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Abstract

The photochemical oxidation of coloured or chromophoric dissolved organic matter in
the ocean plays an important role in the carbon cycle. The production of dissolved
inorganic carbon, DIC, represents the most rapid direct photochemical loss of dissolved
organic carbon, DOC. The goal of this thesis is to make a quantitative estimate of the
photochemical source of DIC in the ocean.

To calculate the rate of DIC photoproduction, efficiency (quantum yield) spectra.
relationships between in situ and remotely-sensed optical properties and a model of solar
spectral irradiance were required. This thesis presents the first quantum yield spectra for
DIC in sea water. The magnitude of quantum yield increases with distance from shore.

Relationships between remotely-sensed reflectance and in situ attenuation of ultraviolet
radiation were determined. They apply over a wide range of water types in the Bering
Sea, the Mid-Atlantic Bight, and Bedford Basin, Nova Scotia from May to August.
Absorption by coloured dissolved organic matter is responsible for almost all the
attenuation of ultraviolet radiation in the study areas.

The monthly rate of DIC photoproduction was estimated pixel by pixel for January.
April, July and October, 1998 in the Mid-Atlantic Bight from SeaWiFS ocean colour
images. It increases with distance from shore. The same approach can be applied to any
photoproduct with a known quantum yield. Photoproduction rates of CO, H,0, and CS,
were estimated from SeaWiFS images and published quantum yield spectra. The ratio of
DIC photoproduction to the production of CO, H,0, and CS, increases from the inshore
to the open ocean zone.

Global photochemical production rates of DIC, CO, H,0, and CS, were also calculated.
The global production rates of CO and CS, compare well with published values. The
global annual DIC photoproduction rate is approximately 10" moles DIC year'. This
rate is higher than the annual input of terrestrial DOC to the ocean, which probably
reflects the importance of the photochemical transformation of DOC formed in situ from

the degradation of phytoplankton. The rate of DIC photoproduction is also comparable to
the annual rate of DIC use in new production.

viii
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Chapter 1. Introduction

1.1 Introduction

Sunlight hits the surface of the ocean, and the ocean smoulders. The fuel is coloured or
chromophoric, dissolved organic matter, CDOM. The products are numerous. Like
those of a fire, they include carbon dioxide, although many other species, biologically
and chemically reactive, are also produced. Some products provide nutrients for
phytoplankton and bacteria, and react with many organic and inorganic molecules in sea
water. As the new species are formed, chromophores are destroyed. Consequently.
CDOM fades with exposure to radiation. Photochemical fading has been observed in the
laboratory (Miller, 1994), in lakes (for example Morris and Hargreaves, 1997; Moore.
1999), and probably also in the ocean (Vodacek et al., 1997). This process is important,
because as CDOM absorbs fewer photons of ultraviolet, UV, radiation in the surface
layer. UV radiation penetrates further into the water column, inhibiting phytoplankton
activity (Smith et al., 1992; Cullen and Neale, 1994) and increasing damage to bacteria
(for example, Kaiser and Herndl, 1997). As discussed below, the photo-oxidation of

CDOM also plays a role in the marine carbon cycle.

Each year, about 2.5 x 10" - 4.2 x 10" moles of terrestrial organic carbon are transported
to the ocean by rivers, half as particulate organic carbon and half as dissolved organic

carbon, DOC (Sarmiento and Sundquist, 1992). Near shore heterotrophy consumes about
7 x 10" - 10 x 10" moles of this carbon each year, and about 8 x 10'* moles of carbon are

buried in coastal sediments. The fate of about 0.7 x 10" - 2.7 x 10"* moles of terrestrial



"~

organic carbon remains unclear, and this carbon has been assumed to be transported to
the open ocean. However, the larger part of DOC found in the deep ocean does not
appear to have a terrestrial origin; Meyers-Schulte and Hedges (1986) reported that about
0.5% of DOM in the ocean was terrestrial in origin, as determined using lignin as a
tracer. Malcolm (1990) also found that DOM in the open ocean was different from that
found in inshore waters, according to isotopic analyses and "C NMR spectroscopy.
Hedges et al. (1992) supported Malcolm's findings with further *C NMR results, and
added that DOM found in the open ocean was relatively enriched in nitrogen. The
average age of marine DOM is also greater (3400 years, according to Williams et al..
1969) than would be expected for the rate of fluvial addition, using a residence time
calculation that assumes a steady state concentration of oceanic DOM (Deuser. 1988).

Clearly, the sources and sinks are not well characterized.

Spontaneous precipitation and offshore microbial degradation have both been suggested
as sinks for the terrestrial DOC that is not consumed by near-shore heterotrophy or burial.
but neither is supported by observation. Blough et al. (1993) reported that in the Orinoco
River estuary, which transports about 1% of the global terrestrial organic carbon input to
the ocean, there was no significant loss of riverine DOC to spontaneous precipitation:
however. they did report that the optical properties of the CDOM changed. possibly due
to bacterial degradation, changes in pH or ionic strength, selective precipitation of parts
of the CDOM, or photobleaching. The mechanism by which terrestrial DOM is modified
remains unclear, although Norrman ez al. (1995) presented a carbon isotope study on

water from Woods Hole Harbor that suggested that much of it was untouched by bacteria.



The bacteria preferred the DOM newly produced by phytoplankton, which had a high
8"C similar to that of DOM found in the open ocean. Most DOM found in the ocean at
depths greater than 500 m is biologically refractory on a time scale of a few thousand
years (Williams et al., 1969). Hedges (1987) concluded that there must be an "as yet
undiscovered process by which the sea eventually recycles this huge reservoir of

recalcitrant organic molecules back to inorganic carbon.”

Kieber et al. (1989) first suggested that the photochemical oxidation of CDOM might
provide an important marine sink for organic carbon. (See "Carbon cycle" section that
follows.) The most rapidly produced inorganic product of the photochemical oxidation
of CDOM is DIC, probably as CO, (Miller and Zepp, 1995). The formation of DIC
represents a direct loss of organic carbon from the ocean, so its production is a useful
proxy for the rate of photochemical loss of DOC. The goal of this thesis is to make a

quantitative estimate of the photochemical source of dissolved inorganic carbon in

the ocean.

To reach that goal, the following objectives were set:

1) To determine the first quantum yield spectra for the photochemical production of DIC

from CDOM in the ocean.

2) To relate in sine UV attenuation and UV absorption by CDOM to remotely-sensed

ocean colour.

3) To determine the proportion of UV attenuation due to absorbance by CDOM.



4) To combine the quantum yield spectra with remotely-sensed ocean colour and a solar
irradiance model to calculate depth-resolved and total water column production rates for

DIC photoproduction.

The remainder of Chapter 1 provides a historical context for this work within organic
marine photochemistry. This history is not intended to be an exhaustive review of the
subject, but to describe, with examples, the major trends in organic marine
photochemistry over the last three decades. A selective history of the development of
ocean optics can be found in Appendix 1. Each of Chapters 2-4 is self-contained. with its
own background, methods, results, and discussion sections. Chapter 2 describes the
determination of quantum yield spectra for the photochemical production of DIC.
Chapter 3 explains the relationships determined between in situ and remotely-sensed
optical properties. Chapter 4 combines the results of the preceeding two chapters with
satellite images to calculate regional and global DIC production rates. Chapter 5
compares the production rate of DIC with those of several other products. Chapter 6

contains the main conclusions of the thesis.

1.2 History of Marine Organic Photochemistry

Organic marine photochemistry is a relatively new discipline. In 1977 Zafiriou wrote
that the subject was “in its infancy” and lacked a significant body of literature to review.
so instead he previewed areas for future research. General photochemistry was already

highly developed both theoretically and experimentally by that time, with much work
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done on absorption and emission spectra in the 1800s, and with revolutionary advances in
quantum chemistry in the early 1900s. (Longworth (1982) provides an extensive history
of the subject.) But there were many difficulties unique to the ocean that had yet to be
overcome. Zafiriou mentioned, for example, that in the ocean the chromophores were
largely unknown and that photochemical reactions in the ocean were complicated by the
high ionic strength of sea water, leading to a variety of primary, secondary, and
photosensitized reactions. In addition, neither a light field nor an absorbance spectrum of

precursor molecules could be generalized to apply to the whole ocean.

Zafiriou also described a series of questions within the scope of organic, marine
photochemistry. He suggested that photochemical reactions might affect both the
metallic and organic ligands in organometallic complexes; remove micronutrients from
the water column: supply the unknown oceanic sink for refractory dissolved organic
carbon (DOC); and explain why, despite the regular addition of coloured organic material
to the surface ocean, photons were not all eventually trapped at the surface. He also
mentioned speculation by earlier authors that photochemical reactions in the early ocean
might have been responsible for the origin of life, and later for mass extinctions of
phytoplankton. He felt that these topics would be tractable both with respect to the
photochemical reactions of anthropogenic compounds with known composition and
reactivity and, in a general way, for reactions with naturally occurring organic molecules
as precursors. Zafiriou was either exceptionally foresighted or very influential (or both).
because almost all the topics he mentioned in 1977 have since been, and in some cases

still are, studied in detail.



Photochemistry of environmental contaminants

The publication of Carson’s book Silent Spring in 1962 introduced non-scientists to the
idea that the chemical by-products of industrialization were destroying wildlife. By the
mid-1970s, there was a public outcry against the chemical pollution of air and water.
Probably as a result of the high general awareness of the problem, most of the work in
marine organic photochemistry during the 1970s related to the fate of anthropogenic
contaminants. Wedgewood (1952) and Hoather (1953) had shown that UV absorbance
measurements could be used to trace organic contaminants in water, as a less expensive
and simpler method than measuring total organic carbon. A series of publications
followed, which demonstrated the use of various wavelengths of UV radiation for this

measurement (for example, Dobbs et al., 1972).

Knowing that some contaminants absorbed UV radiation strongly, later researchers
investigated the possibility of their photochemical breakdown. Zepp and Cline (1977)
applied an approach previously used for studies of photochemical smog transformations
to study the direct photolysis of the herbicide Trifluralin and the insecticide Carbamate.
They measured absorbance spectra and quantum yield values at 366 nm, and assumed
that the quantum yield was independent of wavelength. In this way they calculated half
lives for the pollutants in solution, considering depth, latitude and time of day in their
calculations. However, the quantum yield measurements had to be made on highly
concentrated samples, unlike those found in the environment. Zepp (1978) later solved
this problem. He published a method of determining the quantum yield of pollutant

photolysis in very dilute solution. Bunce and Chittim (1979) feit that Zepp's and Cline’s



(1977) approach was too time-consuming, and described a simple alternative for
determining the relative reactivity of a pollutant. Since many components of the half-life
determination equation presented by Zepp and Cline varied in time and space — the solar
irradiance and the UV absorbance of the water body in question, for example — Bunce
and Chittim defined a photoreactivity index that used a simple ratio of the photolysis rate
of the pollutant multiplied by its spectral absorbance to that of a standard multiplied by
its spectral absorbance. They suggested that the irradiation be done with a standard
solvent and in a standard irradiance field. Then, the photoreactivity index would describe
the likely persistence of the pollutant relative to that of the standard. The idea did not
seem to gain wide acceptance, possibly because it was not really very difficult to obtain

absolute measurements of quantum yield of contaminant photolysis in the laboratory.

Miller and Zepp (1978) refined pollutant photo-oxidation rate estimates by calculating
the effect of suspended sediments on photolysis rates, since pollutants were often
discharged into turbid rivers. They found that turbidity increased volumetric photolysis
rates by increasing the pathlength of incident photons and allowing more radiation to be

absorbed by the dissolved pollutant.

During the 1980s, the focus of organic marine photochemistry shifted from the direct
photoxidation of environmental pollutants to reactions involving naturally occurring
dissolved organic matter. At first this area of research was still related to the fate of
pollutants. Zepp and Schlotzhauer (1981) and Zepp et al. (1981) discussed the effect of

naturally-occurring coloured or chromophoric dissolved organic matter (CDOM:



although Zepp et al. referred to the natural organics as “humic substances™) on organic
contaminants. They measured CDOM absorbance spectra in samples taken from soils,
natural waters and commercially available isolates, and compared the potential of CDOM
from these sources as a photosensitizer. They found that a secondary photochemical
reaction, the oxidation of a substance by CDOM which had itself been photooxidized.

could break down the pollutant 2,5-dimethylfuran.

While most photochemical researchers studied the breakdown of pollutants, Amador et
al. (1989) studied another effect of CDOM photochemistry. Using glycine as a model
organic compound that was transparent to UV and visible radiation and which was
released after photooxidation of larger molecules, they showed that the photochemical
oxidation of CDOM could release smaller organic molecules. They commented that this
could result in the re-release into the environment of pollutants that had initially been
scavenged by CDOM. Clearly, the effect of solar irradiance on contaminants is not

simple.

Biological importance of organic marine photochemistry

[nterest in the biological effects of photochemistry began in the 1960s and has grown
during the subsequent three decades. The first studies on the subject related to the
potential destruction of inorganic nutrients by photo-oxidation (for example, Hamilton.
1963). As organic marine photochemical research focussed increasingly on the products

of CDOM photo-oxidation, however, researchers also discovered a number of



biologically labile substrates that were formed during the photochemical breakdown of

CDOM.

Finden et al. (1984) reported that CDOM helped to make more iron available to
phytoplankton. Iron III was reduced directly to soluble, biologically available iron II, but
the reduction rate decreased with time. The addition of CDOM made the iron more
susceptible to reduction, and appeared to make the iron I more available to
phytoplankton than when it was formed through reduction of iron III in the absence of
CDOM. The mechanism probably involved the complexation of iron III with CDOM.
just as iron III - EDTA complexes are often used in algal culture experiments (Finden er
al., 1984). Wells et al. (1987), Miller and Kester (1994) and Miller et al. (1995) tested
the Finden er al. result by making direct measurements of photochemically produced
reduced iron and of the effect of the increased concentration of that iron on a marine
diatom culture. They added a mechanistic interpretation of the iron reduction in which

iron was oxidized by oxygen and hydrogen peroxide and both oxidized and reduced by

photochemically produced superoxide.

Not only phytoplankton but also bacteria are affected by photochemical reactions.
Amador et al. (1989) used radiolabelled glycine as a model organic molecule to show
that the photodegradation of biologically refractory CDOM produced smaller.
biologically available molecules that were usable by bacteria. They suggested that in the
ocean, photooxidation and microbial degradation acted together to break down the large

CDOM molecules. Kieber et al. (1989) confirmed that the photooxidation of CDOM
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could produce molecules available to bacteria. They found that the rate of uptake of
pyruvate by bacteria was directly proportional to its photochemical production rate.
Wetzel et al. (1995) further supported this result, finding significant increases in the
concentration of small fatty acids and in associated bacterial growth after CDOM
photolysis. Only a small portion of the DOC was destroyed, while the products were
sufficient to support a large increase in bacterial growth rate in those cultures innoculated
with the irradiated CDOM. Bushaw er al. (1996) reported that biologically available,
nitrogen-rich compounds such as ammonium were produced photochemically from
CDOM. Such a source of biologically available nitrogen could affect both bacteria and
phytoplankton in nitrogen-limited environments where there was a high terrestrial input
and thus a high concentration of CDOM. More biologically available photoproducts
continue to be identified, and in a 1997 review, Moran and Zepp listed 15 of them. Since
then, Bertilsson and Tranvik (1998) have added some carboxylic acids (oxalic, malonic.

formic, and acetic) to the list, although their work was done in a lake. not in the ocean.

The combination of photochemical and bacterial degradation of CDOM has received
much attention in recent years. Since the suggestion of the idea by Kieber et al. (1989),
work has continued on the direct comparison of the effectiveness of the two components.
Amon and Benner (1996) found that photochemical oxidation of CDOM did not add
significantly to the rate of microbial degradation of DOM. However, their irradiations
were done in glass bottles that excluded most of the UVB and much of the UVA
radiation, so it is possible that they did not make significant concentrations of

biologically available, low molecular weight compounds. They did notice, however, that
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DOC was lost during the irradiations. Miller and Moran (1997), using UV-transparent
quartz irradiation vessels, found that bacterial growth was stimulated by the irradiation of
CDOM prior to innoculation with the bacteria. In fact, bacterial productivity increased
too much to have been the result only of the previously identified low molecular weight
compounds, so the authors postulated the production of another, as yet unidentified.
biologically labile photoproduct. For the irradiance field used, the loss of DOC by
photochemically stimulated microbial degradation was roughly equal to that lost through
the production of inorganic carbon gases. The interaction between photochemical
transformations and bacterial assimilation is of continuing interest (for example. Geller et
al., 1985; Lindell er al., 1995; Thomas and Lara, 1995; Naganuma er al., 1996: Nelson et
al.. 1998), and in August 1998, a session of the 8th International Symposium on

Microbial Ecology in Halifax, Nova Scotia was devoted to the subject.

Reactive photoproducts

A number of chemically reactive species are produced photochemically. including
reactive oxygen species (Kotzias et al., 1986, 1987 review by Cooper et al., 1989:
review by Blough and Zepp, 1995), inorganic carbon gases, methyl halides, and alkenes.
Hydroxyl radical is extremely reactive in sea water; it reacts particularly strongly with
organic molecules, heavy metals, and major seawater constituents, such as bromide
(Zafiriou. 1974). If a photochemical source were large enough, it could play a significant
role in the chemistry of sea water. Zafiriou (1974) reported the photochemical
production of hydroxyl radical from nitrate, an inorganic source, and its subsequent

reaction with organic matter and other radicals. Haag and Hoigné (1985) reported the



same reaction, and added that since the hydroxyl produced reacted so efficiently with
DOC in fresh water and with bromide in the ocean, its reaction rate with trace organics,
such as pollutants, must be very slow. While the photochemical production of hydroxyl
radical from nitrate can be important in upwelling regions, CDOM seems to be the main
source in most of the ocean. Mopper and Zhou (1990) and Zhou and Mopper (1990)
compared hydroxyl radical production in a variety of environments and concluded that

the photochemical degradation of CDOM was probably the main source of hydroxyl

radical in the sea.

One of the most intensely studied chemically reactive photoproducts is hydrogen
peroxide. Hydrogen peroxide is formed as a reaction intermediate in the production of
many free radicals, and it reacts strongly with organic matter (Sikorski and Zika, 1993a,
1993b). A production mechanism has been suggested (Moore er al.. 1993), but it has
been difficult to determine precisely because of the largely unknown structure of CDOM.
Since Van Baalen and Marler (1966) first suggested that H,O, had a photochemical
source in sea water, its production and distribution have also been studied (for example
Sikorski and Zika, 1993a; Sikorski and Zika, 1993b; and Miller and Kester, 1994). Its
concentration is so strongly dependent on its photochemical production rate that

hydrogen peroxide can be used as a tracer for mixing (for example, Zika et al.. 1985

Miller and Kester, 1994; Scully er al., 1998).

Another chemically reactive photoproduct is carbonyl sulphide. Carbonyl sulphide,

COS, is the longest lived naturally-occurring sulphur species in the atmosphere (Andreae
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and Ferek, 1992). Its longevity allows it to be carried up to the stratosphere, where it can
form sulphate aerosols which may become cloud condensation nuclei or destroy ozone
(Andreae and Ferek, 1992). The ocean is thought to be the largest source of COS to the
atmosphere, and Ferek and Andreae (1983) discovered that COS was formed
photochemically from CDOM in the ocean. Because of the atmospheric importance of
COS, a large number of studies of its production followed. Andreae and Ferek (1992)
measured a diel cycle in COS concentration, which they modelled as the result of
photochemical production and removal by hydrolysis. Zepp and Andreae (1994) studied
the wavelength dependence of COS production using sunlight and solar simulator
irradiations, and determined that UV was the most effective region of the spectrum for its
production. They also noted the importance of photosensitizers and speculated that the
highest production rates might be found in coastal water. Weiss er al. (1995) studied the
UV wavelength dependence of COS production in some detail, using monochromatic
irradiations, and found that the wavelength of maximum production varied with location;
in tropical waters the most effective wavelength was 313 nm, while 336 nm was more
effective in the southern Pacific, near Antarctica. The volumetric production rate was
higher in coastal than in offshore waters, as Zepp and Andreae (1994) had suggested.
Uher and Andreae (1997) continued this work, and found that COS production was very
strongly correlated with CDOM absorbance. They suggested that remote sensing of
CDOM absorbance could be used to predict COS production. Besides the direct
photochemical production of COS which is then released to the atmosphere, there is an

indirect photochemical source in the ocean. Carbon disulphide, CS., is oxidized in the
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atmosphere by hydroxyl radical to form COS. Xie er al. (1998) demonstrated that

photochemical oxidation of CDOM was a significant source of CS, in the ocean.

Photochemical reactions of CDOM also produce a number of other reactive species.
including methyl iodide (Moore and Zafiriou, 1994), alkenes (Ratte e al., 1998), and
superoxide ion (Baxter and Carey, 1983). Zafiriou and Dister (1991) presented a method
for determining the total concentration of free radicals produced photochemically in
oceanic waters. They concluded that the production was high enough to have a

geochemical effect, but that it was unknown what that effect would be.

Carbon cvcle

By 1994 anthropogenic emissions had increased the concentration of carbon dioxide in
the atmosphere by 27% since the Industrial Revolution (Sarmiento and Bender. 1994).
That increase is particularly dramatic when compared with the relatively stable
atmospheric concentration over the preceding 800 years. It has led to widespread
concern about the “greenhouse effect” and other potential global climate changes. Since
dissolved organic matter in the surface ocean is a significant active reservoir of organic
carbon (Amon and Benner, 1994), photochemical researchers over the past decade have

become particularly interested in studying the role of photochemical reactions in the

global carbon cycle.

Deuser (1988) pointed out that carbon cycle models did not balance, that roughly half of

the terrestrial organic carbon that entered the ocean each year had no known sink. Kieber
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et al. (1989) suggested the photochemical breakdown of the refractory, high molecular
weight organic carbon compounds into smaller, biologically available molecules as a
potentially significant sink for DOC. They provided evidence of increased biological
uptake of pyruvate after its production during the irradiation of high molecular weight
material. For a discussion of the combined photochemical - biological sink, see the
earlier section "biological effects of photochemistrv". A number of subsequent authors
have supported the idea of a significant photochemical sink for DOC in the ocean (for
example, Kieber and Mopper, 1987; Kieber er al., 1990; Mopper et al., 1991 Valentine

and Zepp, 1993: Miller, 1994; Moran and Zepp, 1997; Vodacek et al., 1997).

Miller (1994) wrote a review of recent work in aquatic, organic photochemistry. which
demonstrated that by the early 1990s the idea that photochemical breakdown could be an
important sink for organic carbon was well established. It was clear, however. that the
calculations made at that time concerning the size of the sink required many simplifying
assumptions about the radiation field in the ocean, and about the proportion of DOC that
was photochemically available. Also, at that time, the direct photoproduction of DIC,
now known to be the most rapidly produced inorganic carbon photoproduct, had not been
measured. Carbon monoxide was the largest measurable carbon photoproduct (Erickson.
1989; Valentine and Zepp, 1993). Valentine and Zepp (1993) reported that CO

photoproduction could represent a loss of 0.1-0.5% organic C day™ at 40°N in shallow.

natural waters.
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The photochemical production of DIC, probably as CO,, has been measured by a number
of researchers (for example, Chen ez al., 1978; Miles and Brezonik, 1981; Allard et al.,
1994; Salonen and Vihitalo, 1994; Miller and Zepp, 1995; Granéli et al., 1996; Moore,
1999). Miller and Zepp (1995) reported that DIC was produced at about ten to twenty
times the rate of CO production, although the spectral efficiency of the reaction remained
unknown. Granéli et al. (1996) reported the direct photoproduction of DIC in five lakes
in Sweden and found that photoproduction at a series of depths was most strongly
correlated with the penetration of UVA radiation (320-400 nm). Salonen and Vihiitalo
(1994) determined a quantum yield spectrum for DIC in a Scandinavian lake, also using
tubes suspended at several depths. Moore (1999) irradiated samples of Nova Scotia lake
water in a solar simulator to calculate the quantum yield for DIC in a well-defined
irradiance field. She measured a 50-60% colour loss across the spectrum associated with
a calculated total summer (June 16 - September 29, 1997) photochemical production of
0.029 moles DIC m”. Assuming no input of DOC during this time, Moore calculated a

seasonal loss of 2.7% of the standing DOC concentration in the lake.

The role of photochemistry in the carbon cycle continues to be an area of active research.
and may result, as Zafiriou predicted, in the closure of the non-anthropogenic part of
global carbon cycle models. This thesis fits into the carbon cycle branch of organic
marine photochemistry and combines it with ocean optics and remote sensing to

make a reasonable, quantitative estimate of the photochemical source of dissolved

inorganic carbon in the ocean.



Chapter 2. Quantum Yield of DIC Photoproduction

2.1 Introduction

Quantum yield

The photochemical oxidation of coloured or chromophoric dissolved organic matter,
CDOM, is known to produce a number of biologically and chemically reactive
substances, as described in Chapter 1. To calculate the rate of formation of these
products in natural waters, it is essential to know the efficiency of the reaction that
produces them. Since the energy of solar radiation varies with wavelength. the quantum
efficiency of many photochemical reactions is wavelength-dependent. As a result. it is

useful to study the spectral efficiency or "spectral quantum yield" of a reaction.

Spectral quantum yield has been determined for a number of photochemical products,
including hydrogen peroxide (Moore et al., 1993), formaldehyde (Kieber er al.. 1989).
and carbon monoxide (Valentine and Zepp, 1993; Kettle, 1994). Valentine and Zepp
(1993) reported that the high quantum yield of carbon monoxide probably made its
production a significant sink for biologically refractory DOM in sea water. Miller and
Zepp (1995) found that DIC was produced from CDOM at about twenty times the rate of
carbon monoxide production. Several authors have since measured quantum yield points
or spectra in fresh water, as described in the "Carbon cycle" section of Chapter 1. but

currently there are no published quantum yield spectra for DIC in sea water.
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The spectral quantum yield, ¢(A), of a reaction is defined as (Balzani and Carassiti,

1970):

o(A) = number of molecules undergoing a process
number of photons absorbed by the reactant

(2.1)

(All symbols and abbreviations used in this thesis are listed in the table on page ix.) For

the production of DIC from CDOM, equation (2.1) becomes:

o) = moles of DIC produced from CDOM
moles of photons absorbed by CDOM

Because neither the molar absorptivity of CDOM nor the reaction mechanism for the
photochemical production of DIC is known with confidence, equation (2.2) represents an

"apparent” spectral quantum yield.

This chapter presents the first DIC quantum yield spectra calculated for sea water. They
were determined using samples from the Gulf Stream, the Mid-Atlantic Bight, and
Bedford Basin and the North West Arm, Nova Scotia. The variability of DIC quantum

yield with location and depth is also described, and an explanation for that variability is

suggested.

CDOM Absorptivity

The first law of photochemistry, the Grotthus-Draper Law, states that only light that is

absorbed can effect a chemical change (Balzani and Carassiti, 1970). In the ocean
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CDOM absorbs the radiation that drives the photoproduction of DIC. CDOM is
coloured, biologically refractory, and of high molecular weight (100 000 to 300 000 amu.
Poutanen and Morris, 1983). It is also known as "Gelbstoff™”, "gilvin”, "dissolved humic
substance” and "non-living dissolved organic matter”. Since Kalle’s (1966) work on the
absorbance of UV radiation by CDOM, much research has concentrated on the
characterization of this material - its origin, composition, distribution, spectral
absorbance, complexation, and sinks. It has both terrestrial and marine sources, which
seem to result in different chemical compositions, although the structure of CDOM is as
yet unknown. Ertel et al. (1984) described the composition of terrestrially-derived
CDOM; it includes proteins, carbohydrates and lignin, and has a large phenolic
component which is derived from the lignin. Marine-derived CDOM has fewer aromatic
structures and contains no lignin. Marine- and terrestrially-derived CDOM have been
shown to be different by *C-NMR (Hedges et al., 1992), chemical composition analysis
(Mopper, 1977), and fluorescence spectroscopy (Coble, 1996.) Several authors have
demonstrated the in situ formation of marine CDOM from the degradation products of
phytoplankton (Nissenbaum and Kaplan, 1972; Harvey et al., 1983: Poutanen and
Morris, 1983), while terrestrial CDOM is thought to come from the decomposition of
terrestrial plants. However, some of the CDOM found in the open ocean may be

reworked terrestrially-derived material.

Despite compositional differences in CDOM among source locations, its absorbance
spectrum is always a fairly smooth, exponential decay with increasing wavelength (for

example, Bricaud ez al., 1981; Zepp and Schlotzhauer, 1981; Carder et al., 1989; Blough
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et al., 1993; Green and Blough, 1994; Vodacek et al., 1996). The smoothness of the
spectrum is probably caused by the size and complexity of the material, which contains

many different chromophores.

Absorbance, A(4), is defined as the attenuation of radiation over a defined path length

(modified from the Beer-Lambert Law presented in Balzani and Carassiti, 1970):

A(A) = log, (E(4,0)/ Ei(4,2)) (2.3)

where. in a spectrophotometer, E(A.0) is the irradiance (Wm™nm™' or

moles photons m?s'nm™) that enters the medium, E,(A,z) is the irradiance (Wm™nm" or
moles photons m”s'nm’') that leaves it, A is wavelength (nm), and z is pathlength (m).
Since pathlength varies among spectrophotometers, absorptivity is commonly used

instead of absorbance. Absorptivity, a(A) (m"), is related to absorbance by:

a(A)=2303A4)/: (2.4)

The factor 2.303 converts from base 10 logarithm to natural logarithm.

In general, the magnitude of CDOM absorptivity at all wavelengths decreases offshore

(Bricaud ez al., 1981) by as much as an order of magnitude. While some authors have

reported that the slope of the log-linearized CDOM absorbance spectrum (hereafter

referred to as the "slope of the absorbance spectrum" or "absorbance slope" for
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consistency with general usage) is fairly constant everywhere, with an average slope of
about -0.015 nm* (Bricaud et al., 1981; Zepp and Schlotzhauer, 1981; Carder et al.,
1989), more recent work has shown great variability (Blough er al., 1993; Hgjerslev,
1998). In this study, absorbance slopes were measured with a range of -0.007 to -0.05
nm’ in the Mid-Atlantic Bight alone. The slope depends strongly on the spectral range

over which it is calculated.

2.2 Methods
The photochemical production rate of DIC, d[DIC]/dt (moles DIC m™s), in an optically

thin solution can be expressed as:

d[DIC]/dt = [ Eo(A) acpos(}) o(A) dA 2.5)

where E(A) is the scalar irradiance (moles photons ms'nm™), and acpou(4) is CDOM
absorptivity (m™'). The spectral quantum yield can be calculated from measurements of
spectral irradiance, absorptivity and DIC production rate during an irradiation experiment
as described below. (In the solar simulator, we measure downwelling irradiance, not
scalar irradiance, but since the cells are arranged on a black, velvet cloth inside the
irradiation box, and the incident radiation is approximately collimated, the measurement

is probably reasonable.)
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Water sample collection and storage

Samples were taken from the Mid-Atlantic Bight and from Bedford Basin and the North
West Arm, Nova Scotia (figure 2.1; sample names and locations in table 2.1). One litre
of sea water was collected from within a metre of the surface and 1 litre from below the
mixed layer at each station, using a CTD rosette, except in Bedford Basin, where water
was only collected from the surface, using a Niskin bottle on a hydrowire, and in the
North West Arm, where water was collected from the surface in a 4 | polycarbonate
bottle. Each sample was filtered immediately on board the ship through a 0.2 pum
Schleicher and Schuell Nylon 66 filter to remove particles and bacteria, except for the
Bedford Basin and North West Arm samples, which were filtered on return to the
laboratory within a day of collection. The Bedford Basin and North West Arm samples
and those taken during the August 1997 cruise in the Mid-Atlantic Bight were pressure-
filtered using a peristaltic pump with an in-line filter; the others were vaccuum-filtered.
After filtration, samples were stored for less than a year at 4°C in amber glass bottles to

minimize biological activity and photochemical breakdown of CDOM.

DIC stripping and irradiations

The determination of quantum yield spectra for the photochemical production of DIC in
seawater presents several difficulties. The high concentration of DIC in sea water (about
2000 uM, Libes, 1992) would mask completely the low concentrations of DIC produced
photochemically over a 4 - 12 hour irradiation — typically 1-8 uM in this study — if the
DIC initially present were left in the sample. Accordingly, all the pre-existing DIC was

stripped from the samples before irradiating them. Each stored sample was refiltered
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Sample name Latitude (°N) Longitude (°W)
M9705-03s 38.67 74.88
M9705-03d 38.67 74.88
M9705-05s 30.52 74.68
M9705-05d 30.52 74.68
M9705-16s 36.21 72.00
M9708-08s 37.27 74.36
M9708-08d 37.27 74.36
M9708-16As 36.21 72.00
M9708-16Ad 36.21 72.00
F9805-01 44.73 63.66
F9805-03 44.71 63.67
F9805-04 44.70 63.66
NW Arm 9906 (unfaded) 44.62 63.56
NW Arm 9906 (faded) 44.62 63.56

Table 2.1. Sample names and locations. Samples beginning with "M" come from the
Mid-Atlantic Bight; those beginning with "F" come from Bedford Basin, Nova Scotia:

and "NW Arm" refers to the North West Arm, Nova Scotia. The four digits following the

location code refer to the year and month of collection, for example "9708" means
August 1997. The number following the hyphen is the station number, and "s" and "d"
mean surface and deep, i.e. below the mixed layer, respectively. "Faded" means
previously exposed to prolonged irradiation in the solar simulator, as explained in the

text.
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sequentially through two 47 mm Schleicher and Schuell Nylon 66 membrane filters (pore
size 0.2 um) into a glass Erlenmeyer flask and then into a glass sparging vessel. The
sparging system was assembled as shown in figure 2.2 and the sample acidified to a pH
between 3 and 4 with concentrated HCI to convert all the carbonate and bicarbonate into
CO,. Carbon dioxide-free air was then bubbled through the sample for about an hour,

until no measurable DIC remained.

The stripped sea water was buffered back approximately to the original pH with
powdered Fisher ACS sodium borate (Na,B,0, « 10 H,0O). The addition of the acid and
buffer to a sample was found to increase its absorptivity by about 5% in the UVB,
leaving the longer-wavelength portion of the spectrum essentially unchanged. Control
experiments showed that neither of these additives produced measurable DIC
photochemically. It was not feasible to strip the DIC from sea water samples without
acidification; two days of bubbling with CO,-free air without acidification resulted in no

measurable decrease in the DIC concentration.

Another complication of initial attempts at these experiments (data not shown) resulted
from the production of DIC by bacterial respiration during the irradiations. Bacterial
respiration could not be subtracted from the total production in each cell using the dark
value in these early experiments, because bacteria did not grow equally well in all cells:
UV radiation damages bacteria (Kaiser and Herndl, 1997), so they were more
metabolically active in the dark and long wavelength cut-off cells. The experiments

contaminated in this way were not used to calculate the fourteen quantum yield spectra
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presented in this thesis. To minimize such contamination in the experiments whose
results are shown here, the quartz irradiation cells and their silicon fittings were sterilized
for at least three hours under a Phillips TUV 30W / G30 T8 long-life ultraviolet UVC
source in a laminar flow clean hood before each experiment. The fittings were attached
to the irradiation cells inside the laminar flow hood. The DIC-free sea water was injected
into the irradiation cells through their sterilized silicon septa, directly from the sparger’s
sample port, using a new, sterile 21.5 gauge needle for each experiment. Gloves were
always womn when the glassware was being handled, and all the glassware and tubing for
the sparging system were soaked overnight in 10% HCI before each use. With these
precautions, the dark control value of DIC production was typically the same as that
measured under the 480 cut-off filter (filters described in the following section) and

lower than that measured under the next shortest wavelength cut-off filter (380 nm).

To determine spectral quantum yield, samples were irradiated in a Heraeus Suntest CPS
solar simulator with a 1000 W xenon lamp as described by Xie er al. (1998). Fourteen
quartz irradiation cells were arranged in an aluminum and brass frame under Schott long-
pass cut-off filters as shown in figure 2.3. Each cell was wrapped in black electrical tape,
leaving only the ends open, to prevent the lateral leakage of radiation among cells. Two
dark cells were included to correct for non-photochemical production of DIC during
irradiation, although production under the 480 nm cut-off filter was eventually used
instead of the dark, because that value was often indistinguishable from the dark
production. Cells were always oriented as near to vertical as possible to avoid pathlength

variations. The method was not very sensitive to such variations however; a cell with a
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thirty degree tilt from vertical showed only ten percent less DIC production than
observed in previous irradiations. During all other irradiations, cells were oriented within
five degrees of vertical. Each filter transmitted about 90% of the incident radiation at
long wavelengths; the transmission decreased sharply to zero at shorter wavelengths, with
50 % transmission at one of the following "cut-off" wavelengths: 280, 295, 320, 335,
380, and 480 nm. Six pairs of matched filters were used for replicate irradiations. It was
not always possible to obtain data from replicate cells because of limited sample volumes
and because some samples developed bubbles during irradiation, making them unusable.
Where replicates were used, the two production values were within five percent of one
another, despite the slight non-uniformity of the light field in the solar simulator.
[rradiation times varied from 4 to 7 hours. Spectral downwelling irradiance was
measured under each filter with an Optronics OL754 spectroradiometer fitted with a
fibreoptic cable. Successive measurements with the spectroradiometer showed less than
1% variation in the irradiance measured at any wavelength. Figure 2.4 shows the spectral

irradiance measured under each filter.

To test the effect of irradiation history on quantum yield, 1 litre of water from the North
West Arm was prefaded by irradiating it for 111 hours at the full output intensity of the
solar simulator in an open borosilicate vessel covered with UV-transparent polyethylene
film (Cling Wrap®). The maximum intensity of the solar simulator was 3.3 times that of
the irradiance shown in figure 2.4. Two quantum yield experiments were then conducted

as usual, one on the prefaded water and the other on a portion of the same sample which
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had not been previously faded but which had been stored at 4°C in an amber glass bottle

while the first portion was faded.

DIC measurements

After irradiation, several millilitres of water from each irradiation cell were extracted
with a 21.5 gauge needle into a 10 ml gas-tight syringe though the silicon septum. Three
to seven replicate 200 pl sub-samples were injected with a repeating pipet into the acid
trap and sparger of the CO, analyzer system shown in figure 2.5. The phosphoric acid
(pH=2.0) in the acid trap converted all the inorganic carbon species into CO, which was
then stripped from the sample and carried into the system in a stream of UHP nitrogen
gas. The sample CO, passed sequentially through Drierite (anhydrous CaSO,, Hammond
Drierite Company) and magnesium perchlorate (Mg(ClO,),, Aldrich ACS) columns to
remove water vapour before entering a Li-Cor 6262 CO, / H,O infrared detector. The
CO, analyzer was calibrated daily with a series of standards (0, 5, 10 and 20 uM DIC)
made each day from a stock SmM sodium carbonate solution that was made freshly about
once a month from dried sodium carbonate (Na,CO,;, BDH AnalaR). All the calibration
curves had r* > 0.98 except one which had r* = 0.97. The standard deviation of the mean
of 50 replicate injections of distilled water was 0.16 uM. The limit of detection, defined
as 3 times the standard deviation for the distilled water measurement, was 0.5 uM. This
is definitely a conservative estimate of precision, since the distilled water injections were
done over several months and their standard deviation included the day to day variability

of the machine, while a new standard curve was made every day.
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Figure 2.5. CO, analysis system. Sample is injected into acid bath in
sparger to convert DIC to CO,. CO, is carried on N, stream through
infra-red detector in Li-COR CO,/H,0O Analyzer. The signal from the
Li-COR is analy zed by SRI Instruments Peaksimple II chromatography
software. “UHP” nitrogen is ultra-high purity grade. “MFC” stands for
mass flow controller.
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Absorbance measurements

The spectral absorbance of each filtered, DIC-stripped sample was measured with
reagents added prior to irradiation, so that it represented as closely as possible the colour
of the solution that was irradiated. Spectral absorbance was measured against a
Nanopure, UV-irradiated distilled water blank in a cylindrical, 10 cm quartz cell with a
Varian CARY?3 dual-beam scanning spectrophotometer. (Absorbance measurements for
the optical relationships determined in Chapter 3 were made using a Hewlett Packard
HP8453 diode array spectrophotometer. The two spectrophotometers gave nearly
identical results after the spectra were corrected as described below.) The sea water
samples and distilled water for the blank were temperature-equilibrated in a shallow
water bath at room temperature for an hour prior to absorbance measurement.
Absorbance, Acpoy(A) (AU), was measured from 280 nm to 800 nm, and the values were

converted to absorptivity, acpou(A) (M), using equation (2.4).

Scattering by fine particles, blank drift (in diode array spectrophotometers), and a
difference between the index of refraction of the seawater sample and of the distilled
water blank can all affect the measured spectral absorbance. Instead of correcting for

each problem individually, an equation of the form:

acpord A) = Ce™* + ag 2.6)

was fitted to each absorbance spectrum over the range 280-550 nm, where C (m™"),
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S (nm™") and ap (m™) are fitting parameters and A is wavelength (nm). The offset, ay. was
then subtracted from the whole spectrum. The fit was not used for any purpose other
than to provide an offset value. Figure 2.6 shows the absorptivity spectra for the darkest
and clearest samples. All the absorptivity spectra and the calculated fits are shown in

Appendix 2.

Calculation of quantum yield spectra

Spectral quantum yield for each irradiation experiment was calculated by two methods:
calculation by difference, and a curve fit based on the method described by Rundel
(1983). The difference method consisted of dividing the difference between the number
of moles of DIC produced under filters with adjacent wavelength cut-offs by the
difference between the irradiance measured under the two filters, as described by Xie et

al. (1998). For example:

_ d[DIC)/dt (280cut) — d[ DIC)/dr (295cut)

¢(287.5nm)
E(280cut)acpop — Eo(295cut)acpon

The resulting quantum yield point was plotted at the wavelength halfway between the
two successive cut-off wavelengths. In this way, five quantum yield points were
calculated for each experiment, using six different cut-off filters. (Plotting the quantum
vield point at the central wavelength between two cut-off wavelengths is not ideal where
the quantum yield changes rapidly with wavelength; the point should actually be plotted
closer to the shorter cut-off wavelength, as explained by Rundel (1983) and Cullen and

Neale (1997)). This method was complicated by the non-uniformity of the light field
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inside the solar simulator. Irradiance and production values had to be corrected to
represent the values that would have been measured had the intensity of incident
radiation been the same above the each filter at every location in the box. Each
irradiance spectrum and production value was normalized with respect to the irradiance
measured under the filter in hole #1 of the irradiation box by summing the irradiance
measured under each filter from 450 to 550 nm and calculating the ratio of that sum for
each filter to that measured in hole #1. (It was important to compare the spectra
measured under each cut-off filter in the position in which the filter was used during
irradiation, rather than to compare the irradiance at each location under the same filter, to
account for differences in the reflective properties and thicknesses of the different filters.)
The sum of irradiance measured under each filter from 280 nm to 550 nm was divided by
the ratio calculated as above before adjacent irradiance measurements were subtracted.
The production value in each cell was divided by the same ratio. Obviously. the
normalization described above introduced errors into the quantum yield estimate. but the

difference calculation could not be made without it.

The curve-fit (Rundel) method did not require any such normalization. Instead. this
method assumed a spectral shape for the quantum yield. The measured DIC production
values and the product of spectral irradiance and CDOM absorptivity in each cell (after
subtraction of the production value from the cell under the 480 nm cut-off filter. which

was used as a dark) were entered into a Matlab® program. The program then calculated

best fit parameters m; and m; for the equation:
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¢(l) - e-(ml*m.’ (A -290) (28)

(A double exponential fit did not improve the fit to the data and seemed an unnecessary
complication.) The program changed m; and m; iteratively from initially input values to
find the best match between the measured production values and those predicted by
equation (2.5). The agreement between predicted and measured DIC production values
was very good, with r* values ranging from 0.92 to 0.99 (n=6-9). Figure 2.7 shows the
match between measured and calculated values of DIC production for the best and worst
fits obtained. It demonstrates that even the worst fit described the observed production
rates reasonably well. Eleven of the fourteen calculated quantum yield spectra predicted
DIC production with r* > 0.96. Error bars in figure 2.7 show the 95% confidence
intervals for measured DIC production, determined from the variability in fifty replicate

distilled water DIC measurements made throughout the five-month period of the

experiments.

The curve-fit method has several advantages over the difference method. It does not
require so much data manipulation and uses all the spectral information available.
Because it does not rely on differences between adjacent production values, it is more
resistant to single outlying values. It also avoids the problem of plotting quantum yieid
values at the central wavelength of each irradiance band, as described for the difference
method. However, the difference method, while somewhat clumsy, is thoroughly
transparent at each step. It requires a detailed understanding of the unit changes and

calculations performed at each step. It also provides an order-of-magnitude check for the
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measured values. Error bars show the 95% confidence intervals for the measured
DIC production values, calculated from the variability in 50 replicate distilled
water DIC measurements made over a five-month period.
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curve-fit method, which can give completely erroneous answers without any indication of
a problem. Calculating every spectrum both ways increases confidence in the estimate of
quantum yield. Figure 2.8 shows the quantum yield spectrum for the surface sample
from station 5 calculated using both methods. For all other spectra only the results of the

curve-fit method are shown.

2.3 Results

Apparent quantum yield spectra were determined for fourteen samples from the Gulf
Stream, the Mid-Atlantic Bight, and the Northwest Arm and Bedford Basin, Nova Scotia.
The spectra varied, both in shape and in magnitude. See table 2.2 for a summary of the
equations that describe the quantum yield spectra. Although none of the quantum yield
spectra could pass through zero at 480 nm, because they were fit to single exponential
equations, the resulting production calculated for the cell underneath the 480 cut-off was
below the limit of detection in every experiment. Therefore, a non-zero quantum yield at
480 nm is not inconsistent with experimental results. However, this result shows that
more experiments are required with additional cut-off filters at wavelengths between 400
and 480 nm to define better the shape of the quantum yield spectra in that region of the
irradiance spectrum. Improved measurement sensitivity would also help to determine
whether or not there was any photochemical production of DIC by radiation at

wavelengths longer than 480 nm.
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Figure 2.8. Apparent quantum yield spectra for sample m9705-05. calculated
using both the Rundel and difference methods.



Sample name m, m,

Inshore / terrrestrially influenced

samples

NW Arm 9906 (unfaded) 7.5 0.0096
M9708-08s 6.0 0.041
F9805-01 6.7 0.026
F9805-03 5.9 0.051
F9805-04 7.0 0.032
Inshore pooled spectrum 6.66 0.0285
Coastal samples

M9708-08d 6.2 0.013
M9705-05s 6.1 0.020
M9705-05d 7.1 0.0083
NW Arm 9906 (faded) 57 0.017
Coastal pooled spectrum 6.36 0.0140
Open ocean samples

M9705-16s 5 0.012
M9708-16As 5.3 0.013
M9708-16Ad 5.7 0.0073
Open ocean pooled spectrum 5.53 0.00914
Stn 3 (should be inshore)

M9705-03s 3.6 0.058
M9705-03d 5.9 0.0068

Table 2.2. Apparent quantum yield fit parameters for the equation:
¢ = e ™*™ABN - Pooled spectra calculated as best fit to all production and
irradiance data for each zone.
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Neither the slope of an individual log-linearized quantum yield spectrum (-m;; hereafter
referred to as the "slope of the quantum yield spectrum” or the "quantum yield slope")
nor its magnitude at 290 nm (e™") was well predicted by the slope of the corresponding
CDOM absorptivity spectrum or by the magnitude of CDOM absorptivity at 290 or 350
nm (r* < 0.4; data not shown). However, sample location was a strong predictor of

quantum yield shape and magnitude, as described below.

The sample locations fell into three broad categories: (1) inshore, including the turbid
Bedford Basin, North West Arm, and surface samples just outside the Delaware Bay that
were strongly terrestrially influenced; (2) coastal, on the continental shelf in the Mid-
Atlantic Bight; and (3) open ocean, Gulf Stream samples of blue water. These zones
could be defined roughly by salinity: inshore (salinity less than 31), coastal ( salinity

between 31 and 35), and open ocean (salinity greater than 35 on the Practical Salinity

Scale).

A pooled quantum yield spectrum was calculated for each zone by applying a single
exponential fit to all the DIC production, absorbance, and irradiance data for that zone at
once (figure 2.9). The equations of the pooled quantum yield spectra are recorded in
table 2.2, and figure 2.10 shows their 80% confidence intervals. The confidence intervals
for the three pooled spectra overlap. This is not surprising, however, considering the
gradational boundaries between the environments represented. The width of the
confidence intervals reflects the variability among the samples taken within each zone.

The inshore and coastal zone spectra were more variable (r* of pooled spectra 0.83
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(n=25) and 0.82 (n=20), respectively) than were those in the open ocean zone (r* =0.93,
n=15). The pooled spectra show trends of increasing magnitude and decreasing slope
from inshore to offshore. Both trends lead to a greater efficiency of DIC production

offshore.

To demonstrate the combined effects of the trends in slope and magnitude, equation (2.2)
was used to calculate a volume production rate for each quantum yield spectrum and for
the pooled spectra, using identical absorptivity and irradiance spectra (irradiance
measured in the solar simulator under 280 nm cut-off filter as shown in figure 2.4) tor
each calculation (figure 2.11). This isolated the role of quantum yield in production rate
calculations. It is clear from this figure that the inshore water is the least efficient at
producing DIC, while the open ocean water is the most efficient. For a given colour and
irradiance spectrum the largest estimated production rate is twenty-one times that of the
smallest. A single quantum yield spectrum clearly cannot be used to predict DIC
production rate everywhere in the ocean. The other noteworthy feature of figure 2.11 is
the close approximation of the production rates calculated from the individual quantum
vield spectra in each zone to that calculated using the corresponding pooled spectrum.
Production rates calculated from the pooled spectrum for each zone predict the calculated
production rates in water from individual stations in that zone to within 40%. The
quantum yield spectrum for the unfaded water from the North West Arm fitted into the

inshore category, while, to judge from the calculated production rates, the prefaded

sample was more like the shelf samples.
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A finer scale trend apparent from the data was that the surface sample at any given station
always had a steeper quantum yield slope than did the sample taken from below the
surface mixed layer at that station (figure 2.12, for example). Corresponding pairs of
surface and deep spectra crossed one another, though not at a consistent wavelength, so
that the quantum yield values of the deep samples were higher than those of their surface
counterparts in the visible region of the spectrum. The surface sample was always more
efficient in the UVB than was the deep sample. It is not unreasonable that the water
taken from two depths should show distinct photochemical characteristics, since optical
profiles taken at all the stations where deep and surface samples were taken showed a
change in the attenuation of UVA and blue radiation at the bottom of the mixed layer.

(See Chapter 3).

Response curves were calculated for the three zone pooled quantum yield spectra.
defined as the product of ¢(A) and E4(4) (after Moore, 1999). The response curves
represent spectral, water column production rates; they show which region of the
spectrum is the most effective over the whole water column at producing DIC. For this
calculation the total monthly. clear sky, spectral scalar irradiance just beneath the ocean's
surface at 40°N in July (figure 2.13) was used, calculated according to Gregg and Carder
(1990) (modified by Arrigo, 1994). To determine the total monthly irradiance, irradiance
spectra were calculated at fifteen minute intervals for every day in July 1998 and
summed. The response spectra are shown in figure 2.14. Because of the variation in
quantum yield slope, the response spectra for different zones have different shapes. The

peak response for the inshore zone is at 320 nm, while for the coastal and open ocean



1 x 10702

- Station 3, surface

= = station 5, deep

Apparent quantum yield
(moles DIC / mole photons)

280 380 480
Wavelength (nm)

Figure 2.12. Apparent quantum yield for station m9705-03, surface and
deep samples. The quantum yield determined for the surface sample was

steeper than that for the sample from below the mixed layer at every
station.
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Figure 2.13. Total monthly, clear-sky, scalar irradiance at 40°N,
calculated as described in text, from Gregg and Carder, 1990. modified
by Arrigo (1994).
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zones, which have shallower quantum yield slopes, it is shifted to 400 nm. Spectral,
near-surface production rates are shown in figure 2.15. They were calculated as the
product of the zone pooled quantum yield spectra, the monthly spectral scalar irradiance
at 40°N, and absorptivity spectra taken from stations within each zone. The decreasing
slope of the quantum yield spectrum with distance from shore combined with the

steepening of the absorptivity siope resulted in a peak near-surface DIC production rate at

330 nm for all three zones.

2.4 Discussion

The photochemical production of DIC in all areas of the ocean cannot be calculated
accurately using a single quantum yield spectrum. However, it does seem possible to
estimate DIC production using a combination of three pooled spectra, one for inshore
water (salinity less than 31), one for coastal water (salinity between 31 and 35). and one
for open ocean water (salinity greater than 35). Using the pooled quantum yield spectra
with appropriate absorptivity and irradiance spectra, it may be possible to calculate DIC
production to within 40% of the correct value at any station and probably more accurately
as an average over a wider area, since the zone pooled spectra represent averages. not
individual stations. More quantum yield determinations would be helpful in assessing the

broad applicability of the pooled spectra presented here.

The oligotrophic water was more efficient at producing DIC photochemically than was

either the shelf or the inshore water. Of course, the actual surface production rate



W
~

2.0x 100

1.6 x 109
1.2x 1003
8.0x 10°%

40x 10%

0 v

(a)
1.0 x 103

L

8.0 x 10°%

6.0 x 10-044
4.0 x 10°%4

2.0x 10

0 - . -
(b)

50x10%

DIC Production rate (moles DIC m™ month™! nm™')

4.0 x 1004
3.0x 10%
2.0x 104)“}

1.0 x 104

280 330 380 430 480
Wavelength (nm)
(c)

Figure 2.15. Spectral dependence of monthly DIC production rate (scalar irradiance x
zone pooled quantum yield x representative absorptivity spectrum)
(2) inshore; (b) coastal; (c) open ocean.



53
depends on the colour of the water, and inshore water absorbs UV more strongly than
does open ocean water. Consequently, the relative importance of the three zones for
carbon photochemistry in the surface waters of the ocean is not as skewed toward the
blue water as it appears from figure 2.11. However, if one considers photochemical
production over the whole water column rather than surface production, then oligotrophic
water does produce more DIC photochemically than does inshore water. Since CDOM is
thought to be the main absorber of UV radiation in all areas of the ocean (for example,
Bricaud et al., 1981), UV penetrates more deeply in water with a lower concentration of
CDOM. Ultimately, for the same incident irradiance, about the same amount of UV
radiation is absorbed by CDOM over the whole water column, regardless of water type.
In that case, for a given irradiance field, only the quantum yield and not the colour of the

water will control total water column DIC photoproduction.

The inshore to offshore trend toward greater production efficiency suggests an insight
into the DIC photoproduction mechanism. Considering terrestrially-derived CDOM, one
might expect that the less degraded material found close to the source would produce
DIC more efficiently than the reworked molecules found offshore after prolonged
exposure to sunlight, but the opposite is true. The following explanation might resolve
the apparent paradox. Photodecarboxylation is the likely mechanism by which DIC is
formed trom CDOM (Chen et al., 1978). Molecules containing aromatic structures can
undergo photodecarboxylation, but it is the attached carboxylic acid functional groups
and not the ring structures themselves which produce CO, (Budac and Wan, 1992).

Inshore, terrestrially-dominated CDOM contains more of the highly-coloured. aromatic
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ring structures than does CDOM collected in the open ocean (Meyers-Schulte and
Hedges, 1986), while CDOM from both sources contains carboxyl groups. It is possible
then, that the largely aromatic components of terestrially-derived CDOM which are
responsible for the majority of absorption are not those responsible for DIC
photoproduction. As the aromatic structures are eliminated by photochemical fading or
as marire-derived CDOM begins to dominate absorbance, the proportion of DIC-
producing to non-DIC-producing chromophores within CDOM increases. In this way.
the efficiency of the DIC-producing chromophores might remain constant. while the
efficiency of the whole molecule for DIC production increased. The loss of non-DIC-
forming chromphores by fading is supported by the increased quantum yield determined
in North West Arm water following prolonged irradiation in the solar simulator. It is
possible that other photochemical products might show different or even opposite trends
in efficiency with location and irradiation history, depending on which components of
CDOM produce them and on their relative roles in light absorption within the molecule.

This should be examined in future studies.

2.5 Summary

This chapter presents the first quantum yield spectra for the production of dissolved
inorganic carbon in sea water. Despite wide geographic variability in the spectral
quantum yield of dissolved inorganic carbon, it can be represented by three pooled
spectra for zones defined by salinity. The selective loss by photobleaching or microbial

degradation of highly-absorbing chromophores which do not produce dissolved inorganic
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carbon may explain the trend toward increased efficiency of dissolved inorganic carbon

photoproduction offshore.



Chapter 3. Optics

3.1 Introduction

Coloured or chromophoric dissolved organic matter, CDOM, in the ocean is a strong
absorber of UV and visible radiation (for example, Clarke and James, 1939; Burt, 1958;
Kalle, 1966; Bricaud et al., 1981; Druffel et al., 1992) and the precursor for many
photochemical reactions, including the photochemical production of dissolved inorganic
carbon, DIC. (See Chapter 2.) Both the magnitude and the shape of the CDOM
absorbance spectrum vary with time and location (for example, Siegel and Michaels.
1996; Hojerslev, 1998). so a single spectrum cannot be assumed for the whole ocean. For
depth-resolved production, it is important to know both the absolute spectral absorptivity
of UV by CDOM, acpouf4). and the rate of total attenuation of photochemically active
irradiance with depth, K4(4). For calculations of total water column production, the

proportion of photons absorbed by CDOM must be known (Cullen ef al.. 1997).

Austin and Petzold (1981) showed that the downwelling attenuation coefficient. KiA).
for visible radiation could be estimated as a function of the ratio of the upwelling
radiance, L,(4), at two wavelengths, for example as measured by the Coastal Zone Color
Scanner satellite. The wavelength ratio approach has also been applied to the prediction
of chlorophyll concentration in surface waters (Gordon et al., 1983; review by Aiken et
al.. 1992). Images of global ocean chlorophyll concentrations are now produced
routinely from satellite data taken by the Sea-viewing Wide Field-of-view Sensor

(SeaWiFS; SeaWiFS Project, 1999).

56
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A number of investigators have determined algorithms that they suggest could be used to
relate remotely-sensed properties to in situ absorption or scattering by CDOM or to the
concentration of DOC (for example, Fenton er al., 1994; Vodacek et al., 1995; Ferrari er
al., 1996). Hochman et al. (1994) and Hoge et al. (1995) used the water-leaving radiance
at 443 nm calculated from CZCS data together with an assumed CDOM absorbance

spectral slope to determine in situ CDOM absorption.

The SeaWiFS§ sensor, launched in 1996 on the SEASTAR satellite, has an additional
detector for upwelling radiance at 412 nm. Part of the purpose of this sensor was to
facilitate remote estimates of DOM (Nelson, 1997). Several satellite images of CDOM
absorbance have been produced, using a variety of algorithms and presented at
conferences (for example, Kahru and Mitchell, 2000; Siegel er al., 2000). To produce
images of CDOM absorbance and of photochemical production rates that did not require
the assumption of a single spectral absorbance slope, Cullen er al. (1997) suggested an
approach in several steps which would make use of the 412 nm sensor: (1) relate satellite
measurements of water-leaving radiance to in situ radiance reflectance, R(A). defined as
the ratio of upwelling radiance to downwelling irradiance; (2) find empirical relationships
between the ratio of reflectance at two visible wavelengths (412 nm and 555 nm) and K,
at several UV wavelengths; (3) calculate total UV absorbance from K, UV): (4)
determine the magnitude of absorbance by particles, particularly phytoplankton; and (5)
subtract absorbance due to particles and water from the total to calculate the CDOM
absorbance. Photochemical production is then calculated using the CDOM absorbance. a

solar irradiance model, and a quantum yield spectrum for the reaction.
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SeaWiFS does not have UV detectors; atmospheric interference makes direct satellite
measurements of UV upwelling radiance from the ocean extremely difficult. However, it
seems reasonable to apply the Austin and Petzold (1981) reflectance ratio approach to
K4(UV), since the components of sea water which absorb UV radiation also absorb visible
radiation. For this study, the Cullen et al. (1997) approach was modified to determine a
direct, empirical relationship between K,(UV) and acposy(UV) at corresponding
wavelengths without first subtracting the contributions of other absorbing components

(Johannessen et al., 1999).

This chapter presents relationships among in situ visible reflectance, K (UV). and
acpos(UV). It also includes relationships between visible reflectance calculated from
SeaWiFS ocean colour data and in situ K4(UV) and acposu(UV), and compares measured
with predicted values of K4UV). The optical relationships developed here should prove
useful in areas of research beyond those addressed in this thesis. For example. changes in
CDOM absorbance due to photobleaching (for example, Vodacek et al., 1996) can
change the depth of penetration of UV radiation, which is of interest to biologists.
because UV radiation is known to inhibit phytoplankton productivity (for example.
Cullen and Neale, 1994; Smith and Cullen, 1995) and to damage bacteria (for example.
Jeffrey et al., 1996; Kaiser and Herndl, 1997; Huot, 1999). CDOM can also interfere
with estimates of chlorophyll concentration made from remotely-sensed data (for
example, Mortimer, 1988; Carder et al., 1989; Doerffer and Fischer, 1994; Hochman et
al., 1994; Siegel and Michaels, 1996; Yentsch and Phinney, 1996; Nelson er al.. 1998:;

Bontempi, 1999; Siegel, 1999), because it can absorb strongly at short, visible
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wavelengths. A more extensive discussion of the development of ocean optics can be

found in Appendix 1.

3.2 Methods

Sample locations

Two cruises were undertaken in the Mid-Atlantic Bight in the summers of 1996 and 1997
and one in the Bering Sea in June 1997. Samples and data collected during two more
Mid-Atlantic Bight cruises taken in the summers of 1997 and 1998 were also available.
Sample locations are shown in figure 3.1. During the July 1997 cruise aboard the R/V
Seward Johnson, optical casts were made at five stations along cross-shelf transects.
Optical casts were made aboard the R/V Cape Henlopen in May and August 1997 and in
July 1998 at 11, 24 and 37 stations, respectively. In the Bering Sea aboard the R/V

Wecoma, optical casts were made at 13 stations along a cross-shelf transect.

Water collection and storage

At each station water was collected from the surface, and at many stations samples were
also collected from below the mixed layer using a CTD rosette. Water samples were
filtered immediately to remove particles and bacteria; during the first Mid-Atlantic Bight
cruise in 1997, samples were filtered on board through Whatman GF/F (nominal pore
size 0.7um) filters and then refiltered through 0.2um Schleicher and Schuell Nylon 66

membrane filters on return to the lab. Water taken during the other cruises was
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immediately filtered through 0.2 um Schleicher and Schuell Nylon 66 filters. During the
August 1997 cruise, samples were pressure-filtered through the 0.2 um filters using a
peristaltic pump with an in-line filter; samples from the other cruises were vaccuum-
filtered. Water samples were stored for less than a year at 4°C in amber glass bottles to

minimize biological activity and photochemical breakdown of CDOM.

Absorbance Measurements

Spectral absorbance was measured in a 10 cm quartz flow cell in a Hewlett Packard HP
8453 diode array spectrophotometer from 190 to 1100 nm at | nm resolution. and the
values were converted to absorptivity, acpey(A) (m™), as described in Chapter 2 (equation
2.4). A correction was made for scattering, baseline drift, and refractive index

differences as described in Chapter 2 (equation 2.6).

Optical Measurements

Two instruments were deployed at each optical station (figure 3.2). A Satlantic SeaWiF$
Profiling Multichannel Radiometer measured downwelling irradiance at depth in thirteen
channels (2 nm bandwidth for UV, 10 nm for visible channels: acquisition rate 6 Hz)
centred on the following wavelengths: 305, 323, 338, 380, 412, 443, 490, 510. 532, 555,
670, 683, and 700 nm. The visible channels coincided with those of the radiance sensors
on the SeaWiFs$ satellite (Satlantic, 1999; SeaWiFS§, 1999), although the SeaWiFS
bandwidth was wider (20 nm for 412-555 nm: 40 nm for 670-700 nm). The downwelling
attenuation coefficient was calculated over the first optical depth (from the surface to the

depth at which the downwelling irradiance fell to 1/e of its surface value) using the
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profiler data with the Matlab® routine "ksurf " written by R. Davis. The routine made

use of the relationship:

KAA, z+1724z) = INEfAz)/ EfAz+Az))/ Az 3.1D

(Kirk, 1983) where EfA,z) (Wm™nm) is downwelling irradiance measured at the first
depth, EfA,z+Az) (Wm™nm") is the downwelling irradiance at the subsequent depth,
and Az is the change in depth, z (m), between two consecutive measurements. Figure 3.3
shows a typical irradiance profile. The standard deviation of K, measurements at UV
wavelengths and 412 nm, based on replicate profiles (n=2-3), ranged from 2% for open
ocean stations to 6% for inshore stations. The profiles were dark-corrected using the
stated dark calibration values given by Satlantic Inc.. The bend in the 380 nm profile at
the bottom of the mixed layer was typical of all August profiles. Measurable irradiance
at 323 nm and 338 nm usually did not reach the bottom of the mixed layer. so there is no

way to tell whether or not their rate of attenuation would have changed at that depth.

A Satlantic Ocean Colour Radiometer (OCR) simuitaneously measured incident
downwelling irradiance just above the ocean’s surface in the same thirteen wavebands as
the profiler and also at 590 nm (acquisition rate 6 Hz). It provided a surface reference for
the profiler’s irradiance measurements to correct for changes in incident irradiance during

the profile. The OCR also measured upwelling radiance within a few c¢m of the water’s
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Figure 3.3. Station M9708-07: (a) irradiance profile (b) reflectance at 412 nm
during profile
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surface (no correction made for attenuation with depth) in the same fourteen channels.
Reflectance, R(A) (sr™'), was calculated as the ratio of the average upwelling radiance,
LA, 0-) (Wm™nm''sr"), to the average downwelling irradiance, E(A, 0+) (Wm™nm™),

just above the surface during the profile (Kirk, 1983).

R(A) = L(A,0-)/E{A, 0+) 3.2)

The standard deviation of the time-averaged reflectance at each station ranged from 5 to
17 % for both 412 and 555 nm, with less variability in clearer water. A typical plot of
reflectance vs. time during a profile is shown in figure 3.3. Figure 3.4 shows typical plots
of the wavelength-dependence of reflectance and K, at an open ocean station (blue water)

and at a coastal station (green water).

3.3 Results

Relationship between in situ K4(A) and in situ reflectance

The downwelling attenuation coefficient at 323, 338 and 380 nm was plotted against
several ratios of visible reflectance to find the strongest correlation. The ratio of
reflectance at 412 nm to reflectance at 555 nm predicted K at 323, 338, and 380 nm most
robustly (figure 3.5). (Although by convention the y-axis is reserved for the dependent
variable. the purpose of the plot was to find an equation that could be used to predict K,
from reflectance.) For clarity, error bars are omitted from figure 3.5. Reflectance at 412

nm alone predicted K4(UV) fairly well for those stations outside of the very turbid



Downwelling attenuation coefficient, K (1) (m™)
Reflectance, R(M) (sr!)

300 400 500 600 700
Wavelength (nm)

(b)

Figure 3.4. Downwelling attenuation coefficient and reflectance vs. wavelength
for (a) and open ocean station (M9708-15), and (b) an inshore station (F9805-03).
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Delaware and Chesapeake Bays (data not shown). However, the R(412) / R(333) ratio
allowed the inclusion of all stations in a single relationship. Regressions on these data

yielded the following empirical relationships (n=53):

Ka(323nm) = 0.781 R(412nm) / R(555nm)™"% =091 (3.3)
Ka(338nm) = 0.604 R(412nm) / R(555nm)" " =091 (3.4)

K.(380nm) = 0.302 R(412nm) / R(555nm)™"** r*=0.95 (3.5)

To obtain a continuous spectrum for UV attenuation, a single exponential regression line
was fitted through the three K, points (at 323, 338 and 380 nm) either measured or
generated from the reflectance data. (See figure 3.6 for an example of the exponential fit

to Kd.)

Calculation of CDOM absorptivity from K4

CDOM is the main component responsible for UV attenuation in the ocean. To
determine the proportion of KsU¥) due to CDOM, and to investigate how that proportion
varied with location, measured acpgss was plotted against measured K at corresponding
wavelengths for all stations (figure 3.7). K predicts acpoys well at 323 and 338 nm. and
reasonably well at 380 nm; the correlation breaks down at longer wavelengths where
other components, particularly phytoplankton pigments, absorb more strongly. K;and
acpoy seem to be related linearly. The following regression equations were determined

for water taken from a wide variety of environments - from coastal to off-shelf. blue
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waters in the Bering Sea and from the coast to the Gulf Stream in the Mid-Atlantic Bight

(n=33):

acpou(323) = 0.92 K«323) - 0.01; r* =0.88 (3.6)
acpou(338) = 0.88 K(338) - 0.03; > =0.88 (3.7
acoou(380) = 0.97 K4(380) - 0.02; r* =0.66 (3.8)

Since the intercept values given above are within the uncertainty of the absorbance
measurement, these equations suggest that at each UV wavelength, CDOM absorptivity
contributes a constant proportion of attenuation. The six samples from inside the turbid
Delaware and Chesapeake Bays did not fit the above relationships at all well. While the
number of bay samples was too low to give convincing statistics, the plots of acpoys vs.
K for these samples were strikingly linear. The equations of the best fit regression lines

to the bay data are (n=6):

acpos(323) = 0.31 K«(323) + 0.05; r* =097 (3.9)
acpos(338) = 0.26 K4(338) + 0.66; =094 (3.10)
acoou(380) = 0.22 K4(380) + 0.34; =072 (3.11)

The lower proportion of K; attributable to CDOM inside the bays probably results from

absorption of UV by organic or organically-coated particles and from increased particle

back-scattering.



Calculation of K; and CDOM absorptivity from satellite data

The empirical relationships described above were applied to three SeaWiFS archive data
scenes to evaluate their use as predictors of K. Data were level 3, monthly-binned
images with 9 x 9 km resolution from May, July and August 1998. The satellite was not
yet operational during the 1996 and 1997 cruises, but the July 1998 image includes the

period of the last cruise.

Images of normalized water-leaving radiance at 412 and 555 nm from the Distributed
Active Archive Center (DAAC, 1999; for example, see figure 3.8), were used to calculate
a reflectance ratio (L,(412):Ea(412) / Lu(333):E4(355)) at each pixel as described below.

(The wavelength dependence of each variable is left implicit to simplify the equations).

Normalized water-leaving radiance, nL,, (W m’znm'lsr'l), is calculated according to:

nL,= L, (0+) (Fo/ Ed(O"')) (312)

(modified from Fraser et al., 1997) where L,(0+) is water-leaving radiance measured just
above the surface of the water (W m™nm’'sr), F, is mean extraterrestrial solar irradiance
corrected for earth-sun distance and orbital eccentricity (W m>nm™); and E4 (0+) is
downwelling irradiance measured just above the surface of the ocean (W m™”nm’"). Since
the OCR reference measures upwelling radiance just below the surface of the ocean.

L.(0-) (W m‘2m°'sr"), L,.(0+) was calculated from L,(0-), according to Gordon and

Clark (1981):



3

(b)

Figure 3.8. Normalized water-leaving radiance in the Mid-Atlantic Bight
for July 1998 (mW cm-2um'sr!): (a) 412 nm; (b) 555 nm.
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L(0+)=~0.57 L(0-) 3.13)

Substituting for L,,(0+) in equation (3.12), the ratio of water-leaving radiance at 412 nm
to that at 555 nm was related to the ratio of the measurable, in situ reflectance at those

wavelengths:

nly(412) =_0.57 F (412) L.(412, 0-) / E (412, 0+) (3.14)
nLw(355)  0.37 Fy(355) Lu(555, 0-) / E4(353, 0+)

Fo,(412) and F,(555) were calculated according to Gordon et al., 1983:

Fo(A) = Ho(A) (1+e cos(2 m (D-3)/ 365))° (3.19)

where H,(A) is the mean extraterrestrial solar irradiance (Wm™nm™), and e is the

eccentricity of the earth's orbit (0.0167; Gordon et al., 1983). Values for Hy(4/2) and

Hp(555) were taken from Gregg and Carder (1990),

H,(412) =1.812 Wm™nm" (3.16)

H,(555) =1.896 Wm™nm" (3.17

Using the empirical relationships described in earlier sections of this paper and the

reflectance ratio R(412) / R(355) calculated from the SeaWiFS normalized water-leaving

radiance values at each pixel, Kz and acposs were calculated throughout the UV.
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(a)

(®)

()

Figure 3.9. Downwelling attenuation coefficient (m!) at 323 nm in the North
Atlantic Ocean, calculated from SeaWiF$S normalized water-leaving radiance
data. binned to 9 km x 9 km, monthly resolution. (a) May 1998; (b) July 1998:
(c) August 1998.
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Figure 3.9 shows maps of calculated K at 323 nm for May, July and August 1998 in the
Mid-Atlantic Bight. The 412 nm normalized water-leaving radiance data generated from
SeaWiFS images are unreliable in areas with a high concentration of particles in the
water (Marlon Lewis, personal communication), because the algorithm used to calculate
nLw(412) includes the assumption that all the radiation at 670 nm incident on the surface
of the water is absorbed (Fraser et al., 1997). The assumption is not valid in areas of high
particle concentration. This problem is often manifested in negative nearshore nLw(+4/2)
values. Therefore, for this study, an arbitrary cut-off value of 2.0 x10”° Wm™ nm'sr"'

was chosen. and all pixels with nLw(412) or nLw(353) below that value were masked.

Masked pixels are shown in black in figure 3.9, as is land.

While most of our in situ data were collected before the SeaWiFS satellite was
operational. the July 1998 satellite image included the period of our last cruise. /n situ.
measured reflectance ratios (R(412) / R(555)) at three stations during that cruise were

compared with the corresponding R(412) / R(555) values calculated from the satellite

image (table 3.1).
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The stations were chosen to represent mid-shelf, shelf break and offshelf waters. The
calculated reflectance ratios were within 11 - 22 % of the measured values. All of the
calculated values were lower than the measured ones, possibly because of the systematic

underestimate of water-leaving radiance at 412 nm by current satellite algorithms.

Measured and predicted K, values were also compared. Values of K; measured at 323.
338. and 380 nm at three stations during the July 1998 cruise were compared with those
calculated at the nearest pixel from the monthly-binned, July 1998 SeaWiFS image, as

for the reflectance ratios (table 3.1).

Ky values determined in August 1997 in the Gulf Stream were also compared with those
calculated for the nearest pixel in August 1998 (table 3.1). The modelled K, at 323 nm
was within 10% of the measured value at each station. The modelled values of K, at 338

and 380 nm were within 30% of the measured values at the mid-shelf station.
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The modelled values improved with distance from shore, and were within 6% of
measured values in the Gulf Stream. At the mid-shelf and shelf break stations the
modelled K, values were all higher than the actual values, probably again as a result of

the problem with the atmospheric correction in the presence of particles or of a high

concentration of CDOM.

An exponential regression was fit to the three UV K values (both modelled and
determined in situ; table 3.1) at each station. The slope of the natural logarithm of
spectral Ky (hereafter referred to as the " K, slope") determined using the modelled K,
values was within 20% of that determined from the in situ K, values at every station.
Clearly. the relationships presented above give a good estimate of in situ UV attenuation.

at least in the Mid-Atlantic Bight in the summer.

Figure 3.9 shows a distinct seasonal change in UV attenuation. Ky(323) appears to have
decreased by about 50% from May to August in the Mid-Atlantic Bight, possibly by

photobleaching or because of lower terrestrial runoff in August. Attenuation at the other
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UV wavelengths follows the same pattern, as does CDOM absorptivity (data not shown).

which is tied directly to K in the equations used to generate the images.

3.4 Discussion

The relationships between reflectance and K; seem to be robust for all five cruises. over
the whole summer in the Mid-Atlantic Bight, and in June in the Bering Sea. They are
consistent over a wide range of water types, from turbid, inshore waters to clear,
oligotrophic, offshore waters. It seems likely that they will be widely applicable to
different oceans and different seasons, although they require further testing in the winter

and in other locations.

A linear relationship fits the acpoy vs. Ky data at 338 and 323 nm. (A linear relationship
can also be applied to the data at 380 nm, but with less confidence; figure 3.7) CDOM
absorptivity appears to vary directly with the total attenuation. This seems reasonable for
the open ocean. where most of the CDOM comes from the decomposition of
phytoplankton (Kalle, 1966), the only other open ocean component whose UV absorption
varies seasonally. Some of the scatter in figure 3.7 might be due to the variety of times of
day and latitudes at which the K; measurements were made, which would probably

change the geometry of the irradiance entering the water.

K is not the same as total absorption. While we measure attenuation by comparing

irradiance at two depths separated by a known vertical distance, photons do not all travel
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straight down. It is important to account for the average pathlength travelled by a photon
as it is scattered down through the water column. This is usually accomplished using

L, the average cosine of the downwelling irradiance distribution (Kirk, 1983).

a(d) = Ka(A)x f1a () (3.18)

where a(}) is total absorptivity (m™). It is unclear what value should be used for g in
the UV. Previous authors have published measurements which show that dcpoy in the
UV appears to be greater than K;x Ed using values for [L appropriate for visible
radiation. Morris er al. (1995) reported this problem in the clearest lakes in their study
and explained it as a result of scattering. DeGrandpre er al. (1996) found the same result
in the Mid-Atlantic Bight. They attributed the discrepancy to low apparent K due to
wave focussing, and also suggested that light in oligotrophic water might be less diffuse
than is usually assumed. Another possible explanation was that particles in the
spectrophotometer cells artificially increased apparent absorbance. However, the
absorbance spectra presented here were corrected for scattering in the spectrophotometers
as described in Chapter 2 (equation 2.6). The relationships between acpoy, and Ky
presented in equations 3.6 to 3.8 show that if 1 in equation 3.18 were taken to be
approximately 0.7 as is usual for visible radiation (see Ciotti et al., 1999). acpoyr would

be greater than total absorptivity even after the scattering correction.

There is evidence to suggest that 11, (UV) may be higher than the values usually used for

diffuse visible radiation. Kirk (1983) showed with Monte Carlo simulations that ;Td
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increased as the ratio of scattering, b(4) (m™), to total absorption, a(4) (m™") decreased.
and approached 1 as b(4) / a(A) approached 0 for vertically incident light. Bannister
(1992) also showed that Ed depended on b(4) / a(A) and on depth. For b(4) / a(A) =1
and vertically incident sunlight, for example, Bannister calculated a Ed of about 0.97 at
the surface, and 0.9 as it approached the asymptotic value at depth. For sunlight incident
at30°, Uy approached 0.95 at the surface; for sunlight incident at 60°, U approached
0.85 at the surface. The ratio b(A) / a(A) must be lower for UV than for visible radiation:
absorbance increases exponentially with decreasing wavelength, while scattering only
increases proportionally with wavelength to the power of 0-1 (Gordon et al.. 1988) or 2
(Sathyendranath er al., 1989). Figures 3.10 and 3.11 show a comparison of the spectral
dependence of b and a. So, from Bannister's models, g of 0.9 - 0.97 is quite possible.
Berwald er al. (1995) modelled the dependence of /L on depth, absorption. and
scattering, also for vertically incident radiation. J. Berwald kindly provided us with a
spreadsheet model that calculated 114 for several UV wavelengths using parameters
extrapolated from visible values (water absorbance and scattering, scattering by small
particles, scattering by large particles, particulate absorbance). Using these parameters
and realistic coastal and open ocean values for chlorophyll concentrations and acpoy,
(table 3.2), 4 for 350 nm varied between 0.90 and 0.96. (While the extrapolation of
some of the model parameters into the UV may not have been entirely rigorous. there
were no measured values available (J. Berwald, personal communication.)) Gordon
(1989a) calculated theoretical values for the distribution function (1/ /Id) just beneath the
surface of the ocean for several visible wavelengths and solar zenith angles. He did not

calculate any values for UV, but from his calculation it can be seen that ;Z,(440nm) is
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Figure 3.11 Spectral dependence of b/a, where scattering is proportional to
A0 A-', or A2, absorptivity is proportional to %92 and a(450)=1.
(a) where b/a(450)=15; (b) where b/a(450)=2.



Wavelength (nm) Calculated 1

Offshore
acpom(300nm) = 0.3 m™ 300 0.97
[ch]] =0.1 mg I’ 350 0.90

400 0.86
Coastal
acpom(300nm) =2 m™! 300 0.98
[chl] =1 mg 1" 350 0.96

400 0.92
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Table 3.2. Examples of g calculated using J. Berwald's model for offshore and coastal

water. Note that some assumptions have not been tested for UV radiation, and many

parameters were simply extrapolated from visible values.
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greater than 0.9 just beneath the surface of the water for solar zenith angles of 0 - 30°.
This section is not intended to give a precise value for s (U¥), but simply to show that
it is possible that it is between 0.9 and 1. Clearly this is a problem that requires further

study.

Accepting that 1, might be close to 1 for UV radiation, the variation in the ratios acpoy
/ K4 reported at 323, 338, and 380 nm requires some explanation. [t might have resulted
from wavelength-dependent variation of g  or of the b / a ratio, or from absorption by
other components, such as the photo-protective mycosporine-like amino acid pigments.
MAAs. These pigments are produced by some phytoplankton and absorb most strongly
between 300 and 360 nm (Karentz et al., 1991; Vernet and Whitehead, 1996). This
interaction could represent a limitation to the remote determination of CDOM
absorptivity, since, in a phytoplankton bloom which produces a high concentration of
MAA, the relationships developed here might not apply. The particularly high ratio
reported for 380 nm should be used with caution, due to the lower correlation coefficient
of that relationship (r* = 0.66). In general, where particle loads are typically low. as in
most parts of the ocean, it seems that absorbance by CDOM is responsible for essentially
all of the UV atttenuation. This result is consistent with previous meaurements made in
the Bering Sea (A. Ciotti, personal communication). Also, while Smith and Baker (1981)
presented results that suggested that pure water also absorbed a significant proportion of
UV photons in the open ocean, their measurements were made on ocean water that

probably contained CDOM. More recent measurements by Pope and Fry (1997) on



87
commercially distilled water show significantly less absorption by pure water, although

unfortunately, they only measured absorption at wavelengths 380 nm and longer.

3.5 Summary

This chapter presents empirical relationships between the in situ downwelling attenuation
coefficient at several ultraviolet wavelengths and in situ visible reflectance. and between
the downwelling attenuation coefficient and the absorptivity of coloured dissolved
organic matter at the same ultraviolet wavelengths. These relationships apply over a
wide range of water types, in two oceans. Coloured dissolved organic matter is
responsible for essentially all uitraviolet attenuation in the ocean in the summer in the
areas studied. The in situ ultraviolet downwelling attenuation coefficients are also related
to visible reflectance calculated from satellite images. The average cosine for

downwelling UV irradiance may be between 0.9 and 1.



Chapter 4. DIC Photoproduction Estimates

4.1 Introduction

Previous authors have noted that there must be a process in the ocean which
remineralizes about 10" moles of terrestrially-derived dissolved organic carbon, DOC.
every year (for example Kieber ef al., 1989; see Chapter 1) for which there is currently no
quantified sink. Kieber et al. (1989) suggested that the missing sink might be
photochemical oxidation, but they were unable to quantify the importance of the process
at that time. Miller and Zepp (1995) and Kieber and Mopper (2000) made estimates of
the rate of photochemical DOC remineralization to DIC, the carbon photoproduct
produced at the highest rate, but without a DIC quantum yield spectrum, both approaches

required many simplifying assumptions.

Miller and Zepp (1995), for example, measured the production rate of DIC under full-
spectrum radiation in a solar simulator. They then scaled the measured absorptivity-
normalized production rate to an average in situ rate using a calculated annual irradiance
spectrum and the calculated absorptivity at 350 nm of "global average river water". The
resulting average near surface rate of conversion of DOC to DIC calculated for 40°N was
7.5 x 107 moles C I'' hour™', which they pointed out made the photochemical oxidation of

DOC a significant sink for organic carbon in the ocean.

88
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Kieber and Mopper (2000) calculated a global, annual rate of DIC photoproduction.

They had found that the ratio of DIC/CO produced during full spectrum irradiations of
open ocean water was about 8, so they multiplied a global estimate of CO production (see
chapter 5) by that factor. They estimated that 1.1 x 10"° g C (about 0.9 x 10" moles)

were remineralized to DIC each year.

The method presented in this chapter combines the spectral quantum yield data and
optical relationships presented in previous chapters with satellite images and a solar
model to make a more quantitative estimate of DIC photoproduction in the Mid-Atlantic

Bight and in the whole ocean.

4.2 Methods

Water column production estimates

Both vertically-resolved and whole water column DIC photoproduction rates were
estimated. To calculate a depth profile for DIC photoproduction at stations for which
quantum yield spectra were determined, the modelled surface scalar irradiance was
propagated down through the water column using an attenuation spectrum, Ku(A).
calculated from the measured K, values with two single exponential fits (figure 4.1:
r*=0.97-0.99 for UV and 412 nm section, n=4; r°=0.94-0.99 for visible section. n=4). At
each depth (1 m intervals), the product of spectral scalar irradiance and the measured

spectral CDOM absorptivity and quantum yield spectra gave spectral DIC production
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(equation 2.5). The sum of the depth-resolved production down to 200 m at each station
represented the whole water column production rate. This method requires in siru
measurements of acpou(}), Ka(4) and ¢(4). Obviously, it is not a practical way to make

calculations over a large area.

Using representative, measured quantum yield spectra, it is possible to calculate a whole
water column rate of photoproduction in an area without measuring values of acpoy(4).
Ka(4) or ¢(4) at each station, as explained below. This method invokes two assumptions.
The first is that all the solar radiation which passes into the water is absorbed somewhere
within the water column. This is reasonable, since a comparison of measured values of
E4(4) with L,(A), shows that only about 0.1 - 2% of the irradiance entering the ocean at
any wavelength is reflected back out again. With this assumption, if CDOM is the
precursor material for DIC photoproduction, it is necessary only to know what proportion
of the incident irradiance is absorbed by CDOM, rather than the actual absorptivity of

CDOM. and equation (2.5) becomes (after Cullen er al., 1997):

dDIC
dt

= [ By (2.0 %222 5 314 @1

1 a(A)
where dDIC/dt is the DIC production rate per unit area (moles DIC m™month™). Eq(A 0-)
is scalar irradiance incident just beneath the surface of the ocean (moles photons m™

month™ nm™), acpoy(A) and a() are CDOM absorptivity (m™) and total absorptivity
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(m™") respectively, and ¢(A) is the apparent quantum yield (moles DIC (mole photons)™).
The second assumption is that all the photochemically active radiation (mostly UV)
absorbed within the water column is absorbed by CDOM, i.e., acpoyya = 1. This

assumption is based on data presented in Chapter 3. If acpoy/a = 1, then equation 4.1

simplifies to:

dDIC
=== j E,(A,0-)p(A)dA (4.2)

Thus, to calculate whole water column DIC photoproduction rates. it is necessary only to
know the scalar irradiance just beneath the ocean's surface and which pooled quantum

vield spectrum to apply at each location.

Regional DIC photoproduction estimate made using SeaWiFS images

Using the assumptions described above, the calculation of DIC photoproduction from
SeaWiFS imagery required the selection of a pooled quantum yield spectrum for each
pixel. and an appropriate solar spectrum. Attenuation at 323 nm. K4(323), provided a
convenient way to distinguish the quantum yield zones. SeaWiFS images of monthly-
binned, normalized water-leaving radiance, nL,(4) at 412 and 555 nm in the Mid-Atlantic
Bight for July 1998 at 9 km x 9 km resolution (figure 3.8) were used to determine
Ka4(323), as described in chapter 3. (The nL,. images were from the SeaWiFS data set

available following reprocessing in August-September 1998.) The quantum yield zones
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were divided according to two apparent natural breaks in K;(323) with location. The
inshore zone was where K#323) was 22 m’'; the coastal zone where 2 > Ki(323) 20.2
m’'; and the open ocean zone where K4(323) <0.2 m™. Figure 4.2 shows the resulting
quantum yield zones in the Mid-Atlantic Bight for July 1998. Gregg and Carder's (1990)
solar irradiance model, as modified by Arrigo (1994), provided a monthly, clear sky.
scalar irradiance spectrum just below the sea surface for the wavelength range 295 - 480
nm. Irradiance (moles photons m™s™'nm™") was calculated at fifteen minute intervals for
every day in July and then summed to calculate the total monthly scalar irradiance. The
Mid-Atlantic Bight lies mainly between 36°N and 40°N, so the average of the monthly
spectral irradiance calculated at each of these two latitudes was applied to the whole Mid-
Atlantic Bight. For most of the wavelength range, the two spectra were within 2% of one
another, although through most of the UVB they were about 5% different. and at 295 nm
16% different. The TOMS data set provided a measured average ozone thickness over
the area for July 1998 (350 DU; TOMS, 1999) to use in the model with default
meteorological parameters (wind speed 0 m/s; 100% relative humidity: air temperature
30°C: atmospheric pressure 100 kPa). The resulting monthly scalar irradiance spectrum

is shown in figure 4.3 (a).

The clear sky irradiance model neglects the effects of clouds. Clouds affect both the
magnitude and spectral distribution of irradiance (Bartlett er al., 1998). The Bartlett er al.
(1998) model, extrapolated into the UV where it was not actually constrained by Bartlett
er al., was used to determine the effect of clouds over the Mid-Atlantic Bight for July

1998. In this model clear sky spectral irradiance is multiplied by a "cloud factor". which
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Figure 4.2. Quantum yield zone map for Mid-Atlantic Bight, July 1998
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accounts for the change in the magnitude of irradiance due to clouds, and by a "spectral
cloud effect”, which weights the spectral distribution of irradiance. In general clouds
reduce the magnitude of irradiance at every wavelength but attenuate shorter wavelength
radiation less than that at longer wavelengths. Calculation of both the cloud factor and
the spectral cloud effect requires the fraction of sky covered by cloud. Unfortunately
there were no direct cloud cover data available for the time of this study. so an indirect

measure from satellite imagery was used.

The number of days during July 1998 that each 1 km x 1 km pixel was covered by cloud
was determined from daily images of nLw(+490) in the Mid-Atlantic Bight (GAC level 2).
(The July 1998 cloud cover was calculated from the SeaWiFS data version available in
November 1999; that for the other months was from the January 2000 version.) The
distribution of the number of days of cloud masking is shown in figure 4.4. The ratio of
the number of cloudy days at each pixel to the total number of days in July (31) was used

to represent the average cloud cover fraction for that pixel for the cloud correction.

This method of determining the cloud fraction was not entirely satisfactory for two
reasons. Firstly, the satellite passed at approximately the same local time (about noon)
each day, which biased the cloud cover measurement toward a mid-day cloud cover
fraction; and secondly, mest of the pixel had to be covered by cloud that was opagque to
the satellite's sensors to be counted, so that only cloud cover over a wide area was
included. Warren er al. (1988) compiled an atlas of shipboard cloud cover estimates

averaged over 1952 to 1981 for each month, which showed that in the Mid-Atlantic Bight
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Figure 4.4. Number of days of opaque cioud cover in the Mid-Atlantic Bight
July. 1998, calculated as described in the text
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the average percent cloud cover was approximately 50% in July, while the method
described above resulted in cloud cover only up to 25% per pixel. The atlas is also
subject to some biases, which will not be discussed here, but it does suggest that the

estimate made in this chapter systematically underestimates average cloud cover.

Table 4.1 shows all the possible values for DIC photoproduction calculated as the product
of spectral zone pooled quantum yield and cloud-corrected incident irradiance tor cloud
fractions from 0/31 to 31/31. The image of DIC photoproduction in the Mid-Atlantic
Bight in July 1998 (figure 4.5¢) is the result of the combination of the actual values for
quantum yield zone and cloud fraction determined from figures 4.2 and 4.4, respectively.
The same procedure was followed to calculate DIC photoproduction in the Mid-Atlantic
Bight in October, January, and April to demonstrate seasonal changes (figure 4.5).
(Masked pixels in figure 4.5 represent those at which nL..(4/2) or nL.(555) was below

the cutoff value. See Chapter 3.)

Global annual oceanic DIC photoproduction estimate

To calculate an annual rate of photochemical conversion of DOC to DIC, the quantum
yield spectra determined in the Mid-Atlantic Bight and in Bedford Basin during the
spring and summer were assumed to apply equally well to the whole ocean in every
season. [t was also assumed, as explained above, that all the photochemically active
radiation that entered the water column was absorbed by CDOM. To make the
calculation, the world was divided into eighteen 10° latitude bands. The sea surface area

within each band was calculated (table 4.2) using data from the Combined Ocean
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Number of cloudy | Inshore Zone | Coastal Zone Open Ocean
days (/31) Zone
0 0.038 0.230 1.10
1 0.038 0.230 1.10
2 0.038 0.230 1.10
3 0.038 0.230 1.00
4 0.038 0.230 1.00
5 0.038 0.230 1.00
6 0.038 0.230 1.00
7 0.038 0.230 1.00
8 0.038 0.230 1.00
9 0.038 0.230 1.00
10 0.037 0.220 1.00
11 0.037 0.220 1.00
12 0.037 0.220 1.00
13 0.037 0.220 1.00
14 0.037 0.220 0.99
15 0.036 0.210 0.98
16 0.036 0.210 0.96
17 0.036 0.210 0.95
18 0.035 0.200 0.93
19 0.035 0.200 091
20 0.034 0.200 0.88
21 0.033 0.190 0.86
22 0.032 0.180 0.83
23 0.032 0.180 0.79
24 0.030 0.170 0.76
25 0.029 0.160 0.72
26 0.028 0.150 0.68
27 0.026 0.140 0.63
28 0.024 0.130 0.58
29 0.022 0.120 0.52
30 0.020 0.110 0.46
31 0.017 0.090 0.39

Table 4.1. Calculated DIC production rate (moles DIC m™ month™) for J uly
1998 in the Mid-Atlantic Bight, with all combinations of quantum yield zone

and fractional cloud cover.




Figure 4.5. Monthly rate of photochemical production of DIC in the Mid-Atantic
Bight (102 moles DIC m month! ): (a) January, 1998; (b) April, 1998.
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@)

Figure 4.5. Monthly rate of photochemical production of DIC in the Mid-Atlantic
Bight (102 moles DIC m month! ): (c) July, 1998; (d) October, 1998



Table 4.2. Sea surface area in each 10° latitude band used for global irradiance

calculation.

Latitude Band Sea Surface Area
in Band (km?)
90°S - 80°S 0
80°S - 70°S 3.11 x 10%°
70°S - 60°S 1.68 x 10°’
60°S - 50°S 2.55x 10"
50°S - 40°S 3.07 x 10%
40°S - 30°S 3.25x 10Y
30°S - 20°S 3.12x 10"
20°S - 10°S 3.37x 10"
10°S - 0° 3.40x 10"
0° - 10°N 3.45x 10"
10°N - 20°N 3.16 x 10°7
20°N - 30°N 2.51 x 10"
30°N - 40°N 2.09 x 10"’
40°N - 50°N 1.45 x 10"’
50°N - 60°N 1.07 x 10"’
60°N - 70°N 4.69 x 10%
70°N - 80°N 7.85x 10%°
80°N - 90°N 3.59 x 10
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Atmosphere Data Set (COADS, 1999). The annual scalar irradiance calculated from the
Gregg and Carder (1990) model (as modified by Arrigo, 1994) at each band's central
latitude (i.e at S5°N for the 50°N-60°N band) was calculated as described earlier for the
monthly spectrum - scalar irradiance (moles photons m™ s™ nm™) at fifteen minute
intervals was summed over the whole year. The annual irradiance was then multiplied by
the sea surface area in that latitude band to obtain an estimate of the annual spectral scalar
irradiance just below the surface of the ocean in each band. The summed irradiance in all
the latitude bands provided an estimate of the global, annual, clear sky, scalar irradiance

spectrum that passes into the ocean (figure 4.3 (b)). This estimate neglected the effect of

clouds.

The global annual irradiance spectrum was multiplied by both the open ocean and the
coastal pooled DIC spectral quantum yield. These two products represented the global
annual rate of DIC production assuming that the respective quantum yield spectrum
applied to the whole world. Then, assuming that about 7% of the world's ocean overlies
continental shelf and that the remainder is open ocean (following Andrews er al.. 2000).
the two products were weighted accordingly and summed to estimate the annual

photochemical production rate of DIC for the whole ocean.

4.3 Results

Figure 4.6 shows depth profiles of DIC photoproduction calculated for two stations using

measured attenuation coefficients, absorptivity, and quantum yield spectra and modelled
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Figure 4.6. Monthly DIC production rate by depth for an open ocean station
and a coastal station in the Mid-Atlantic Bight, August 1998.
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monthly, clear sky, scalar irradiance. While the production rate at the coastal station is
higher in the top 60 cm, total production summed at 1 m intervals over the top 200m of
the ocean is much higher at the open ocean station (table 4.3). Both profiles demonstrate
roughly exponential decay of production with depth, as a result of the shapes of the

attenuation spectra used to determine the light field.

The whole water column DIC production rate was calculated at five stations, using the
modelled irradiance and the appropriate pooled DIC quantum yield spectra. Table 4.3
compares the results of the water column calculation method with those calculated using
in situ quantum yield, acpos(A) and K4(A) at each station. In general, the two estimates
were closer for the open ocean station than for the coastal and inshore ones. This was
probably the result of the higher variability among quantum yield spectra in the coastal
and inshore zones. The water column method is more appropriate for calculations of
average production over a large area than at a single station, since the pooled quantum

vield spectra represent zone averages.

On a regional scale, the whole water column estimate showed that in July 1998,
photoproduction in the Mid-Atlantic Bight was about 1 mole DIC m”month™ in the open
ocean zone. and about a quarter of that in the coastal zone (figure 4.5 (a)). A comparison
of figures 4.2, 4.4 and 4.5 demonstrates that the choice of quantum yield spectrum
dominates the calculated DIC production rate; the effect of clouds, at least in that location

at that time of year, is insignificant in comparison.



Producti DIC Production
Station Dl(éo_zoo::)“on (whole water
column)
Open ocean (M9708-16As) 0.89 1.0
Coastal (M9708-08) 0.18 0.23
Coastal (M9705-05) 0.12 0.23
Inshore (F9805-03) 0.037 0.04
Inshore (F98035-04) 0.059 0.04
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Table 4.3. Comparison of DIC production rate (moles DIC m™ month™') calculated using

modelled clear-sky, monthly, scalar irradiance spectrum for July at 40°N: over the top
200 m calculated at 1 m intervals using measured in situ downwelling attenuation
coefficient. quantum yield. and absorptivity spectra vs. over the whole water column

using zone pooled quantum yield spectra.
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The October, January, and April images of the Mid-Atlantic Bight show a seasonal
change in the distribution of DIC photoproduction related to a change in transparency of
the coastal water, as shown in figure 4.5. DIC photoproduction per unit area was higher
in the summer, as expected, due to the higher incident irradiance. The calculated rate of
photoproduction was further increased in the summer by the increased transparency of
the water; this resulted in an interpreted increase in photochemical efficiency due to the
application of the open ocean quantum yield spectrum over a wider area. Whether that
increased efficiency is real remains to be tested with additional determinations of

quantum yield in samples taken during other seasons.

From the global calculation described earlier, a direct photochemical loss rate of 10"
moles of DOC year™ is estimated. Using the standard deviations of the coefficients of the
zone pooled quantum yield spectra calculated in chapter 2 and the stated error of the
irradiance model (£ 6.6%), a standard deviation for the global production estimate was
calculated. The calculation was made numerically, by varying the coefficient and
irradiance values up to their standard deviations through 1000 iterations using Matlab®.
and calculating the standard deviation of the resulting DIC production values. Asa
result, the calculated range of values for global annual DIC photoproduction is 0.7 - 4.1 x

10" moles C year™.
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Discussion

Miller and Zepp (1995) calculated an average near surface DIC production rate for 40°N
using "global average river water" of 0.75 umoles C I'' hour™'. For comparison, a similar
rate was calculated using the inshore zone pooled quantum yield spectrum, the annual
scalar irradiance at 40°N from the Gregg and Carder model, and the absorptivity
spectrum from the most inshore station (F9805-01) scaled up to 15.4 m™ at 350 nm to
match the colour of water assumed by Miller and Zepp (1995). The result was very
similar to that of Miller and Zepp. An average near-surface DIC production rate for 40°N
of 0.4 umoles C I'"' hour™'was calculated. However, the inshore zone pooled quantum
yield spectrum does not apply to most of the study area and probably not to most of the
ocean. Near-surface DIC production rates calculated for the coastal and open ocean
zone. using real CDOM absorptivity spectra and the appropriate zone pooled quantum
vield spectra were 0.04 umoles C 1" hour™ for the coastal zone and 0.03 umoles C I'!
hour™ for the open ocean zone, an order of magnitude lower than the calculated inshore
rate. While these near-surface rates are interesting for comparison with the earlier
estimate, they do not reflect the whole water column production rates that can be

calculated from the spectrally-resolved information in this thesis.

Kieber and Mopper (2000) calculated a global, annual DIC photoproduction rate of 0.9 x
10" moles by assuming that DIC was produced at about 8 times the rate of CO
throughout the ocean. That rate is clearly lower than the 10'° moles reported in this
thesis. However, if they had used a DIC/CO production ratio of 60 instead of 8, as

discussed in Chapter 3, their value would have been about 7 x 10** moles C per vear,
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which, for a global estimate, is quite close to the 10" moles C per year rate calculated

here.

Using the whole water column method, the global annual photoproduction rate of DIC
seems to be high, relative to the missing sink for terrestrial organic carbon mentioned in
the introduction (~10"* moles per year). Itis an overestimate for several reasons. For
example, this estimate is made for a full year of clear-sky irradiance; a full year of total
global coverage by opaque cloud would reduce it by a factor of 2-3, according to Bartlett
et al.'s (1998) cloud model. Also, the assumption that 100% of the photochemicaily
active radiation is absorbed by CDOM is reasonable for UV wavelengths, but since the
open ocean quantum yield spectrum has a fairly shallow slope, light with a wavelength as
long as 450 nm might be important. At that wavelength, there is significant competition
for photons by phytoplankton, although Siegel (2000) stated that for most of the open
ocean, CDOM was responsible for 50-60% of light absorption at 440 nm, and Yentsch
(1996) reported that CDOM absorbed 80-90% of the light at short, visible wavelengths in
the coastal waters of the Gulf of Maine in the spring. Therefore, a correct acpoyra ratio
could reduce the production further by up to a factor of two. Additionally, most of the
world's sediment input to the ocean comes from rivers draining south-east Asia and the
Pacific Islands (Gross and Gross, 1996), and most of the fresh water input is near the
equator (Libes, 1992), while the samples came from the north-western Atlantic. If that
terrestrially-influenced water is less efficient at producing DIC photochemically than the
open ocean portion of the north-western Atlantic, then the production estimate should be

lower for that reason also. More quantum yield determinations from other parts of the
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world in different seasons will be necessary to reduce the uncertainty of the global

annual DIC production estimate.

Another possible source of error is that the slope of the open ocean zone pooled quantum
yield spectrum, which is applied to most of the world in this calculation, might be too
shallow. The pooled spectrum is based only on three measured spectra, although those
three are very similar to one another (figure 2.9). It would tend to overestimate DIC
production if the slope were too shallow and included too much visible radiation.
However, the product of the global annual irradiance spectrum and the inshore pooled
quantum yield spectrum, which is much steeper and lower than the open ocean one, still
gives an annual DIC production rate of 10" moles C year. A calculation of DIC
production using the open ocean quantum yield spectrum, but only considering radiation
at wavelengths shorter than 400 nm results in an annual rate on the order of 10'* moles C
year'. Consequently, while more quantum yield determinations in open ocean water will
be necessary to preclude this possibility, it seems unlikely that the method described

above overestimates the global production rate by including too much visible radiation.

The estimate of global annual DIC photoproduction could be improved in the future in
several ways. As mentioned earlier, more DIC quantum yield spectra are needed to
characterize the variability of efficiency with location and season. Also, instead of
assuming that the irradiance spectrum at the centre of each 10° latitude band applied to
the whole band and using modelled, clear-sky irradiance, it would be useful to apply

measured irradiance spectra on the finest scale available, and to calculate the DIC
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production rate separately for each small area. The calculation at each location could
also use the correct quantum yield spectrum depending on the local water type instead of
making a global approximation of 7% coastal, 93% open ocean. Geographic Information
System, GIS, software would probably be quite useful in making such detailed

calculations.

While this calculation admittedly overestimates DIC production due to the effects of
clouds and of competition for photons at visible wavelengths, those two effects would not
reduce it by the factor of 100 needed to match the estimated missing sink for terrestrial
DOC. However, most of the photochemical oxidation taking place in the open ocean
probably involves DOC formed in situ from the degradation products of marine
phytoplankton, a source not considered in the aforementioned models. If 10'° moles of
DOC are indeed lost each year to DIC, then photochemical oxidation is also a significant
source of DIC to the surface ocean, comparable to the rate of DIC uptake by new

production (1.5 x 10"* moles C year, Carr et al., 2000).

Summary

The combination of satellite imagery with experimentally-determined quantum yield
spectra and empirical optical relationships represents a quantitative method for
calculating the photochemical production of dissolved inorganic carbon in the ocean.
Dissolved inorganic carbon production rates calculated in this way are comparable to

those calculated at individual stations from in situ measurements of absorptivity, quantum



yield, and downwelling attenuation coefficient. However, because the zone pooled
quantum yield spectra represent regional averages, the whole water column calculation
method is more appropriate for large areas than for individual stations. The near-surface
dissolved inorganic carbon production rate is higher at inshore stations because of the
higher concentration of coloured dissolved organic matter, but the shallower slope of the
quantum yield spectrum for open ocean water results in a higher water column
production rate in that zone. The global, annual rate of dissolved inorganic carbon
photoproduction is on the order of 10'° moles carbon year™, which is sufficient to
account for the whole missing sink for terrestrial dissolved organic carbon as well as
much of the dissolved organic carbon produced in the open ocean. Dissolved inorganic

carbon is produced photochemically at a rate comparable to its annual rate of uptake by

new production.



Chapter 5. Comparison with other photoproducts

5.1 Introduction

The accurate calculation of oceanic photochemical reaction rates requires a known
quantum yield spectrum. Quantum yield spectra have been determined for a number of
photoproducts prior to this thesis work. While DIC is the most rapidly produced carbon
photoproduct resulting from the breakdown of CDOM (Miller and Zepp, 1995), many
other chemically and biologically reactive species are also formed, as described in

Chapter 1.

[n particular, three of those products, CO, H,0O, and CS,, are of interest for their reactions
in sea water. Carbon monoxide is a volatile gas which, when emitted to the atmosphere,
reacts with hydoxyl radical and affects the buildup of greenhouse gases, such as methane
(Valentine and Zepp. 1993) and carbon dioxide (Erickson, 1989). It is also a substrate for
bacteria (Moran and Zepp, 1997). The photochemical formation of CO in the ocean is
thought to contribute significantly to its total atmospheric budget (Valentine and Zepp,
1993). Hydrogen peroxide reacts strongly with organic matter and may be an important
source of free radicals (Sikorski and Zika, 1993). Its distribution is so strongly tied to its
photochemical production at the surface of the ocean that it can be used as a tracer for
mixing (Zika er al., 1985). In the troposphere, CS, reacts to form COS, a source of long-
lived atmospheric aerosols which can affect the world's radiation budget (Xie e al..

1998). The photochemical formation of CS, in the surface ocean seems to

113
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provide much of the flux of CS, to the atmosphere (Xie et al., 1998). Clearly, it is

important to study the rates and distributions of formation of CO, H,0, and CS,.

The method described in Chapter 4 for determining regional DIC photoproduction can be
applied to any photochemical product whose spectral quantum yield is known. This
chapter compares the DIC quantum yield spectra reported in Chapter 2 for sea water with

those determined by previous authors in lake and river water, and with those of CO,

H,O,, and CS,.

5.2 Methods

The method described in Chapter 4 was used to calculate monthly total water column
production rates for CO, H,0,, and CS, in the Mid-Atlantic Bight for July 1998 and to
calculate a global, annual photoproduction rate for each. Where discrete quantum yield
data points were given instead of a full spectrum, a single exponential decay line was
fitted through the points (figure 5.1). Quantum yield data were taken from Moore (1999;
lake DIC). Gao and Zepp (1998; river DIC), Miller et al. (2000; H,O, spectrum), Moore
et al. (1993; discrete H,0, points), Ziolkowski (unpublished; ocean CO), Valentine and

Zepp (1993: river CO), and Xie er al. (1998; CS.,).
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5.3 Results

Figure 5.2 shows the quantum yield spectra or points for all products discussed in this
chapter. DIC is the most efficiently produced, and the quantum yield spectrum for H,O,
is the next highest. The CO quantum yield spectrum is about an order of magnitude

lower than the DIC ones, and the CS, spectrum is about three orders of magnitude lower.

It is difficult to assess the combined effects of magnitude and shape of quantum yield on
photochemical production rate simply by looking at the quantum yield spectra. so
monthly water column production rates were calculated for all the products in the Mid-
Atlantic Bight for July 1998, from the satellite images previously used to calculate
regional DIC production (figure 5.3; table 5.1). The values given in table 5.1 were
calculated using the monthly, clear sky, scalar irradiance at 40°N. Global, annual

production rates were also calculated (table 5.2).

5.4 Discussion

As previously predicted from laboratory experiments, DIC is produced far more quickly
in the ocean than is any other photoproduct with a known quantum yield. Its production
certainly represents the most rapid direct photochemical loss of organic carbon. The
effect of clouds on the other products is more marked than it is on DIC, because the
efficiency of their production is believed to be independent of location. With the
assumptions made in this calculation - particularly that all the photochemically active

radiation is absorbed by CDOM, which is the precursor material for all the reactions
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Figure 5.3. Monthly production rates in the Mid-Atlantic Bight, July 1998:
(a) CO (102 moles CO m2 month); (b) H,0, (10 moles H,0, m? month™');
(c) CS, (10 moles CS, m? month™!).
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Table 5.1. Comparison of monthly production rates (moles product m™ month™") for DIC

using all zone pooled quantum yield spectra with CO, H,0, and CS,, July 1998, Mid-
Atlantic Bight, clear sky, scalar irradiance at 40°N.



Global annual Globat DIC
Product duction rate production rate /
productio product rate
CO 3.8x 10" 58
H,0, 59x10" 37
CS, 6.3x 10° 3.5x 10°

Table 5.2. Global, annual production rates (moles product year™) for CO. H,0, and CS
and comparison with global annual DIC production rate.



studied here - for a given irradiance spectrum, the variation in quantum yield alone
determines the variation in production rate for the various products. The regional
production rate images for CO, H,O, and CS, in figure 5.3 show little of the spatial
variability in production rate which is so marked in the DIC production images (figure

4.6), because those products are thought to have only one quantum yield spectrum each.

DIC is produced about twice as quickly as CO in the inshore zone; it is produced at about
15 times the CO production rate in coastal water, and 60 times as quickly in open ocean
water. The range of these ratios is similar to that measured in the laboratory by Miller
and Zepp (1995; DIC / CO = 10-65) and brackets the ratios reported by Kieber et al.
(2000; DIC/ CO = 8-20). The ratio of monthly water column photoproduction of DIC to
that of H,O, ranges from 1.2 inshore to about 30 in the open ocean. CS, is produced from

18 000 times to 480 000 times more slowly than DIC in the Mid-Atlantic Bight in July.

The global annual estimate of CS, photoproduction presented here compares well with
the estimate made by Xie et al. (1998). Based on Xie er al.'s (1998) estimate of

36 umoles S m™ year” and a global sea surface area of 3.61 x 10" m’, their results predict
a global annual CS, photoproduction rate of 6.5 x 10’ moles CS, year”. Using the water
column production method presented in this thesis with Xie et al.'s quantum yield

spectrum the calculated rate is 6.3 x 10° moles CS, year™.

The global, annual estimate of CO production also compares quite well with that made by

Kieber and Mopper (2000) by extrapolation from measured, full-spectrum, near-surface
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production rates. Kieber and Mopper calculated that about 1.1 x 10" moles of CO were
produced photochemically each year, as compared with the 3.8 x 10"’ moles per year

estimated in this chapter.

The methods presented in this thesis will allow the remote estimation of whole water
column and depth-resolved production rates for any photochemical product of CDOM

that has a known quantum yield spectrum.



Chapter 6. Conclusions

The goal of this thesis was to make a quantitative estimate of the direct photochemical
source of dissolved inorganic carbon, DIC, in the ocean. The photochemical production
of DIC represents the most rapid direct photochemical loss of dissolved organic carbon,
DOC, so in this thesis its production is used as a proxy for DOC loss. The objectives set
out in Chapter 1 have been reached by determining the first quantum yield spectra for the
photochemical production of DIC in sea water; relating in situ attenuation and CDOM
absorptivity to remotely sensed ocean colour; determining the proportion of total
absorptivity due to CDOM, at least for the UV; and combining all of that information to

make quantitative estimates of DIC production.

Spectral quantum yield of DIC for any given sample was well represented by a single
exponential decay line. The spectra fell into three broad categories: inshore, coastal and
open ocean, defined roughly either by salinity or by ocean colour. The magnitude of
quantum yield increased with distance from shore, while the slope shallowed, which
together increased the efficiency of DIC photoproduction in the open ocean relative to
inshore production. This increased production offshore might represent a selective loss
of highly-absorbing, non-DIC producing chromophores either by photobleaching or by
microbial degradation. Fading in a solar simulator increased the efficiency of DIC
photoproduction by increasing the magnitude of the quantum yield spectrum, although

the slope of the spectrum steepened. More measurements of quantum yield are required
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to determine whether the three zone pooled spectra reported in this thesis apply equally

well to other areas of the ocean in other seasons.

The downwelling attenuation coefficient for UV radiation, K UV), can be predicted from
in situ or remotely-determined visible reflectance measurements. While these
relationships have not been tested in the winter or in the southern hemisphere, they seem
to be robust over a wide range of water types in the Atlantic Ocean and the Bering Sea
from May to August. The absorptivity of CDOM, acpy. is linearly related to K, at
corresponding UV wavelengths. It is responsible for almost all of the attenuation at 323
and 338 nm, and probably at 380 nm as well. The average cosine of downwelling UV
irradiance may be between 0.9 and 1, considerably higher than that determined for visible

radiation. This suggestion is supported by several lines of evidence besides the very high

ratio of acpoyto K, for UV radiation.

The clear sky monthly areal rate of DIC photoproduction in the Mid-Atlantic Bight in
1998 ranged from 0.2 moles m~month™ in January to 1 mole m>month™ in July. While
the whole water column rate of DIC production increases offshore due to the increased
quantum yield, the near-surface rate is higher inshore, because of the higher absorptivity
of CDOM. The global annual DIC photoproduction rate is approximately 10'* moles
DIC year". This value is high enough to account for the whole missing sink for
terrestrially-derived DOC in the ocean. It is actually higher than the annual input of
terrestrial DOC to the ocean, which probably reflects the importance of the

photochemical transformation of autochthonous DOC formed from the degradation of



phytoplankton and other organic material. The rate of DIC photoproduction is also

comparable to the annual rate of DIC uptake in new production by phytoplankton.

DIC is produced at a higher rate than CO, H,0, and CS,, both in surface waters and over
the whole water column. The ratio of global annual DIC production to that of CO is
about 60; the ratio of the two monthly production rates ranges from 2 for inshore water to
62 for open ocean water, a range similar to that determined experimentally by Miller and
Zepp (1995) and bracketing that found by Kieber er al. ( 2000). The ratio of monthly
DIC production to monthly CO production in coastal water is about 15, which matches
closely the average value determined by Miller and Zepp (1995) and by several
subsequent studies. The global rate of CS, photoproduction calculated using the whole

water column production method matches that given by Xie et al. (1998).

The approach presented in this thesis can be used to calculate the vertically-resolved and
whole water column rates of any photochemical reaction with a known quantum vield
spectrum on any scale represented by remotely-sensed ocean colour data. It is a valuable

tool for studying photochemical reactions on a global scale.



Appendix 1. From Aristotle to SeaWiFS: 2300 years of ocean optics

Introduction

In the fourth century B. C., Aristotle noticed that sea water was blue and very transparent.
while river water was yellowish and murky (Louis, 1991). We have spent the last 2300
years trying to figure out why. We have also wondered how we might predict those
changes. Although there has been speculation for centuries, such questions could not be
answered empirically without instruments - instruments that could measure light in the
ocean, separate it into different colours, or help to observe the tiny plants and other
constituents of sea water. Contrary to popular belief, the 1960s did not mark the
beginning of quantitative work in ocean optics. With the advent of useful instruments
and techniques in the late 1800s and early 1900s, people began to make measurements
that could explain Aristotle's observations. Throughout the twentieth century. improved
methods have led to an increasingly detailed understanding of the processes controlling
the distribution of light in the ocean. Here, I will describe the approaches and
motivations of some of the many investigators who have studied ocean colour and
transparency. | will also show how remote sensing, using aeroplanes and satellites, has
allowed scientists to apply the knowledge of the causes of optical variability in the ocean

to the interpretation of biological, chemical, and physical processes on a global scale.
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Transparency of the ocean
Aristotle suggested that suspended particles in river water might explain why it was less
clear than ocean water, even though, according to the ideas of the time, it was "purer" and
less dense (Louis, 1991). Unfortunately, the discussion soon became mired in arguments
about the purity of different types of water, and Aristotle's insights were not pursued
further. The discussion of ocean optics was limited for some time to incidental
observations by people who were really interested in something completely different.
Ships' captains, while exploring unknown seas and looking for new trading routes.
sometimes commented in their log books about the clarity of the ocean. In 1676. tor
example. Captain John Hood noted that the water in the Still Sea near Novaya Zemlya. as
well as being the densest and saltiest he had ever seen (or tasted), was probably the
clearest in the world; he could see shells on the bottom at a depth of 80 fathoms. about

160 m (Kriimmel, 1907).

In the mid-1800s people began to measure light penetration in the ocean out of curiosity.
On land, photometry was becoming popular, both among academics, especially
astronomers who wanted to measure the brightness of stars, and among the gas inspectors
who were measuring the intensity of street lamps (Johnston, 1996). There was an
ongoing controversy over which photometric method to use. In the ocean, however. a

rough estimate of transparency required only an object to submerge and a string to

retrieve it.
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The first recorded deliberate measurement was made in 1815 by Captain Kotzebue, who
lowered a piece of red material into the ocean and measured the depth at which it
disappeared (Kriimmel, 1907). The first optical expedition was mounted a few years
later on board the Coquille, during which Captain Duperrée lowered a white plate into the
water at a number of stations (Kriitmmel, 1907). Kriimmel reports several other. similar
measurements made during the mid-1800s. The purpose of these early expeditions is
unclear. They are mentioned without primary source references in Otto Kriimmel's

Handbuch der Ozeanographie (1907).

Michael Faraday used a similar technique in 1855 to demonstrate graphically the
pollution of the Thames River in England (Cadée, 1996). He reported to the local
newspaper that he had torn up pieces of white card and dropped them into the river in
several locations. When the cards sank edge-first, he noted that the lower edge of the

card disappeared before the upper edge was even below the surface of the water.

In the mid-1800s. Father Angelo Secchi, an Italian Jesuit priest, became interested in how
sunlight affected the earth. Despite a hostile political climate which resulted in a period
of Jesuit exile from Rome, Secchi made major advances in stellar spectroscopy and
geophysics under the patronage of Pope Pious IX, and published about 700 articles and
books (Briick, 1979). He was particularly interested in the physics of the sun. In 1865.
Secchi turned his attention to the problem of the penetration of sunlight through sea
water. He argued that, while all the measurements of the depth of penetration of light

made in the ways described above were interesting, they were not really very useful.
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Previous authors had not reported either the solar elevation or the degree of cloudiness,
so it was impossible to generalize from their observations. Alessandro Cialdi and Angelo
Secchi (1865) made systematic measurements of light penetration during a cruise on
board the papal corvette /'/mmacolata Concezione. They used several different disks, the
largest being 3.73 m in diameter and made out of a circle of iron covered with white-
varnished sail material. The others were a 40 cm diameter white plate and several 40 cm
iron circles covered with the sail material. Secchi reported that the largest disk worked
best because its image stayed together deeper, although subsequent work with Secchi
disks has usually involved smaller versions. At each station, Cialdi and Secchi made
replicate measurements of light penetration and simultaneously measured the solar zenith
angle with a sextant, so that the measurements could be converted into equivalent depths
for vertically incident sunlight. They explained that a depth measured using the disk
method was not the depth of light extinction; on the contrary, light had to travel twice the
depth of the submerged object to return to the observer's eye. Further, they noted that
light must travel even further into the ocean than twice the disk depth, because the disk
disappeared when the only colours of light left to reflect off it were the same colour as
the surrounding ocean. Secchi speculated that blue and purple light could penetrate to
great depths. [t was probably the rigorousness of these observations that led to Secchi's
name being given to the kind of disk used by generations of oceanographers to measure

the penetration of light, despite the fact that the other investigators mentioned above had

developed the technique first.
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Although such techniques were available in the mid-1800s, they were not apparently
widely used. There were no optical measurements made during the famous Challenger
Expedition of 1872-1876, for example, although some of the scientists involved certainly
wondered about the depth of light penetration: it was already well known that
phytoplankton required light to survive, so when Comte degli Antelminelli found diatoms
in the guts of benthic echinoids in deep water, he wondered whether there was enough

light at the bottom of the ocean to support photosynthesis (Murray. 1886).

The development of photography in the mid-1800s provided scientists with another tool
to measure the penetration of light in the ocean. In 1884 H. Fol and E. Sarasin (cited in
Holmes. 1957) exposed photographic plates under water to measure the penetration of
light. They had some success, but the method was considered quite unreliable. and was
soon replaced by other instruments (Pettersson, 1934). Niels Hojerslev (1994) has
written an extensive history of the development of optical oceanographic instrument

design in Scandinavia that describes many of these instruments in detail.

In 1922 Victor Shelford and F. W. Gail adapted a Kunz gas-filled photoelectric cell for
use in the ocean and used it to measure light penetration in Puget Sound. H. H. Poole and
W. R. G. Atkins modified the Sheiford and Gail design for use in the rougher waters of
the English Channel near Plymouth, as part of the Plymouth Laboratory's investigation of
primary production. They carried out a number of very useful experiments and
introduced some innovations still used in optical measurements in the 1990s. They used

an amplified telephone to detect unbalanced current, instead of a galvanometer. because it
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was more stable at sea (Poole, 1925; Poole and Atkins, 1926) and attached a diffuser over
the photoelectric cell to simplify path-length calculations. They were able to correct the
measurements at depth for changes in light intensity at the surface by using a surface
reference radiometer. With such techniques available, it became possible to try to
quantify the effect of light on photosynthesis, a link that had been made only qualitatively

before.

In 1933 Penelope Jenkin made measurements that linked photosynthesis with light
penetration in the ocean for the first time (Jenkin, 1937). Photosynthesis by marine
plants was of considerable interest to people who wanted to understand the productivity
of the sea (ibid.). The International Council for the Exploration of the Sea (I.C.E.S.) had
been formed in 1902, with the main goal of carrying out research to benefit the fisheries
of the member states (Mills, 1989, p. 14n). Britain had directed much of its share of the
[.C.E.S. money to the Plymouth laboratory for studies of productivity in the English
Channel and in the North Sea (Mills, 1989, p. 200), and had appointed W. R. G. Atkins
there as physiologist (Mills, 1989, p. 201). It was Atkins who suggested to Jenkin that
she undertake the simultaneous measurement of light and photsynthesis in the English
Channel (Mills, 1989, p. 225). In 1928 S. M. Marshall and A. P. Orr had published a
method that used oxygen production as a measure of the rate of photosynthesis by marine
plants, and a number of investigators (for example Poole and Atkins, 1926) had measured
the penetration of different colours of light into the ocean. It was expected that the
intensity of available light would affect photosynthesis in the ocean, but no one had

measured light and photosynthesis together, to test the hypothesis. On board the M. B. A.
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steam trawler Salpo, in 1933 and in 1934, Jenkin did just that. While she performed the
photosynthesis part of the experiment, Atkins and Poole measured light in the water,
using a photocell with coloured filters. As well as showing that light controlled the
photosynthetic rate of marine plants, Jenkin hoped to find that light measurements could

be used as a proxy for the much more time-consuming measurements of photosynthesis.

During the cruise Jenkin exposed diatoms to light at different depths in the water,
measured the light at those depths, and then measured the oxygen production at each
depth. She used a monospecific culture of Coscinodiscus excentricus, a centric diatom
that she had collected from the English Channel in the early spring and kept in culture for
five months. She placed six bottles of diatoms and culture medium at each depth - three
clear glass bottles open to light incident from all directions, two bottles that were
blackened all over except on one side, and one totally dark bottle. The bottles were
placed into wire baskets attached to a fixed cable and left for a number of hours. Light
energy was measured as the sum of all illumination from 380 to 720 nm: the ultraviolet
and infrared portions of the spectrum were excluded, as Jenkin felt that their influence
would be minimal, and even if significant, would be confined to a small area in the
uppermost portion of the water column. The dark bottle at each depth was included as a
correction for respiration, which was thought to be constant, regardless of the level of
incident light; the oxygen loss in the dark bottle was added to the oxygen increase

measured in the light bottles, to obtain total production numbers.
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From these experiments Jenkin concluded that photosynthesis depended strongly on
available light; oxygen production increased with increasing incident daylight. Although
it was already known that chlorophyll absorbed red light most strongly, Jenkin reported
that red light could not limit photosynthesis, since the rate of oxygen production scaled
with total energy, while red light was very quickly attenuated. She found that total light
energy decreased roughly exponentially with depth, and that photosynthesis did too,
except near the surface, where it appeared to be somewhat inhibited. She concluded that
intense light must itself be the limiting factor, as the inhibition was less noticeable in the
partially blackened bottle, and more noticeable during the midday irradiation than during
the earlier and later experiments. As a result of the general increase in oxygen production
with increasing light, and of the surface inhibition, the depth of maximum oxygen
production was about Sm below the surface of the water. Jenkin also calculated a
compensation depth at which photosynthesis exactly balanced respiration over 24 hours,
and produced a plot of photosynthesis vs. irradiance, of a kind still used very commonly
in the 1990s. Her experiment was significant as the first to combine measurements of
photosynthesis with simultaneous measurements of light, and her light and dark bottle

procedure is still used today for determining the rate of primary production.

The photoelectric method described earlier, though quantitative. was considered rather
complicated and unwieldy (Pettersson, 1934), because it required an external amplifier to
make the tiny currents strong enough to measure. Recognizing that submarine daylight
was essential to primary production in the ocean, Hans Pettersson felt that a more

accurate measure of its penetration was required. Although the new cuprous oxide cells
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which he used had a number of problems of their own - losing sensitivity after exposure
to intense light, for example - Pettersson (1934) used one in a submarine actinometer that
he constructed with colleagues. He used the actinometer to measure both light from
above and that scattered back from below, and obtained continuous records of submarine
daylight at various depths for a year, including some measurements made beneath a 20
cm sheet of ice. G. Evelyn Hutchinson described the use of Petterson's transmissometer
as well as several other instruments in studies of lake transparency in his comprehensive

1957 treatise on limnology.

Since those early measurements of light penetration, there has been an explosion of work
on the subject; more precise silicon diodes have replaced photocells for light detection
(Satlantic Inc. home page, April 1999), and instruments are more streamlined and more
precise than those of the 1930s, but the same optical properties - irradiance. scattering,
and absorption - are still measured, mainly to help to relate remotely sensed properties to
the physical. chemical and biological states of the ocean (see "Interpretation and

Modelling of Remotely Sensed Data" section).

Many recent authors have been especially interested in the transparency of the ocean to
ultraviolet (UV) radiation, because of its damaging effect on phytoplankton (Smith and
Baker, 1980; Behrenfeld er al., 1993). For example, Donald Morris er al. (1995)

measured UV penetration through lakes and related it to the concentration of dissolved

organic carbon.
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Besides measuring the depth of light penetration, many scientists have tried to determine
the importance of suspended particles to changes in water transparency. Prince Albert of
Monaco was aware of previous work on ocean transparency, and wanted to confirm
previous results and to test the effects of particles on transparency. He made some
estimates of the effect of particle load in 1905 (Thoulet, 1905). He stirred some very fine
kaolinite clay into water, made standard dilutions of the suspension, and then tested what
pathlength of each was required to make a candle flame behind the flask disappear. He

determined that particles alone could make water completely opaque.

George Clarke (1933) was interested in the effect of light on the vertical distribution and
migration of phytoplankton. To quantify the variability of the incident light. he
investigated the effects of latitude, time of day, sea state, and particles on the intensity of
irradiance in the ocean. He included a range of UV and visible wavelengths, from 346 to
526 nm. Rather oddly, Clarke determined that the first three variables he tested had no
significant effect on the absolute depth of penetration of light, but that suspended matter
in northern water was probably responsible for its decreased transparency relative to that
found in the south, and particularly in the Sargasso Sea; in the Sargasso Sea he detected
light down to 180 m. He also introduced to marine optics the unit microwatts per cm? for
irradiance. This unit replaced the older metercandle, which did not include UV radiation
or have the flexibility to be used at different depths under water at which the spectrum
was very different from that at the surface. Microwatts/ cm? could be used at any depth,

provided that the range of wavelengths included was specified. It is still commonly used

today.
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Hans Pettersson (1934) tested the hypothesis that particles were responsible for changes
in transparency. He lowered a transparency meter that he had designed down through the
water oriented horizontally, so that he could measure the transmission of light through 15
cm depth parcels. He also constructed a scattering meter. Pettersson reasoned that if
particles were responsible for decreases in transparency in certain layers of water. then
there should be an accompanying increase in upward scatter at those depths.
Simultaneous sea water collection showed that particles did indeed change the
transparency of water, but that dissolved organic matter had a strong effect too. (In 1957
Nils Jerlov pointed out that transparency meters were subject to inaccuracies due to
scattering out of the light path, particularly in clear, open ocean water where the light
path had to be very long to make a measurement. He presented a new transparency meter
that used multiple reflection off concave mirrors set close together, so that a total light
path of about 10 m could be obtained with losses only to inefficiency of reflection by the
mirrors.) Wayne Burt (1958) agreed that particles were very important to light
attenuation. He measured transparency at a number of depths with a quartz prism
spectrophotometer, and found that it increased suddenly below about 100 m. He

interpreted this change as the result of decreased particle size below the surface mixed

layer.

The effect of absorbance will be discussed in the next section with respect to colour. but
it is worth mentioning here that absorbance also affects transparency. Any light that is

absorbed is unavailable to be scattered. Wilson Powell and George Clarke. for example,
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discovered that absorbance near the surface of the ocean was important to transparency.
In 1936 they quantified the reflection of light off the surface of the ocean to settle a
dispute about the varying estimates of "surface loss" by reflection. They hoped that they
would find a strong relationship between physical conditions easily measured at the sea's
surface and submarine daylight, so that in the future they would be able to model the
underwater light field instead of having to measure it directly. They found that reflection
depended strongly on sun angle and sea state, and that the proportion reflected back from
the surface could vary from 3 to 9 % while the sun was more than 30 degrees above the
horizon, and could increase considerably for more oblique sun angles. They determined.
however, that the "surface losses" of up to 60 % reported by previous authors were due
not to reflection at the surface but to absorption by a particularly opaque layer of water

just beneath the surface.

Nils Jerlov (1953) made measurements to determine the relative influence of dissolved
and particulate matter on transparency, using both a transparency meter and a Tyndall
meter to measure scattering. He related scattering to particulate absorbance and
determined dissoved absorbance from the difference between absorbance by particles +
dissoved matter and absorbance by particles alone. This calculation required reliance on
an empirical relationship between scattering and absorption which Jerlov pointed out was
parobably only locally applicable, but it represented a successful method of separating
the effects of different components on transparency. One interesting result of this study
was the discovery that terrestrially-derived, coloured dissolved matter behaved

conservatively and could be used as a tracer for mixing.
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In 1957 Jerlov presented a new transparency meter that was less affected by the selective

absorbance of light by coloured dissolved organic matter

It is now relatively easy to measure irradiance throughout and below the euphotic zone.
either in discrete bandwidths or over an integrated range of visible wavelengths. but the
topic still has some appeal: P. Wolf and G. C. Cadée (1994) recently published a stinging
response to an earlier paper in which the authors claimed to have measured light to the
greatest depth ever - a Secchi depth of 79 m. Wolf and Cadée pronounced that Captain
John Hood's record of about 160 m was still the deepest measurement of light penetration
ever made, and that the authors should have been aware of the earlier literature (although
it seems that Clarke might have beaten Hood's record in 1933). And the Secchi disk still
has its proponents: in 1986, Rudolph Preisendorfer published a review paper that
described how to make quantitative measurements using a Secchi disk, and even coded
the "ten laws of the Secchi disk" into mathematical form. He did not recommend using a
Secchi disk where more precise, electronic measurements were appropriate, but pointed
out that there was a very long record of Secchi disk measurements available for
comparison in long-term studies. Marlon Lewis et al. (1988) made use of part of that
data base of Secchi depth measurements to calculate mean transparency fields in the
ocean. From variations in mean transparency, they were able to identify areas of major

upwelling and show temporal variation in fronts of new production.
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Colour of the Ocean
Certainly, people besides Aristotle must have noticed before the nineteenth century that
the ocean was not the same colour everywhere or all the time; they evidently recognized
by the early seventeenth century that the colour of the ocean was affected by its
components, as Shakespeare's MacBeth lamented that if he tried to wash his blood-
stained hands in the ocean they would "the multitudinous seas incarnadine”. But other
than an occasional reference to the sea's turning to blood, or looking like it, there is no
easily discovered reference to the cause of ocean colour before the work of John Aitken
in the late 1800s. Aitken went to the Mediterranean Sea to determine why its water was
so blue and why the colour was not always the same. He wanted to know whether
absorbance of red by water was responsible, or whether the colour of particles or
impurities in the water determined the colour. Without any complicated equipment. he
tested the absorbance hypothesis in several ways: he looked at submerged white objects
through a glass-ended tube, directly through the water, and inside a blackened tube. He
also submerged several coloured objects. including oranges and lemons, and observed
their underwater colour. All the results, including the apparent unripening of the fruit,
showed that the water transmitted blue preferentially and absorbed red. He also
determined, however, that the brightness of the colour depended on the size and colour of

suspended particles.

Just to be sure that the red absorption was due to water itself and not to any impurity. he
distilled water and condensed it in several containers made out of different materials to

test whether the resulting water always looked blue. It did, and Aitken was quite satisfied
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with the result. He commented: "The addition of impurities to water seems generally to
change its colour from blue to green or yellow... No attempt was made to find out what
the discolouring substances in water are. The task would evidently be an endless one,

and of little value." (Aitken, 1882)

Apparently, other scientists disagreed with Aitkens' assessment of the value of future

work, so the inquiry into the cause of ocean colour did not end in 1882.

During the first decade of the 1900s, both Germans and Norwegians conducted
experiments related to the spring diatom bloom, which led F. Schiitt, during a speech in
1904, to comment that the colour of the water was determined by its physical structure
and by the physiology of the organisms living in it (Mills, 1989, p. 123). Phytoplankton
were found to turn the water green (although a detailed absorbance spectrum had to wait
until Charles Yentsch's work in 1960). The realization that phytoplankton did not absorb
all colours equally drove the efforts in the 1920s and 1930s to determine the rates of
attenuation of different colours of light through sea water. Isaac Newton in 1686 had
published the results of his optical experiments, showing that white light was made up of
all the colours of the rainbow, and that individual colours could be separated from the rest
by refraction. This information, together with the work by James Maxwell and Heinrich
Hertz on the wave theory of light in the late 1800s (Serway et al., 1989) allowed
scientists to design experiments that used selective cutofT filters to measure the

penetration of light of different colours through the ocean. (Arab scientists in the
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thirteenth century had done similar experiments on refraction (Park, 1997), but their work

was slow to reach Europe.)

The photocells used in the 1920s and 1930s to measure the penetration of light into the
ocean (see "transparency" section) were also useful for measuring the penetration of
different colours of light. Victor Shelford and Jakob Kunz (1926) used photoelectric
cells covered with plates of coloured glass to measure the penetration of red, vellow, blue
and green light through the ocean. They commented that spherical coloured glass filters
would be better, and even tried putting their photocells into coloured light bulbs. but
without success. The best shape for a filter, they said, would be a hemisphere that
covered the top of a photocell, so that it could collect light incident at a wider range of
angles. They also found that, after the attenuation due to pure water had been subtracted.
something absorbed the short wavelengths of light, leaving green and yellow at depth. C.
L. Utterback and J. W. Boyle (1933) and R. H. Oster and George Clarke (1935) also

made measurements of red, blue and green light penetration in situ, with similar results.

Narrow bandwidth filters eventually replaced the older, broad band filters used by
experimenters such as Atkins and Poole in the 1930s, in order to measure light in more
precisely defined wavebands, but John Tyler (1959) pointed out a problem associated
with these new filters. Sea water acts as a strong monochromator. eventually absorbing
the short and long wavelengths, and leaving a narrow band of light centred on 510 nm.
Many of the narrow band filters, he said, let in so much stray light from other

wavelengths that once the water had filtered out all of the light at the wavelength to be
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measured, the detector would still measure a significant amount of 510 nm light. The
leakage might only be a small percentage of the total measured light at the surface, but it
could be 100 % of the signal at depth. Such waveband leakage is still a problem at times
in the 1990s, but the narrow band filters have been too valuable to discard, so people

continued to use them (improved as much as possible) after Tyler's warning.

Wayne Burt (1958) measured light penetration through sea water in 13 wavebands over a
range of 400 to 800 nm and down to 1170 m depth. He found that transmission increased
with increasing wavelength, although he did not specify the depth to which he was able to
measure any of the wavelengths. He attributed the rapid attenuation of short wavelengths
to a high concentration of "yellow substance", which presumably absorbed the blue and

violet light.

Field measurements like those of Shelford and Kunz and of Burt were complemented by
laboratory studies of absorption. E. O. Hurlburt (1926) measured absorption of visible
radiation by three open ocean water samples using a monochromator in the laboratory. It
is not clear what spectral resolution he managed, but he seems to have made the very first
direct measurements of absorption by sea water. His interest in the subject was
somewhat different from that of his contemporaries, however. Hurlburt made the
interesting observation that, if sunlight passed through an atmosphere which contained
the equivalent of 40 meters of water (salt or fresh) its spectrum would coincide exactly
with the sensitivity curve of the human eye. Hurlburt speculated from this observation

that eyes developed their sensitivity (in animals other than humans, of course) during the
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warmer Paleozoic era, when the atmosphere contained much more water vapour than it

does today.

In 1927 Hurlburt went on to determine absorption coefficients for UV radiation in sea
water and the proportions of that absorption due to each of the principal salts. [t is
difficult to compare his absorption numbers to more recent results because of the lack of
units in his published work, but in general, Hurlburt reported that UV was attenuated
more quickly than visible radiation through both sea water and fresh water. Magnesium
chloride and calcium sulphate contributed significantly to the absorption of UV, while the
other salts absorbed very little. In another speculation about the ancient earth. Hurlburt
commented that it seemed unlikely that the atmosphere and ocean should be most
transparent to the most intense parts of the solar spectrum (the visible portion) just by
coincidence; he suggested that visible radiation might have effectively burned its way
through whatever chromophores had originally absorbed it. Neither of his ideas about the
ancient earth seems to have been discussed widely, but they remain interesting

speculations.

In the late 1930s there was some disagreement about how much of the attenuation of light
in sea water was due to suspended particles and how much to the dissolved components.
termed "color". Following Hurlburt, George Clarke and Harry James (1939) made some
measurements of light absorption by sea water in 1938. They used a monochromator
with a one meter sample pathlength, and measured the absorption due to different

components of sea water from a number of locations over a range of 365 to 800 nm.
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Clarke and James filtered their water through "coarse" and "fine" filters and compared the
colours of the filtrates to help to settle the dispute. They determined that for longer
wavelengths (473 to 800 nm) particles were responsible for almost all of the absorption,
since the filtered sea water samples had almost the same absorption as distilled water in
that region of the spectrum. In contrast, they found that blue and ultraviolet radiation
were absorbed strongly by something in solution. They speculated that this material
might have come from the disintegration of phytoplankton, an idea supported by later
work (for example Kalle. 1966; Druffel er al., 1992). While collecting their samples.
Clarke and James deployed a submarine photometer, so that they could compare the
transparency of sea water in situ with that measured in the laboratory. They had hoped to
find that laboratory absorbance measurements would provide a convenient proxy for in
situ attenuation of light, but unfortunately. their preservation method changed the sample

colour too much for such comparisons to be practical at that time.

By 1975 it had become apparent that there were many corrections needed before
laboratory absorption measurements could be related directly to in situ attenuation. Niels
Hojerslev (1975) described an absorption meter that could be used in the ocean. While it
seemed like a very useful tool, it has never been widely used. However, similar
instruments have been developed since. Annick Bricaud er al. (1995) reported a data set
that combined for the first time in situ attenuation, absorption, scattering and

backscattering at several visible wavelengths.
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By the 1960s it was fairly widely accepted that the blue colour of the open ocean was due
to scattering of the shortest wavelengths of light and absorption of the longest, and that
inshore waters turned green because of the influence of dissolved organic matter
(Yentsch 1960). But although phytoplankton were known to be affected by the colour of

incident light, the effect of phytoplankton on ocean colour was not clear.

In 1960 the contribution of phytoplankton to spectral attenuation could be quantitied
precisely for the first time. Charles Yentsch (1960) published a spectrum of particulate
phytoplankton absorbance. He determined that phytoplankton absorbance shifted the
reflectance of water from blue to green because of its strong absorption at 443 nm. The
higher absorbance peak at 680 nm did not affect the colour of the water appreciably at the
phytoplankton concentrations found in natural waters, because of the much stronger
absorption of red light by water. He also noted that most of the coloured material seemed
to be contained in cells that did not pass through a 5 um filter (Yentsch. 1962). This was
a much larger pore size than is generally used today, but it helped to standardize the

measurement of phytoplankton absorbance.

In 1982 Charles Yentsch and Clarice Yentsch reported that phytoplankton also absorbed
UV radiation under some circumstances. Probably as a trait left over from the formation
of the earth's early atmosphere, some phytoplankton have the ability to accumulate a
pigment that acts as a sort of sunscreen against UV. W. C. Dunlap and B. E. Chalker
(1986) and Deneb Karentz et al. (1991) identified the sun screens as a class of protein.

the mycosporine-like amino acids. It is still unclear how much the sunscreen-producing
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phytoplankton might influence the light field of the ocean, although Maria Vernet and K.
Whitehead (1996) demonstrated that mycosporine-like amino acids were released from
cultured phytoplankton and caused a significant increase in the UV absorbance of the

surrounding medium.

Carl Lorenzen (1972) described the contribution of phytoplankton to light absorption in
the ocean for different euphotic zone depths. He discovered that their effect was greatest
where the euphotic zone was shallow; absorption by water dominated where the euphotic
zone was deep. Studies of the complex interaction between mixing, phytoplankton, and
light are still under way in the 1990s, though now usually related more to phytoplankton

damage by UV (Cullen and Neale, 1994).

Annick Bricaud et al. (1981) reported that dissolved organic matter might affect ocean
colour as much as phytoplankton did in a different region of the spectrum. They
presented absorbance spectra that showed that dissolved organic matter absorbed UV
most strongly, and visible radiation less so. Their measurements confirmed that the
absorbance spectrum could be described as an exponential decay with wavelength, as it
was often described in models. This information has been very useful to subsequent
optical and chemical oceanographers. They found that the slope of the log-linearized
spectrum did not vary very much, so that, knowing the absorbance at one wavelength.
one could apply an average slope to calculate the absorbance at all the other wavelengths
over the UV and visible spectrum. They pointed out that this could be very useful in the

open ocean, since the absorbance of visible radiation by dissolved organic matter was
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quite weak there, and few oceanographers had spectrophotometers with sufficiently long
pathlengths to measure it. Since that time, however, a number of authors have disputed
the claim that the absorbance slope was constant, and there have been many attempts to
characterize the changes in the magnitude and slope of the absorbance spectrum of
coloured dissolved organic matter with location (for example, Green and Blough, 1994
Hojerslev, 1998), season (for example, DeGrandpre er al., 1996; Vodacek et al.. 1997).
and salinity (Blough et al., 1993). So far, there has been no consensus. and often people
use a single slope for CDOM absorptivity (either the one calculated by Bricaud er al. or

other values) in models.

Interpretation and Modelling of Remotely Sensed Data

From the late 1800s until the mid-1900s, the focus of optical research in the ocean was on
the direct measurement of water transparency, and of absorbance and scattering by
various components. But the question underlying all that research was: "Why was the
ocean the colour it was, and what made its colour and transparency vary?" Since the
mid-1900s. people have begun to interpret optical variations as indications of physical.
chemical, and biological processes in the ocean, and to apply that knowledge to remotely
sensed data. At the same time, a lot of modelling papers have been published. People
have made models to describe the effect of particle size on scattering (for example Brown
and Gordon. 1974; Bricaud and Morel (1986) and others), the effect of ship perturbance
on optical measurements made nearby (Gordon, 1985), and especially, the relationship

between inherent (properties of the water and consituents) and apparent (properties that
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also depend on the light field) optical properties as affected by a plethora of factors (for
example, Gordon et al., 1975; Gordon, 1976, 1991; Baker and Smith, 1982, Kirk. 1984,
and Roessler and Perry, 1995; Ciotti et al., 1999). Many of the models have been very
useful, and have given us new insights, but in general, the models are not well-integrated
into the stream of work that has answered the questions posed in this chapter. Optical
modelling, therefore, will not be discussed further in this paper, except where it applies

directly to the interpretation of remote sensing.

The earliest remote sensing data was collected by aeroplane. Charles Cox and Walter
Munk (1954) took aerial photographs of the sea's surface while a ship measured wind
speed and sea below them. They calculated statistics of the surface glitter using the
photographs, and compared them to the actual sea state at the time they were taken.
From this relationship they found that they could use glitter as a proxy of sea surface

slope and for wind speed.

Remote sensing of ocean colour on a global scale became possible with the advent of
artificial satellites carrying light reflectance sensors. Patterns were visible in the clouds.
and in 1964 the American National Aeronautics and Space Administration (NASA)
launched the first weather satellite, Nimbus 1, to take photographs of cloud cover to
relate to local weather (NASA's Mission to Planet Earth home page. April 1999). A
succession of weather satellites followed, each with more advanced sensors than the last.
In 1978, NASA launched Nimbus 7, a weather satellite that carried the Coastal Zone

Color Scanner (CZCS). CZCS measured the reflectance of different wavelengths of light
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from the ocean's surface, making remote sensing of ocean colour possible. The reason
for NASA's current interest in ocean colour and the justification for launching another
ocean colour satellite after CZCS stopped working is to be able to predict long-term
trends in climate change and to find patterns that will help to predict sudden changes in
weather. For example, they would like to be able to predict floods and harsh winters in
time to warn and to help the people affected (NASA's Mission to Planet Earth home
page, April, 1999). Ocean colour, as earlier work has shown, reflects the physical.
chemical, and biological conditions of the ocean, so it is a natural parameter to study in

relation to climate change.

[n 1981, Rosswell W. Austin and T. J. Petzold made a significant contribution to the use
of remote optical measurements when they published empirical relationships between the
ratio of reflectance at two visible wavelengths measured by CZCS and the in situ
attenuation of light at an intermediate wavelength. Howard Gordon et al. (1983)
published atmospheric correction algorithms which, when used with Austin and Petzold's
relationship, allowed the calculation of chlorophyll concentration in surface waters.
Trevor Platt and Shubha Sathyendranath (1988) showed that the surface chlorophyll
concentrations calculated from satellite images could be used to calculate primary
productivity per unit area. The CZCS satellite was no longer operational by this time. but
the model was intended for use with a satellite to be launched later. They also proposed

that there should be large scale field studies to ground-truth the algorithm.
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By the late 1980s it had become apparent that the errors in the chlorophyll estimates,
though not enormous, were not decreasing. Something else was interfering with the
estimates made from reflectance data. Kendall Carder et al. (1989) showed that the
CZCS algorithms often gave chlorophyll concentrations that were too high in areas where
there was a high concentration of coloured dissolved organic matter. They pointed out
that the earlier assumptions - that absorption at 443 nm by dissolved organic matter was
very low and that it covaried with chlorophyll - were incorrect in many places, especially
downstream from areas of high primary productivity. They suggested that this might
explain the incorrect chlorophyll estimates. David Siegel and Anthony Michaels (1995)
agreed, and calculated that in some areas coloured dissolved organic matter could
account for up to 60% of the observed absorption. Algorithms for quantifying absorption
by dissolved organic matter from remote reflectance measurements are still being
developed. The SeaWiFsS satellite launched in August 1997 (SeaWiFS home page.

March, 1999) will provide more data for testing and improving calculated relationships.

Conclusion

Since the mid-1800s the study of light in the ocean has been driven largely by interest in
the controls on primary production. More recently, the focus has shifted to the prediction
of global climate change. In the late 1990s we seem to have convincing explanations for
most of the variations in the colour and transparency of the ocean. As Aitken concluded
in 1882, colour is determined by absorption, and the intensity of colour by scattering.

Both scattering and absorption affect transparency. Phytoplankton, dissolved organic
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matter, detritus, and water itself all contribute to the colour of sea water. We can even
plot the spectral effect of each component on ocean colour (Kirk, 1983). The discovery
of the causes of ocean colour and transparency required the development of a number of
instruments and the curiosity and techniques to use them. Remote sensing has allowed us
to begin to apply the knowledge we have gained to the description of ocean processes on

a global scale. And it has only taken 2300 years.



Appendix 2. Fits to absorbance spectra

The plots on the next four pages represent the raw absorbance data (AU) used to calculate
the quantum yield spectra in Chapter 2. The exponential fits to the data were used only to
provide offset values which were subsequently subtracted from each spectrum. The fits
were not used in any other calculations. The offsets were subtracted to correct for
scattering and refractive index differences as described in Chapter 2. This method was
used instead of the older correction method, which involved subtracting the absorbance at
a particular wavelength or the average over a range of wavelengths (for example. Green

and Blough, 1994) from the whole spectrum.
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