q:, Zz‘; and a, we used the models of: 1) Bricaud et al. (1995) relating a, (2.) to chl; and
2) Morel and Maritorena (2001) relating chi and K,(4). We solved for 4,(678) (m™),

*(678) (m* mg chl™), and @, (m® mg chl™) as functions of K,(490):
G o a

a,(678) = 0.4762 - (K ,(490) - 0.016)"* 5.9
a;(678) =0.0106 - (K ,(490) - 0.016) *** 5.10
7, = a3(512) = 0.00663 (K ,(490) - 0.016) " 5.11

The parameter 0, was obtained from the ratio 4;(678)/a;,,(678)
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Figure 5.1: Relationships between the optical properties of phytoplankton and
water. Top: Q:, a;, and K “ . Bottom: a*(512) and a*(678). These parameters are

applied to the upwelling fluorescence radiance to retrieve chlorophyll and ¢ in our
algorithms; see text and Table 1 for description of symbols. The bottom axis shows
the chlorophyll concentration for a given K, (490) from the relationship of Morel
and Maritorena (2001).
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(Morel and Bricaud 1981) where a’,,(678)=0.0182 m* mg chl" is the chlorophyll specific

absorption coefficient for chiorophyll in solution (Bidigare et al. 1990). Using this
relationship, we find that when K, (490) <0.11 m™, Q. > 1, which is physically
unrealistic. Thus, Q. has been set to 1.0 for K, (490) <0.11 m™ (see Figure 5.1). We

used g, = a,(678) +a,(678) where a,(678) is 0.461 m" from Pope and Fry (1997).

Babin et al. (1996b, their equation 3) described a relationship for @,, which, when

recast in terms of K,(490), is @, =0.00605 - (K,(490)—0.016)">™". This is less than
10% different from our parameterization of @, over chlorophyll concentrations ranging

from 0.03 to 30 mg m”.

Obtaining K, — The form of equation 5.8 implies that the depth of integration is

abs
to infinity (as in equation 5.3). However, because K is a broadband attenuation

coefficient which must decrease with depth (cf. Kirk 1994), and fluorescence is rapidly

U4
abs

attenuated in water, K~ has to be calculated near the surface. So, we used K, derived
for the region from which 90% of the water-leaving fluorescence originates.

The attenuation coefficient for absorbed irradiance, K, , was obtained by an
iterative procedure. First, the absorbed radiation by phytoplankton at each wavelength

was computed every 0.02 m from the surface to an initial estimate of the depth above

which 90% of surface fluorescence originates (z5, m'') and summed over wavelength.

This was done successively for chlorophyll concentrations from 0 to 30 mg chl m™ using

the spectral attenuation coefficients computed from Morel and Maritorena (2001), the
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spectral chlorophyll specific absorption coefficients of Bricaud et al. (1995), and a

subsurface downwelling irradiance spectrum computed using Gregg and Carder’s (1990)
model for noon at 45°N at the summer solstice. An attenuation coefficient, K L Was

computed by fitting a linear function to the natural log of the absorbed radiation versus

depth. The depth above which 90% of fluorescence originates was then computed as

2.3/ I:E oo+ af]. This was used in place of the initial estimate of zyq, and the procedure

abs
was repeated; the computation converged after 4 iterations, which provided the iterative

solution to the attenuation coefficient K Despite being a broadband attenuation

abs®

coefficient, numerical values of absorbed irradiance and those computed using K, at all
depths between 0 and zy, are within 1% for all simulations.

Finally, a fit of IEZ{” as a function of K,(490) was obtained (see Figure 5.1 and
Figure 5.2):

0.718

K’ =-0.00831+0.908 - K, (490) 5.12

Errors in this parameterization as a function of K,(490) relative to the iterative solution

are shown in the lower panel of Figure 5.2. Note that the small error at low values of

K,(490) in our parameterization is inconsequential to the retrieval of chl or ¢ (equation

5.4) since K _is about 10 times lower than a, in these waters. A comparison is also

abs
made with Morel’s (1988) parameterization of K;,g, which shows the error incurred if the
attenuation coefficient for PAR integrated over the euphotic zone is used instead of that

for the absorbed radiation calculated near the surface; an attenuation coefficient for PAR
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Figure 5.2: Attenuation coefficient of fluorescence excitation irradiance. Top panel
shows the computed K7 using amn iterative procedure and the fit to those
computations given in equation 5.12, as well as a comparison with the attenuation
for PAR irradiance (K(PAR), Morel 1988) for the euphotic zone, expressed as a
function of K,(490) using relationships in Morel and Maritorena (2001). Bottom

panel shows the percent error between our parameterizatibn of K’ and our

abs

iterative computation of IEZM as well as the percent difference between the
parameterization of the fluorescence exciting radiation using K(PAR) and our

numerical computations. Errors at low values of K,(490) are inconsequential for
the computation of fluorescence emission at the surface because K., << a, (see

abs

equation 8).
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is sometimes used as an approximation for the excitation radiation (e.g. Babin et al.
1996b). For the computation of the quantum yield, this error becomes significant only

when K, (490) is of the same order as a, (for pure water a, is ~0.5 m™ in the

fluorescence band). When using Kp, an underestimate of ~15 % will occur in the

quantum yield of fluorescence at K,(490)=0.5 m" because a ~30% error in K o with
K,(490)= a, leads to ~15% error in the quantum yield of fluorescence (Figure 5.2).

Quantum yield of fluorescence and chlorophyll concentration — To retrieve the
quantum yield of fluorescence and the chlorophyll concentration, the surface
fluorescence emission has to be corrected for the bio-optical sources of variability that we
have parameterized. Here we apply a factor 3, that combines terms in theb equation for

FLH (see equation 5.8 and Figure 5.3):

_an-C, [K;; +(a, /cose')]
= 70 : 5.13

Assuming that the statistical model is retrieving the in situ optical properties

perfectly, 3, allows for the retrieval of the two products. First, by replacing the terms on

the right-hand-side of equation 5.13 with 3, in equation 5.8 and dividing both sides by

@, » a constant quantum yield used for estimating chlorophyll concentration, we obtain:
FLH -B, | (9o - Ers)=chl-@ /9, 5.14

Assuming a constant ratio of ¢/ @, =1, our proxy for chlorophyll concentration

estimated from fluorescence is:
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Figure 5.3: Correction factors normalized to the value at 1 mg chl m® applied to
FLH to retrieve chlorophyll concentration and the quantum yield of fluorescence.
These factors were obtained by inserting relationships derived in equations 5.9 to
5.12 into equations 5.13 and 5.17, respectively (see also Figure 5.1).
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Chly=FLH - B, | (9, - Er). 5.15
For all estimates, we used ¢,,=0.012. This is the mean quantum yield retrieved

by the quantum yield algorithm described below. The MODIS product ipar was used for

Erar. Secondly, using S, and equation 5.8 as above and the MODIS retrieved

chlorophyll (chlyops; SeaWiFS analog algorithm) we calculate

q’es::FLH'ﬁq;/(EO’PAR'Cthoms)- 5.16

This is our estimate of the quantum yield.

This approach is based on statistical relationships with K,(490), which was
estimated from the blue to green ratio in remotely sensed ocean color. Areas that do not
follow the central trends of phytoplankton optical properties with estimates of K, (490)
will show up as variations in the quantum yield (e.g. the presence of high Zi; at high
K, (490) will show up as a spuriously low quantum yield). Note that changes in 8, with
chlorophyll concentration between 0.03 and 1 mg chl m* are mostly due to the decrease
in a, -Q. (see Figure 5.1). Furthermore, the parameterizations for a, and Q. are only

valid for chlorophyll concentrations greater than 0.03 mg chl m™ and this is also the
lower limit of the algorithms developed here.

Our decision to depart from the MODIS ARP algorithm, which is based on the
retrieval of phytoplankton absorption, and to use an empirical method based on K, (490)
and empirical chlorophyll estimates was made for several reasons: firstly, to provide an

estimate of the quantum yield independent of the MODIS CFE algorithm (the algorithms
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are different but the inputs, apart from the 412 nm channel, are the same); secondly, to
make use of the robustness of the empirical chlorophyll algorithms (O'Reilly et al. 1998);
and lastly, to avoid the possible interference of a poor estimate of the 412 nm radiance
which can affect ARP.

Deriving less specific quantum yields — To examine bio-optical sources of

variation in the relationship between emitted fluorescence and FLH, two parameters were

created:

By =41 -C; [KZQS +(af/cose')] -[Zi; : :]-1. 5.17
B =47 C; -[Kaf{” + (af/COSB' )] -[ﬁ; . Q:]_l

where the tilde signifies that the parameter is held constant at the parameterized value for

a chlorophyll concentration of 1 mg m? (K, (490)=0.089 m™). Further insight can be

obtained by following the same approach as above to obtain ¢,, (equation 5.16), but

using B,, and B, . Using fB,, we retrieve ¢,, which can be interpreted as the quantum
yield times a relative fraction of light not reabsorbed within the cell:

0, =90 0. /0,. 5.18

Using the parameter f3,, broadens this mixed physiological index by providing an
estimate of the quantum yield divided by a relative index of pigment packaging, @,,:
= £ -~ ~ow —1
¢aQ=¢-a¢.Qa.[a(p'Qa] . 5.19
It is an index of pigment packaging because both @, and Q. decrease as the cell size and

pigment packaging increase (Morel and Bricaud 1981). This number is informative as it

includes, in one parameter, all the species- and physiologically-dependent optical
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influences on fluorescence.

The subscripts for ¢, and @,, indicate the sources of variability present in these
parameters in addition to the quantum yield: i.e. a stands for a, and Q stands for Q:. The

@, parameter should be the most similar to CFE because, as with the MODIS product, it

does not account for the effect of Q: (see Table 5-2) in the algorithm, hence, any natural

variability in this factor will be included in the retrieved product (CFE or ¢, ). Note that
¢, and @,, use fewer statistical bio-optical relationships for their retrieval than ¢, , so

they should be the most accurately derived; however, they are more difficult to interpret

than @, .

5.7 Assessment
Relationship between FLH and chlorophyll — Equation 5.15 can be rewritten as :

FLH = chl,, -, - Erar /ﬁqp 5.20

This provides a predictive relationship for the fluorescence line height under the
conditions of observation encountered by MODIS (high irradiance near the surface at
midday measured using a baseline method at 678 nm). This relationship is shown in
Figure 5.4 and is similar to relationships derived by Babin et al. (1996b) and Gower et al.

(2004 see their Figure 2).

Baseline Correction— The FLH distinguishes photons emitted by chlorophyll

fluorescence from the Raman and inelastically scattered photons using a “baseline
method”. Because our algorithm is based on the FLH we wanted to know if it was an

accurate estimate of the fluorescence emitted at the surface of the ocean. We used
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Table 5-2: A comparison of the quantum yield parameters.

Parameter | Accounts for Does not account | Depth of calculation Estimated
variability in for variables
CFE chl, K(\),a* -Q, -Depth from which 0-Q
Att " £ 63.2% of the emitted
. gnua;ogto fluorescence is
i;flli;nelcl;lélgﬂating attenuated at the
depth of surface
integration
@y chi, K(A), a*, -Infinity (0]
Q
?, chl, K(\),a" -0 -Infinity 00
0,
Do chl, K(\) -a,Q, -Infinity a, - o

272



4
x 10

FLHWmZsr'nm™)

0 5 10 15 20 25 30
Chiorophyll (mg m™®)
Figure 5.4: Relationship between the FLH and the chlorophyll concentration with
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Hydrolight simulations (see Appendix III) to examine the MODIS baseline as well as,
with lesser emphasis, the baseline used by the Medium Resolution Imaging Spectrometer
(MERIS, the European Space Agency’s ocean color sensor). The two baselines
underestimated the amount of fluoresced radiance (Figure 5.5). Clearly, in the case of the
MODIS baseline, the underestimate is strongly a function of the chlorophyll
concentration, especially at lower quantum yields. We conclude (see Appendix III for
more discussion) that:

At the sea surface, the baseline corrected fluorescence is a biased measure of the
fluorescence emission. The fraction of the total fluorescence emission measured by a
baseline corrected spectrum varies with chlorophyll concentration.

Given the potential underestimation of fluorescence radiance by FLH in low
chlorophyll waters, it is expected that a quantum yield algorithm based on FLH will
return underestimated values in low chlorophyll regions.

The addition of a small amount of fluorescence radiance (FLH,) offsets much of
the bias observed with chlorophyll concentration.

Algorithms that do not rely on a baseline estimate for fluorescence emission have
been proposed and implemented (Roesler and Perry 1995; Culver and Perry 1997;
Coleman et al. 2000; Morrison 2003). Such algorithms may provide a useful method for
correcting the fluorescence emission for the backscattered radiance from a remote
sensing perspective and could eventually be incorporated into the semi-analytical
algorithm presently used to retrieve chlorophyll concentration from MODIS data (Carder

et al. 1999a; Carder et al. 1999b).
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Figure 5.5: Modeled relationships between the estimates obtained using the baseline
method and emitted fluorescence at 678 nm. The left panel: Ratio of the baseline-
measured radiance (equivalent to the FLH measurement) to the emitted radiance
(emitted) using Hydrolight simulations of case 1 waters. The emitted radiance was
calculated by subtracting the Hydrolight simulation of upwelling radiance just
above the surface without fluorescence from the one with fluorescence. Ratios are
presented for four baselines using the 667-748 nm baseline (identified as MODIS)
using quantum yields of 0.005, 0.01, 0.03 and 0.05 and one baseline (MERIS
QY=.01) using 667-709 nm, which is similar to MERIS (which uses 665-709 nm)
with a quantum yield of 0.01. The inset shows the MODIS simulations with a small
baseline value, FLH, of 1.26x10° W m™> nm™ sr”' added. Right panel: Representative
spectra of upwelling radiance for four chlorophyll concentrations. The colored
continuous lines with circles are the simulations with fluorescence (quantum
yield=0.01), the lines with crosses are the simulations without fluorescence, and the
black line represents the MODIS baseline without the MODIS FLH, value added.
The logarithmic scaling represents the linear baseline as a curve. Symbols (circles or
crosses) represent the wavebands simulated in Hydrolight. For a chlorophyll
concentration of 15 mg m>, a comparison with three other quantum yields is given
(see legend). The differences between the top colored line and black line for each
chlorophyll concentration are equivalent to measured FLH while the differences
between the line with fluorescence and without fluorescence at 678 represent the
emitted fluorescence.
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Comparing the finite-depth MODIS algorithm to a complete depth model —
Other than Q: , which is related to the package effect and is difficult to quantify, the
MODIS equation for CFE (equation 2.22) differs from equation 5.4 when solved for ¢,

by the maximum depth of integration representing the source of fluorescence leaving the
surface. The MODIS equation integrates to the depth from which the emitted fluorescence
is attenuated by 63.2% when it reaches the surface ( zy,5, m; equation 5.5), whereas
equation 5.4 integrates to infinity. Since the ARP algorithm is intended to account only
for absorbed radiation responsible for 63.2% of the surface fluorescence, using FLH and
ARP directly to derive the quantum yield of fluorescence would lead to an overestimate
of the quantum yield by approximately 1/0.632 such that a correction has to be applied
(Carder et al. 2003).

Rather than integrating to the depth frém which the fluorescence emission has
been attenuated to 63.2% upon reaching the surface, a more useful depth for interpreting

the fluorescence measurement is the depth above which an arbitrary fraction (it could be

63.2%) of the surface-leaving fluorescence originates Z; (m) (see Figure 5.6). It can be
obtained by integrating to the depth z, which yields 63.2% of surface leaving

fluorescence, integrated to infinity (Babin et al. 1996b):
700 Zzf 700 oo

J‘% (A)'Eo(l’o)'e'(K(/’L)‘Faf)'Zdz.dA’-_—_ 0.632- j jarp (g).ﬁ(}u’o).e4K(A)+af>.zdz.dl 571
400 0

400 O

This cannot be solved analytically for z, for all wavelengths, but for one excitation

wavelength, the solution is z,,(A)=1/ (K (A)+ af). Therefore, the depth above which
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Figure 5.6: Simplified model (reduced spectral dependence) of fluorescence emission
in water to illustrate the different approaches to calculate the depth where 63.2% of
the fluorescence originates. Top left: The incident irradiance in the PAR domain
decreases exponentially with depth. Top right: With this simplified model (see
equation top left), it leads to a decreasing exponential for the volume emission of
fluorescence dL,,(z) (continuous line). The dashed lines illustrate the decrease in the
fluorescence originating from three depths to the surface as it travels up in the
water column. The equation above the graph represents the fluorescence just below
the surface due to the emission at depth z. Bottom panel: The continuous line
represents the cumulative emission (as a fraction of the total) at the surface
originating from increasingly greater depth intervals. When this cumulative
emission reaches 0.632 it corresponds to z . : the depth above which 63.2% of the

fluorescence originates. The dashed line represents the volume emission of
fluorescence originating from depth z remaining at the surface. At a value of 0.378,
this corresponds to the depth from which the emitted fluorescence is attennated by
63.2% at the surface: z;. The depth zg, is deeper than z ., which leads to an

overestimate of the absorbed irradiance for fluorescence emission. To emphasize the

difference, the model presented is consistent with a chlorophyll concentration of 20
-3

mgm™.
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63.2% of surface fluorescence originates depends not only on the attenuation of emitted

radiation a,, but also on the attenuation of the incident irradiance, K(A). This has been

omitted in the MODIS estimation of z,, (equation 5.5) and should lead to an

overestimate of ARP and an underestimate of the CFE when the approximation a, >> K

does not hold, for example, when the concentration of chlorophyll is high (see Figure
5.7). Variable attenuation of absorbed radiation does have a strong influence on spatial
patterns in some regions (see for example Figure 5.8 and Figure 5.12) and should be
accounted for. This is particularly important when interpreting spatial changes in the
quantum yield across gradients of chlorophyll.

Although integrating to Z instead of z,, provides an unbiased measure of

surface absorption, we do not see any advantage gained by limiting the calculation of the
absorbed radiation to a restricted depth range since:
1) The satellite measures fluorescence coming from all depths.
2) It is impossible to separate fluorescence from top layers of the water column from that
originating deeper.
3) The quantum yield and the chlorophyll concentration vary with depth, hence a given
depth will not provide a given fraction of the fluoresced radiance.

We therefore suggest integrating over the whole water column when
calculating absorbed radiation for the interpretation of remotely sensed
fluorescence. While integration to infinity does not overcome the problems associated

with the third point (which is probably small due to the natural weighting to surface
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Figure 5.7: Ratio of calculated absorbed irradiance weighted for its efficiency of
700 Z

emission at the surface: (= f J.aq, (1)-E(A,0)- ¢ K@rer)z 4. 4)) for different depths
400 0

Z and a range of chlorophyll concentrations. Our algorithm uses Z=o. The
present algorithm (ARP), which does not account completely for changes in the
attenuation of downwelling irradiance, uses Z = z,;; (equation 5.5). An alternate
formulation which accounts completely for the attenuation of downwelling
irradiance uses Z=z,,; (equation 2.14). The ratio of the absorbed weighted irradiance
for Z =z, and Z = oo is equal to 0.632 for all chlorophyll concentrations showing no
biases with changes in the attenuation coefficient (line z . /o). In high chlorophyll
waters, the attenuation of incident light by phytoplankton limits the penetration of
light and restricts most of the emission of fluorescence to a layer nearer to the
surface than is calculated by the MODIS algorithm, leading to a bias in absorbed
radiation calculated using Z = z,; compared to Z = (line z, /). Consequently,
the MODIS estimate of ARP is high, and estimates of fluorescence efficiency are low.
This underestimate varies between ~3 to ~26% as shown by the ratio for Z = z,,; and
Z =z, (line zy4/z.;). The numerical calculations are based on equation 5.3 and the
models of Morel and Maritorena (2001) and Bricaud et al. (1995) for nadir
observation.
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depths for the natural fluorescence emission), it removes the false impression that a
narrow depth of integration provides results that are less affected by depth variations in
optical and physiological parameters.

Comparison of the algorithms: Chlorophyll — The MODIS estimates are shown

in Figure 5.8 for the subscene off the west coast of Central America. The jet of high
chlorophyll concentration observed off the coast of Costa Rica is a persistent
phytoplankton bloom extending from the Costa Rica coast into the Costa Rica Dome due

to wind driven upwelling (Fiedler 2002; McClain et al. 2002). Note the close

correspondence between chlorophyll, K,(490) and FLH: the first two parameters are

derived from similar band ratios while the third is independent of ratios. The jet off the
coast of Costa Rica also shows higher CFE.

The coefficient of determination for the untransformed values between the
chlorophyll retrieved using the fluorescence algorithm developed here and the MODIS
retrieved chlorophyll using the SeaWiFS analog algorithm (top panel Figure 5.9) is
*=0.95 (n=39424), but the slope does not correspond to a constant quantum yield. The
diagonal lines in the top panel are isolines of our retrieved quantum yield. The line
labeled 0.012, the assumed @, for retrieving chlorophyll, is equivalent to a 1:1 line for

chly,, vs. chlygpys - It is clear that the variability in the MODIS chlorophyll

concentration explained by the fluorescence chlorophyll algorithm is lower at lower
chlorophyll concentrations. Comparison between FLH and the MODIS estimate of

chlorophyll shows a clear curvature due to changes in optical properties with increasing
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Figure 5.8: MODIS level 3 dataset for Jan 15, 2001 for the subscene off the west
coast of Central America. The chlorophyll concentration is from the MODIS
SeaWiF$ analog algorithm, K,(490) is derived empirically from band ratios, ipar is
MODIS model output for clear sky conditions of the instantaneous PAR radiation at
the time of the image, ARP is the absorbed radiation by phytoplankton, FLH is the
fluorescence line height (a measure of the amount of fluoresced radiance at the
surface of the ocean), and CFE is the MODIS estimate of the quantum yield of
fluorescence.
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Figure 5.8: See caption on previous page.
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Figure 5.9: Top panel: Comparison of our fluorescence estimate of the chlorophyll
concentration, chl,,=FLH -3 o/ (@ou Epse) (see equations 5.8 and 5.14) with MODIS
chlorophyll product (chlor_a2, SeaWiFS analog chlorophyll algorithm). The lines
are isolines of retrieved quantum yields as indicated, the line 0.012 is equivalent to a
1:1 correspondence of chly, and chlyops. The middle panel is the comparison
between FLH and chlorophyll concentration from MODIS. The dashed black line is
the relationship derived by Gower et al. (2004), FLH =0.15-chi/(1+0.2-chl)
multiplied by 1.65 to fit the data. Note that the FLH was not converted to quantum
units for this comparison. Bottom: retrieved quantum yield of fluorescence, ¢, as
a function of K,(490). The colored bars indicate a range of quantum yields

measured at the surface of the ocean in situ: “Metal” = Maritorena et al. (2000),
“Qetal” = Ostrowska et al. (1997) data for E,,; > 1x10* quanta m™ s”, and “Mo” =
Morrison (2003).
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chlorophyll concentration and a lower r* (=0.79, n=39424 middle Figure 5.9). We also
show a comparison with the model of Gower et al. (2004), which is based on average
values of measured fluorescence emission scaled to irradiance for the sun at zenith
(middle Figure 5.9, dashed black line). Their model follows the central trends of the
MODIS data in this region. Part of the variability in the top and middle panels is due to
variability in the quantum yield of fluorescence, the chlorophyll specific absorption
coefficient, the error in the determination of chlorophyll from band ratios, and the
striping due to detector-to-detector calibration observed in MODIS images (Gower et al.
2004; Salomonson 2004). It should also be kept in mind that the depths sampled by the
ocean color and fluorescence techniques are different and become more similar as
chlorophyll concentration increases. Despite these errors, for this region the chlorophyll
concentration retrieved using fluorescence is, in most cases, within a factor of 2 of the
MODIS estimates of chlorophyll from ocean color; 86% of the points fall within a
retrieved yield of 0.006 and 0.024 while 1:1 is 0.012 (top Figure 5.9). In addition, the
variability in the retrieval of chlorophyll from fluorescence seems to be reduced at higher

chlorophyll concentrations (see Figure 5.9).

Comparison of the algorithms: Sources of variability — A map of chly,,,
calculated assuming a constant ¢,,, of 0.012, is presented in the upper left panel of Figure
5.10; it can be compared with the chlorophyll map in Figure 5.8. Our estimate of ¢, ,

using chlyopis (equation 5.16) is shown in the bottom left panel of Figure 5.10.
Comparison with MODIS CFE (Figure 5.8) shows essentially the same features, and the

interpretation
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Figure 5.10: Map of derived products. Upper left panel is a fluorescence-based
estimate of chlorophyll assuming a fluorescence quantum yield (¢, ) of 0.012:

chly,=FLH-B, /(¢ Epse)- The bottom left shows the estimate of the quantum

yield using chlorophyll concentration estimated from blue to green radiance ratios
(chlyopis): €., =FLH B /(Ep; - chhyon) - Right panels are the same as bottom left

except using corrections 3, (upper) and S, (lower) instead of f3,.
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of spatial patterns in either map would be the same. The parameters ¢, and ¢, retrieved
using /3¢Q and BWQ, respectively, are shown in the upper and lower right panels of Figure
5.10. Note the almost complete disappearance of the plume in ¢,,, while ¢, has an
intermediate pattern between ¢,, and @, , showing that the packaging of pigments
modeled as a function of K,(490) has a strong influence on the retrieval of the quantum
yield; the effect of @, being the most important.

Comparison of the algorithms: quantum yield — The magnitude of the retrieval
of @,, compares well (Figure 5.9 bottom) with the yields measured in situ in surface

waters of the world (Ostrowska et al. 1997; Maritorena et al. 2000; Morrison 2003). A

comparison of @,, and CFE is shown in the upper left panel of Figure 5.11. To explore
bias in the two yields relative to each other, the ratio of ¢@,,/CFE is plotted as a function
of : DK, (490) (upper right); 2) absorption by gilvin, which includes chromophoric
dissolved organic matter and non-living particulate matter, at 400 nm (lower left); and 3)
ARP (lower right). Absorption by gilvin is a standard MODIS product obtained from the
same semi-analytical inversion algorithm that returns an estimate of chlorophyll
concentration (the case 2 waters algorithm). Very little bias was observed in this region
except for a lower ratio at high values of K,(490) and absorption by gilvin. The
comparisons for this region (Figure 5.11) show that the CFE and our algorithm for
the quantum yield pfovide similar results but CFE is lower by a factor of 0.58. The

cause of this systematic difference is unknown, but could originate in part from our use of
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Figure 5.11: Comparison of quantum yields. Upper panel compares the quantum
yield estimated from our method (¢,,) and the MODIS estimate (CFE), the line is

the best fit to the data. The remaining panels show the ratio of ¢,, to CFE as a
function of X, (490) (upper right), absorption by gilvin at 400 nm (lower left), and
ARP (lower right).
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Q. It is, however, in the opposite direction from the bias that would be incurred if the
correction for the overestimate of CFE by 1/0.632 due to the shallow depth measurement
had not been applied (see above).

Comparison of the algorithms: Arabian Sea —The MODIS measurements for the

Arabian Sea (Figure 5.12) show patterns consistent with hydrographic forcing with the
possible exception of the ARP and CFE maps which show a strong feature (high CFE and
low ARP) going across the image in a northeast — southwest direction which is not
present in the other maps. The relationship between the MODIS estimates of chlorophyll
and fluorescence-based estimates is more variable in this region (Figure 5.13 top and
middle). There is a clear offset showing lower chly,, at values of MODIS chlorophyll ~1
to 3 mg m” which corresponds mostly with coastal waters. The central trends are,
however, the same as for the previous region. The Gower et al. (2004) algorithm (using
the same scaling as in Figure 5.9) underestimates the chlorophyll concentration. Note that
Gower and colleagues suggest that the chlorophyll-specific surface fluorescence emission
should vary depending on the solar zenith angle. However, they did not describe the
mathematical relationship. So we kept the same scaling as in Figure 5.9 as this provides a
good reference for comparison. Because the median of our retrieved ¢, was the same as
for the previous region (~0.012), the difference is probably due to overall lower ipar
values in this region and not a change in the quantum yield. The decreased variability
explained in MODIS estimates of chlorophyll by chlg,, (Figure 5.9 vs. Figure 5.13) may
in part be due to larger error in the MODIS chlorophyll algorithm since this region seems

more optically complex, as highlighted by the apparent artifact in CFE and ARP
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Figure 5.13: Comparison of algorithms. Top panel: Comparison of our fluorescence
estimate of the chlorophyll concentration, chly,=FLH- 3 0! (@ Epsg)  (see

equations 5.8 and 5.14) with the MODIS chlorophyll product (chlor_a2, SeaWiFS
analog chlorophyll algorithm). The middle panel is the comparison between FLH
and chlorophyll concentration from MODIS. The dashed black line is the
relationship derived by Gower et al. (2004), FLH =0.15 chi/(1+0.2- chl) multiplied

by 1.65 to fit the data in Figure 5.9. The bottom panel shows our retrieved quantum
yield of fluorescence, ¢, ,, as a function of X, (490). See Figure 5.9 for more details.
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algorithm, which lead to a stripe going across the image.

The patterns of retrieved quantum yield versus K, (490) (Figure 5.13 bottom) are
different from those observed in Figure 5.9 especially at high K| (490). Whereas in
Figure 5.9 the high values of K, (490) were associated with the upwelling plume, in

Figure 5.13 the high values are located near the coast and are probably influenced by
river runoff.

A comparison of the maps of ¢,, (Figure 5. i4) and CFE (Figure 5.12) shows
striking differences: the stripe showing high values of CFE is not observed in @, which
is much more uniform. As expected, the relationship between CFE and ¢, is weaker in
this region (Figure 5.15 top left); a small fraction of the points follows the trend line
reproduced from Figure 5.11, but otherwise the scatter is large. In contrast to Figure 5.11
from off the coast of Central America, Figure 5.15 shows strong dependence of the ratio
of @, /CFE vs. K,(490), ay,;, and ARP, which clearly shows that one of the yields is
biased with respect to these retrieved optical pfoperties. Figure 5.16 highlights the
resemblance between the map of MODIS retrieved a,;, and the ratio of CFE/ @,
consistent with a strong influence of the upwelling radiance at 412 nm on the

relationship.

The same inverse model (Carder et al. 1999a; Carder et al. 1999b) is used to
retrieve a, for the computation of ARP and to estimate dg,;,. Our experience with such

models, particularly implementations similar to that of Roesler and Perry(1995), has
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Figure 5.14: Map of derived products for the Arabian Sea. See Figure 5.10 for more

details.
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Figure 5.16: Quantum yield and gilvin estimates. The left panel is the ratio of the
quantum yields while the right panel is the gilvin absorption at 400 nm as estimated
by MODIS for the two study regions. Note the correspondence of the region with
high ¢, /CFE with the transition region to higher a,,, .
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shown that generally an overestimate of a,;,leads to an underestimate of a, and vice-

versa. An inverse pattern to the retrieved ag,;,is observed in the normalized water leaving
radiance at 412 nm (lower 412 radiance where higher a,;,is present), and to a lesser
extent at 443, but is not observed at 488 nm (data not shown). Along the high CFE line in
Figure 5.12, the ARP algorithm probably underestimated the phytoplankton absorption
while at the same time overestimated the absorption by gilvin, leading to an overestimate
of CFE. Whether the origin of this effect is in the atmospheric correction or the ARP

model we have not investigated.

5.8 Discussion
Quantum yield of fluorescence — Off the coast of Central America, the CFE was

on average 58% lower than @, and our estimate accounts for 76% of the variance found
in the CFE (Figure 5.11) but the maps of ¢, (Figure 5.10) and CFE (Figure 5.8) show
similar patterns. In this region, the quantum yields compare well and a map of either
would lead to the same interpretation. It is outside the scope of this paper to attribute the
different quantum yields inside and outside the Costa Rica Dome area to physiological or
physical processes, and we will merely speculate that likely candidates include different
nutrient regimes, light acclimation states (for example due to different mixing layer
depths and attenuation coefficients, e.g. Field et al. 1998), or dominance by small cells
(Li et al. 1983, leading to an underestimate of absori)tion and overestimate of the

quantum yield) in the upwelling region. The strong difference between patterns in @,

whose variability includes effects of all physiological variables (¢- @, - 0,), and @,
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which attempts to retrieve only ¢, clearly emphasizes the importance of the term @, - O,

when retrieving the quantum yield of fluorescence. In fact, the much smaller amplitude of

¢,, compared to ¢, points to a strong effect of a, - @, on the patterns observed in this

region, whether it is an artifact due to our parameterization, or real.

5.9 Comments and recommendations

Chlorophyll and absorption as proxies for phytoplankton abundance — Because

intra-cellular fluorescence emission is the product of the absorption of light by all
phytoplankton pigments and the quantum yield as defined here (absorption by
photoprotective pigments leads to a reduced quantum yield, e.g., Kiefer and Reynolds
1992; Gilmore and Govindjee 1999), phytoplankton absorption rather than chlorophyll is
the better measure of biomass for fluorescence work. We use chlorophyll in our quantum
yield model due to the lack of empirical models relating the blue to green ratio directly to
absorption; presently, the only algorithms to retrieve phytoplankton absorption from
satellite ocean color are based on inverse models (Carder et al. 1999b; Maritorena et al.
2002). As such, a future improvement’ of our quantum yield algorithm would be the use

of an empirical algorithm retrieving @, and a,p(678) directly from the blue to green ratio.

This would eliminate the need for an independent chlorophyll estimate and the
relationships between g, and q,(678) vs. K,(490) to retrieve ¢,,,. Our chlorophyll
algorithm could also be recast to retrieve phytoplankton absorption with higher accuracy;

it would, however, be harder to validate and a less desirable product in the context of our

focus on the retrieval of chlorophyll concentration.
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Using chlorophyll, instead of phytoplankton absorption, however, makes our
algorithm very sensitive to its accurate retrieval. The estimate of @, for the same regions
using the two other MODIS chlorophyll algorithms (Figure 5.17, see Procedures section)
shows clear differences in the maps when compared with Figure 5.10 and Figure 5.14.
The patterns observed are strongly influenced by the chlorophyll algorithm and the
physiological interpretation of these patterns would certainly be different. When using
our quantum yield algorithm, we recommend using the best chlorophyll al gorithm for the .
region and time studied. As an example, note the reappearance of the stripe in the
Arabian Sea region when using the semi-analytical (case 2) algorithm underlying the
ARP model (Figure 5.17).

The use of chlorophyll and a parameterization based on K, (490) has a further

limitation for the retrieval of the quantum yield: if the remote sensing algorithms used to

retrieve K,(490) and chlorophyll do not follow the statistical relationships used

(Bricaud et al. 1995; Morel and Maritorena 2001) it could lead to a bias in the retrieval of
the yield. Presently, this could lead to errors of ~30% (sensitivity analysis not shown).
This should not be a major limitation, and as algorithms evolve they will likely converge.

Validation of algorithms — Our algorithm and the MODIS CFE algorithm remain
to be validated by measuring the quantum yield in situ under remote sensing conditions.
The conditions under which the MODIS data are collected are very consistent. It is
always at the surface, under high irradiances, within 1 to 1.5 hour of the satellite’s

equatorial crossing time, and subject to large spatial averaging due to its resolution. This
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Case 2chlorophyllalgorithm .,

Figure 5.17: Effect of different chlorophyll algorithms on the estimate of ¢, . Left
column shows the results using the case 1 pigment algorithm (MOD 19), which
provides an estimate of chlorophyll a and phaeopigments in case 1 waters. This
algorithm is based on an empirical function of the ratio of biue to green water
leaving radiance. The right column shows the application of the case 2 chlorophyll
algorithm (MOD 21). The top row is for the subscene off the west coast of Central
America and the bottom row is the Arabian Sea subscene.
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is a narrow set of conditions compared to those encountered when taking measurements
at sea. As such, field validation of fluorescence algorithms will require great care; the
time of sampling and the incident irradiance will have to match those encountered by the

MODIS sensor, otherwise, the time and irradiance dependence of ¢ will affect the results

(e.g. Morrison 2003).

Summary — We developed new methods to estimate the chlorophyll

concentration and the quantum yield of fluorescence, incorporating the effects of pigment
packaging on fluorescence emission and replacing the ARP algorithm used in MODIS
CFE estimates with a different estimate of absorbed radiation, integrated to infinite depth.
The new method seems robust, showing good agreement with MODIS chlorophyll and
CFE estimates, and is apparently less sensitive to two artifacts:

It will not be affected by a poor estimate of upwelling radiance at 412 nm as it
does not rely on the semi-analytical absorption algorithm, which requires the 412 nm
radiance to retrieve the absorption coefficients.

The new method estimates absorbed radiation integrated to infinity, avoiding a
bias in the MODIS CFE due to an incomplete account of the attenuation of incident
irradiance. The quantum yield estimate is, however, highly dependent on the retrieval of

accurate chlorophyll concentration.

5.10 Conclusion

MODIS fluorescence products are relatively new and, like early chlorophyll

images from the Coastal Zone Color Scanner (CZCS), they bear tremendous promise. At
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present, they are still experimental, and issues such as accurate estimates of ipar and
ARP, correction of the FLH measurement for the baseline, and proper depth integration
need to be resolved. Only when these issues are settled can we assess whether the
quantum yield of fluorescence under remote sensing conditions provides a measure of

phytoplankton physiology on global scales.

305



Chapter 6 Conclusion & Future Prospects

The chlorophyll molecule can emit a photon when it absorbs light or an exciton is
transferred to it. The process, chlorophyll fluorescence, has no known physiological or
ecological raison d’étre. In solution, the quantum yield of this process is constant, thereby
providing a simple and very sensitive method to measure the concentration of
chlorophyll. The quantum yield of fluorescence in vivo is strongly affected by the
efficiency of other pathways for deexcitation such as: 1) the transfer of energy between
chlorophyll molecules and other pigments; and 2) the variable capacity for the utilization
of the absorbed energy in photosynthesis or heat dissipation. The regulation by the cell of
these processes and the consequences of this regulation on the partitioning of energy
utilization and its impact on the fluorescence yield allows the use of active fluorescence
in the study of higher plant and phytoplankton physiology. It follows from these simple
concepts that sun-induced fluorescence provides information about both the biomass and
the physiological state of the cell. Isolating these two sources of variability in the ocean
and providing a quantitative description of the fluorescence process has been one of the
main themes of this thesis. Another central focus, which was not originally planned, but
developed out of necessity during the thesis, has been the development of tools and
measuring techniques to avoid biases that can occur while measuring sun-induced
fluorescence using standard methods.

I approached the study of sun-induced fluorescence from three different

perspectives. For field studies based on floating spectroradiometers, I developed and used
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an inversion model of reflectance in the fluorescence band. To analyze fluorescence data
of the global ocean from the MODIS satellite sensors, 1 developed and applied new
algorithms to retrieve the quantum yield of fluorescence and phytoplankton biomass.
Lastly, I conducted a theoretical study, by developing a mechanistic model of
phytoplankton fluorescence at the level of the chloroplast.

Chapter 3 focused on providing a mechanistic description of the fluorescence
signal as would be observed at the reaction center level. It clearly showed the limitations
inherent to the natural fluorescence signal at high light intensities for providing an
estimate of the quantum yield of photosynthesis; the relationship between the quantum
yield of photochemistry and the quantum yield of fluorescence can differ greatly
depending on the capacity for photoprotection of a cell and its level of acclimation to the
ambient irradiance. The model also provided a good mechanistic basis for studying the \7
effects of nutrient stress on phytoplankton and the possible hysteresis effects on diel
timescales due to the increased presence of inhibited reaction centers. A novel aspect of
this model for oceanographic fluorescence research is the use of a three-state model
where the reaction centers can be either open, closed or damaged/inhibited.

While the studies of cultures allow to easily obtain the information contained in
the fluorescence signal, in the field, other factors prevent us from obtaining a signal
solely influenced by the quantum yield of sun-induced fluorescence. These sources of
variability are external to the cell and originate from the optical characteristics of the
water and, in the case of satellites, the atmosphere. This is Because all the changes in the

characteristics of the water (spectral absorption and volume scattering function),
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influence the observed fluorescence emission, and have to be accounted for when
correcting the measured fluorescence signal. An approach to account for this variability
using an inverse model was used and refined in Chapter 4 to isolate the fluorescence
emission in Lunenburg Bay and in the Bering Sea. While this approach has been used
before, the more complete development of the reflectance model applied here has
allowed inversion of the fluorescence band in addition to the region of the spectrum
below 650 nm that is traditionally inverted. However, because the model did not account
for CDOM fluorescence, (which is believed to be important in Lunenburg Bay based on
theoretical calculations), wavebands from 400 to 600 nm were not used in the inversion.
Instead, ultraviolet wavebands were used to retrieve CDOM absorption; this was not a
limitation in the Bering Sea where CDOM concentrations were much lower. Using this
approach, good retrievals of the phytoplankton absorption in Lunenburg Bay, a CDOM-
rich embayment, were obtained. However, in order to obtain phytoplankton absorption,
changes with irradiance of the quantum yield of fluorescence had to be quantified as diel
variations in the yield (factor of 3) were as large as the variations observed during the
whole summer in phytoplankton absorption. An inverse modeling approach similar to
this, could pave the way for better estimates of the fluorescence quantum yield from
space. However, as suggested by the analysis in the Bering Sea, the region between 600
and 650 nm, which is mostly affected by variability in the backscattering coefficient, is
usually not measured in a remote sensing context and this could make the application of
such a method more difficult. Another aspect of the analysis in the Bering Sea suggested

the presence of other fluorescing pigments, mostly chlorophyll degradation pigments,
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which could affect the estimates of the quantum yield of fluorescence, quantifying the
contribution of these pigments could be important to future understanding of the
variability observed in the fluorescence emission.

Chapter 5 has focused on the development of an algorithm to retrieve the quantum
yield of fluorescence and the chlorophyll concentration from satellite observations. This
algorithm uses blue and green wavebands in addition to the fluorescence bands to
estimate the characteristics of the water column that influence the penetration of
excitation irradiance. The conclusions of that chapter were simple: previously developed
algorithms will lead to biases in the retrieval of the quantum yield of fluorescence from
space and these biases are likely to be especially important across gradients of biomass in
the ocean. Some of these limitations Were addressed in Chapter 5 but much more work is
required before satellite retrievals of the fluorescence yield are reliable on global scales.
One of the first steps towards this goal is currently being untaken by the NASA ocean
color team who are reprocessing the Aqua satellite data to obtain reliable estimates of the
radiances (at the top of the atmosphere and at the sea surface). Another problem with the
MODIS satellite imagery was described in Appendix III and concerned the limitations of
the baseline approach using the Wavebands chosen for MODIS. The MERIS sensor does
not seem to be affected by this type of bias and a comparison of results for the two

sensors will probably provide a good way to correct for biases.

6.1 Future prospects and directions

Perhaps it is because radiance and irradiance have become simple measurements

to obtain in the ocean that, for the past 30 years sun-induced fluorescence has been
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studied in the ocean in an exploratory, often ad hoc, fashion. Though exceptions exist,
most studies to date involve deployments of a spectroradiometer, most of the time with
very little ancillary data. This provides a large amount of information on the water
leaving radiance but very few options for interpreting it; this is particularly evident with
the deployment of moored spectroradiometers and ocean color drifters. Therefore,
interpretation of the data has been based more on conjecture than on solid datasets or
models: in fact, the literature contains more speculation on the possible sources of
variability rather than interpretation based on solid ancillary information. Furthermore,
the methods used to séparate the fluorescence signal from background radiation, to
account for the water optical properties and absorbed radiation are extremely simple and
could be the cause of some of the observed changes in the reported proxy for the quantum
yield, usually interpreted in terms of light or nutrient stress. While these studies have
contributed much to our curiosity about fluorescence processes in the ocean, they have
provided little hard science to aid the interpretation of the data we can now obtain from
space or in real time from moored sensors. In my opinion, we have done little more than
verify the presence in the environment of sources of variability in the fluorescence yield
that were measured in the lab; I believe it is now time to move into a rigorous,
quantitative, study of biological sources of variability in sun-induced fluorescence.
Possibly the most important task ahead is to identify which of all the sources of
variability observed influences most strongly the quantum yield of fluorescence at the
surface of the ocean: Is it the nutrient status, the irradiance, or the species composition?

This answer can only partly be answered in the lab or with models. The diversity of
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species and mode of variability cannot all be assessed, therefore, such studies will require
extensive fieldwork. The fieldwork will have to use techniques such as the ones
developed in this thesis and some recent studies (Ostrowska et al. 1997; Maritorena et al.
2000; Morrison 2003) to obtain rigorous estimates of the quantum yield. A series of
ancillary data will have to be collected, most importantly: phytoplankton absorption,
chlorophyll, nutrients, and species identification. In addition, experiments at sea
involving active fluorometry and nutrient limitation assays will have to be conducted. In
essence, an understanding of the physiological state and composition of the
phytoplanktonic community at each deployment site has to be the central focus of future
advances; the measured natural fluorescence signal has to become complementary.

Satellite imagery also provides tremendous potential for advances, but it will
have to be properly groundtruthed with the set of measurements suggested above;
opportunities such as the Atlantic Meridional Transect cruises series
(http://www.pml.ac.uk/amt/index.htm) that cross several different trophic regimes should
be sought. The utilization of models of circulation and mixing with models such as the
one developed in chapter 3 should also provide insights into the processes observed from
space. Timeseries data obtained from moorings, which would ideally include floating
spectroradiometers, absorption, nutrient, active flucrometers, conductivity and
temperature sensors hold tremendous promises. Data from moorings will be particularly
insightful if they are located where the optical characteristics of the water are simple such
that inversion of the reflectance data can be trusted and where physical models can

provide information about the physical forcing.
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In the near future, I expect to continue working with the model developed in
Chapter 3, and use it in a mixing model of the ocean to simulate changes in
photosynthesis and fluorescence that are expected as a function of mixing parameters,
nutrient, and incident irradiance. Further work on the model will be done through the
addition of results from new laboratory experiments. Furthermore, I want to continue
using satellite imagery to obtain qualitative information about the most important source
of variability in the observed fluorescence from satellite measurements. On this note, I
would like to finish this thesis by presenting, a simple figure that I obtained and presented
at the last meeting of the American Society of Limnology and Oceanography (Honolulu,
January 2004, see Figure 6.1). The figure represents the correlation coefficient between
the weekly average of the concentration of remote sensing chlorophyll and the
fluorescence emission measured by the MODIS sensor over two years. Its interpretation
is simple: in regions where the coefficient of correlation is low, variations in chlorophyll
do not explain most of the variability in the fluorescence emission at the surface of the
ocean, and in the regions where the correlation coefficient is high, chlorophyll explains
most of the variability. The regions showing the lowest correlation coefficient, such as
the Southern Ocean, North Eastern Pacific, tropical and subtropical Atlantic and the

eastern side of continent in the southern hemisphere are perhaps the most interesting.

This analysis suggest that, in these regions, changes in a,,, ¢, , and Q. are more

important than those in chlorophyll concentration, hence leading to more of the
variability observed and lower correlation coefficients (see equation 2.2). The most

compelling feature of this figure is the presence of clear oceanographic patterns that

312



Figure 6.1: Correlation coefficient between fluorescence and chlorophyll (see
legend). The color of each pixel represents the value of the correlation coefficient
between the ratio of the fluorescence line height over the incident irradiance at the
time of the measurement (FLH/ipar) and chlorophyll concentration from blue-to-
green ratio ocean color algorithms (FLH/ipar vs. chlorophyll) between July 19, 2000
and July 27 2002 (see chapter 5 for more information on these MODIS products). A
high correlation coefficient means that the ratio FLH/ipar and chlorophyll covaried
strongly during the two years and hence biomass explains most of the variability at
that location, conversely low correlation coefficients mean that biomass does not
explain the variability observed by the MODIS sensor.
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cannot be linked to one common cause based on our knowledge of oceanographic
systems. Clearly, information is present but we do not know what it means. When
looking at this figure, my feeling is similar to those expressed by Cullen and Renger
(1979), who concluded their study showing some of the first results of active fluorometry
with DCMU in the ocean by: “We may not know what we are measuring, but the patterns
observed are too strong to ignore”. Many processes unknown at the time, have been
discovered to explain the patterns observed by Cullen and Renger. However, new
patterns that elude our understanding are arising (e.g. Figure 6.1), like those of the past
they are also, I believe, “too strong to ignore”. New discoveries, and insights about the

oceans will surely emerge as the causes underlying these new patterns are unraveled.
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Appendix I : Absorption coefficient as a
measure of the attenuation of fluorescence
radiance

To test the validity of the approximation that the attenuation of upwelling
fluorescence radiance can be approximated by the absorption coefficient, a series of
Hydrolight simulations with a variable scattering coefficient was used for turbid Case 2
waters. The approximation was found to be valid within 5% up to values of the particle
scattering coefficient (b,(678)) of 0.31 m (see Figure 1.1). At higher b,(678), the
approximation increasingly underestimates the attenuation of upwelling radiance.

Hydrolight simulations
Different concentrations of yellow silt (0, 0.005, 0.01, 0.05,0.1,05,1,2,and 3 g

m™~) were added to a water body with a constant background of absorbing matter. The
yellow silt was modeled using Haltrin’s (2000) phase function for small particles and the
weight specific absorption and scattering coefficient of yellow silt as provided with the
Hydrolight code (data from Ahn 1990). The highest silt concentration provides a
scattering coefficient for particles of 4.82 m™ at 443 nm, which is consistent with the
upper range of the scattering coefficient observed by Babin ez al. (2003). The absorption

by chromophoric dissolved organic matter was modeled as acpom= 0.05 exp(-0.014(A-

400)); CDOM was assumed non-scattering. The attenuation of upwelling fluoresced

radiation was simulated in Hydrolight by using a thin layer of chlorophyll at 3m instead
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Figure L.1: Percent error when using a(678) to approximate the attenuation of
upwelling fluorescence radiance at 678 nm (see text for details). The error is lower

under the conditions modeled here when using a(678)+0.08735(678)"”’ . Numbers

on the graph indicate the concentration of yellow silt. Yellow silt was used because
of its strong scattering characteristics and to model highly scattering case 2 waters.
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of a constant concentration with depth allowing the attenuation of the light coming from
that layer only to be computed (g; in equation 5); if a uniform concentration of
chlorophyll is used, the upwelling radiance due to fluorescence would increase
approaching the surface due to emission from the upper layers of water. In this
simulation, the surface is hence depleted in phytoplankton and contains only yellow silt,
colored dissolved matter and water in terms of optically active constituents. To obtain the
attenuation coefficient, two series of simulations were run, one with fluorescence one
without, such that subtraction of one form the other provided only the fluoresced light.

Results

Figure 1.1 shows the error associated with using the absorption coefficient for the
attenuation of the upwelling fluoresced radiance. An error of ~12 % occurs at b,(551) =1
m’. For comparison, Babin et al. (2003) found values of b,(555) of 1 m™ at a
concentration of suspended particulate matter of ~2 g m*; roughly half of their data set
for Case 2 waters had values higher than this. In Case 1 waters, using the relationship of
Loisel and Morel (1998) for surface waters, and a wavelength dependence of A" for
scattering, b,(551) =1 m™ corresponds to chlorophyll concentration of ~2.5 mg m™. Over

the range of clay concentration tested, the error was lower when a, was replaced by

a,(678)+0.0873- b(678)1‘47 where b(678) is the total scattering coefficient at 678 nm.
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Appendix I1: Errors and correlation of the
retrieved parameters.

The errors presented on Figure 4.4 represent 95% confidence interval on the
parameters taken one at a time given the residuals observed for the fit. They follow from
a property of the (scaled) Hessian of the log likelihood function of the least-square cost
function; the diagonal terms of the Hessian correspond to the variance of the

corresponding estimated parameter and the off diagonal terms correspond to the

covariance terms (Priestley 1981). The Hessian, calculated at 0 provides an estimate of
the curvature of the cost-function, the greater the curvature, the more information is
contained about a parameter (see Figure II.1). It should be noted however, that the errors

estimates are strictly valid only if the regression errors (€, ) are randomly distributed,

additive, with common variance and non-correlated, the residuals of the fits for the
reflectance spectra fail these three criterion, as such the errors shown should be taken
approximations of the expected errors. Subsampling the spectra may provide a way to
address this issue, it was not investigated here.

The error ellipses can be calculated using the Hessian. Figure II.2 shows the error
ellipses for the last fitted spectrum, this provide similar information about the error on the
estimated parameter (horizontal and vertical extend of the ellipse) and on the covariance
of the fitted parameters. Plotted are the ellipses for the 95% confidence intervals when

parameters are taken two at a time. The ellipses provide redundant information about the
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Figure II.1: Three idealized cost-functions for a one dimensional regression. The
cost-function (in this chapter the sum of squared differences) is minimum at the
best-fit parameter values 0. The curvature of the function at that point provides an
indication of the amount of information contained in the data fitted. In this example,
the blue line (lowest) contains less information than the red line (highest), which has
a stronger curvature.
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spectra of the Bering Sea timeseries. The expected correlation coefficient between

Figure IL.2: Error ellipses for the fitted parameters taken two at a time on last
the two plotted parameters is also provided in each graph.



amplitude of the error compared to Figure 4.4, furthermore they only apply to the last
point of the timeseries. However, they provide insights into the expected covariation
between the estimated parameters. Figure I1.2 shows that most estimates are not expected

to show much correlation, except for a positive correlation between 6, (a,(512)) and 6;
(Sypare )» and 6, (ac,,(400)) and 65 (s,,,,) a negative correlation between 6, (a,, (400))
and 6, (s.,), and 8, (sg, ) and 6, (¢,).

The negative correlation between a,,(400) and s.,, is expected, and mean that

there is not enough information in the reflectance spectrum to separate accurately, at the

same time, the slope and the magnitude of the CM spectrum. Using a fixed value for s,
seems an appropriate way to remediate to this problem when s, is known.

The negative correlation between ¢, and s, is hard to understand and merits

further attention. It is hard to propose any simplification to the model, which would help
with this covariation without understanding where it originates.

The positive correlation between a,(512) and s,,,, is easily understood, when
considering that increasing the slope of s,,,, will lead to more blue light being reflected
and increasing a,(512) will have an opposite effect. This shows that there is little

information in the spectrum for separating the increase of one versus the decrease of the

other. The positive correlation between a,, (400) and s,,,, occurs for the same reason.
Fixing the parameter s,,,, at one value or using a measured shape for the absorption by

colored matter would solve this problem.
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Appendix Il : Baseline correction of FLH
Hydrolight simulations — Five series of simulations using Hydrolight (a
numerical modeling package using invariant imbedding methods to solve the radiative

transfer equation, Sequoia Scientific Inc., Version 4.2), four with chlorophyll

" fluorescence (differing by their quantum yield) and one without, were performed to study
the baseline algorithm used by MODIS in case 1 waters. In these simulations, the
statistical model of Morel and Maritorena (2001) was followed as closely as possible.
The underwater light field was computed for chlorophyll concentrations of 0.03, 0.05,
0.1,0.3, 0.5 1.0, 3.0, 5.0, 10.0, and 15.0 mg m>. The parameterization for scattering and
the backscattering fraction is according to Morel and Maritorena (2001). To obtain the
appropriate backscattering fraction we used Fournier-Forand phase functions (Fournier
and Forand 1994). The absorption coefficients measured by Pope and Fry (1997) were
used for pure water. Absorption by dissolved matter and phytoplankton wére modeled
following Appendix B in Morel and Maritorena (2001), except that the background a,;,
was set to 0 m” when the chlorophyll concentration was 0 mg m™. Scattering and
absorption were specified as constant with depth and water depth was infinite. All
Hydrolight series were calculated at the MODIS wavebands and additional wavebands,
including 709 nm, a Medium Resolution Imaging Spectroradiometer (MERIS) band;
MERIS uses 665 and 709 nm for the baseline correction and 681 nm for the fluorescence
measurement (Anonymous 2002). All simulations included Raman emission

parameterized following Morel et al. (2002) and Bartlett et al. (1998) (i.e. spectral
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dependency A and Raman scattering coefficient of 2.6x10*m™ at 488 nm). In all cases,

Radtran with Hydrolight’s default parameters was used to calculate the incident
irradiance for the equator and a sun zenith angle of 31°; this is consistent with the
equatorial crossing time of MODIS on the autumnal equinox. The quantum yield of

fluorescence was set to 0.005, 0.01, 0.03 and 0.05.

Results and Discussion — The choice of the 665 nm waveband for the lower

bound of the baseline, leads partly to the underestimate for the MODIS algorithm;
assuming a Gaussian fluorescence emission with a width at half-maximum of 25 nm
centered at 683 nm, the baseline is 0.2878 of the signal at 678 nm. This factor is
accounted for in the MODIS C; parameter and is included in the CFE algorithm (Ricardo
Letelier, personal communication). The trends with chlorophyll and quantum yield,
however, are not accounted for, and originate from the relative amplitude of the
backscattered upwelling radiance emission to fluorescence emission and the increasing
concavity of the backscattered emission as chlorophyll increases around 676 nm (Figure
5.5 right panel).

The simulations in this study were conducted for just above the sea surface.
Additional biases that may originate in the use of the atmospheric aerosol scattered
radiance plus water leaving radiance (top of atmosphere minus Rayleigh scattered
photons) to obtain FLH have not been investigated. The observed negative radiances in
the MODIS FLH before the addition of a constant (Abbott and Letelier 1999) did not
occur in our simulation and are attributable to the shape of the atmospheric radiance

(Ricardo Letelier, personal communication). Nevertheless, even at the sea surface,
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baseline corrected fluorescence is not a direct measure of the fluorescence emission.
The fraction of the total fluorescence emission it measures varies with chlorophyll
concentration. The addition of a small baseline value, FLH,, of 1.26x10° W m® nm™ sr'
to-the measured upwelling radiance eliminated much of the trend with chlorophyll
concentration (Figure 5.5 inset), this however cannot be applied directly to the FLH
measurement without further correction accounting for scattering in the atmosphere.

The use of the baseline method to retrieve fluorescence emission has been
examined in the past mostly with the objective of obtaining chlorophyll concentration.
Fisher and Kronfeld (‘1990), using 645 and 725 nm for the baseline and 685 nm for the
measurement, found a slight overestimate‘ of the upwelling radiance due to fluorescence
at chlorophyll concentrations below ~20 mg m” and an underestimate above 20 mg m™.
This is different from our simulation (Figure 5.5), which shows an increasing
underestimate of the fluorescence radiance below the surface with decreasing chlorophyll
concentrations in case 1 waters, especially at lower quantum yields. Our results are more
in line with those of Gower et al. (1999), which suggest that, in the MERIS configuration,
the fluorescence radiance measurement would be underestimated by approximately 30%
at 15.4 mg chl m™>. Gower et al. (1999) did not verify this relationship for a range of
chlorophyll concentrations but suggest it should be nearly constant. The different results
are likely the result of varying modeling approaches for the incident irradiance, the
inherent optical properties of the water, the parameterization of Raman scattering, the
quantum yield of fluorescence or the wavebands used. Application of the results from

Figure 5.5 to the data requires an iterative scheme or a precalculated look-up table (e.g.
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Fell et al. 2000) as the quantum yield must be known to correct the FLH. This was not
attempted here. Further work will be necessary to completely account for this effect in
case 1 waters and possibly extend it to the top of the atmosphere (corrected for molecular
scattering) measurement of FLH (Abbott and Letelier 1999). At this point, however,
given the potential underestimation of fluorescence radiance by FLH in low
chlorophyll waters, it is not surprising to find CFE or our algorithm returning
lower quantum yields in regions with lower chlorophyll concentration. This artifact
could account for more than half of the increasing trend observed in ¢, vs. MODIS

chlorophyll in Figure 5.9 and Figure 5.13.
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Appendix IV : Interpretation of the quantum
yield of sun-induced chlorophyll
fluorescence quantum Yyield

We have defined the quantum yield of fluorescence in vivo, ¢, as the ratio of

photons fluoresced by chlorophyll a over the whole fluorescence band to the photons
absorbed by all cellular pigments. This is the definition typically used for sun-induced
fluorescence studies (e.g. Babin et al. 1996b; Ostrowska et al. 1997; Maritorena et al.
2000; Morrison 2003). This definition has important implications for the interpretation of
the retrieved yields, especially in terms of photosynthetic capabilities.

Even if retrieved perfectly, @ is not directly interpretable in terms of
photosynthetic and non-photosynthetic rate processes. This is because a variable fraction
of photons is absorbed by the fluorescing photosystem II (Johnsen et al. 1997). The
quantum yield retrieved by our approach will therefore be related to @, the quantum
yield of fluorescence used ;in models of photosynthesis and electron transport and
interpretable in terms of rate constants as:

JI Apsu(A)- é(l) d

P = Ppsyy - & . 5.22
[a () E(2)-ar

(4

PAR

where a,g; (m™) represents the absorption by photosynthetic pigments in the PSII

antenna and core, and a, is the total absorption by phytoplankton which also includes
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absorption by photoprotective pigments (Bidigare et al. 1990; Jeffrey et al. 1997) and the
photosynthetic pi gment associated with PSI. To relate ¢ to @y, the spectral optical
cross-section of PSII and the spectral total optical cross-section have to be measured (e.g.
Sosik and Mitchell 1995). Variability on the order of 2 to 8 have been observed in situ for
the ratio of photosynthetic to non-photosynthetic pigment absorption (e.g. Bidigare et al.
1992: Babin et al. 1996a; Allali et al. 1997) and on the order of about 2 for photosystem
I1 to total absorption (e.g. Sosik and Mitchell 1995) but the ranges could be larger (see for

example Johnsen et al. 1997; Lutz et al. 1998; 2001).

In a study of vertical profiles of @ in the Baltic Sea, Ostrowska et al. (1997) found
that the yield was not correlated with incident PAR, correlated weakly with temperature
and chlorophyll concentration, and correlated best with d;. The quantum yield was

decreasing with increasing @, from ¢~0.012 at g;=0.005 m’ mg chl™ to ¢ ~0.005 at

a,=0.025 m” mg chl™. This is consistent with an increase in the fraction of absorption by
non-photosynthetic pigments decreasing the yield and is another possible explanation of
the increasing ¢,, with increasing chlorophyll concentration (see also eq. 15 in Babin et
al. 1996b) observed in the top panels of Figure 5.9 and Figure 5.13, since g, generally

decreases with increasing chlorophyll a concentration (Bricaud et al. 1995; Ciotti et al.
2002).
The implication is that variability in the pigment composition is probably as much

a determinant of @ as are the rate constants for photochemistry and heat dissipation (e.g.

Gilmore and Govindjee 1999 ). Any interpretation of the yields in terms of
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photosynthetic or non-photochemical capacities should take these changes into account
(e.g. Maritorena et al. 2000). For example, the increase with depth of the ratio of
absorption by photosynthetic to non-photosynthetic pigments should be reflected in an
increase in the quantum yield sun-induced chlorophyll fluorescence; however, this does
not imply a decrease in non-photochemical quenching or in the photochemical quantum

yield.
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