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Introduction

Lin this chapter, andian chapt o 29, the basic inter- 1elationship between the
flux of radiant encrgy through the vates colvmm and the fixation of ¢ abon by the
PO aniqon in the 0CChm through processes of photosynthesis or prin nary production
vill be discussed, The discussions will include the contribution by Tight scuttering
and absorption by sei v water and biopenic particles to the distnibution of radiant
¢ nergy in the se o thotis available for photosynthests, 1 his discossion will iclude
exumples of optical variobility in the sea wnd o consideration of the som ces of this

variability,

The absorption avid scaticrimg of hght by phivioplanik to nepresent a sipmficant
and sometimes dominant source of heht atic nuation within the wat € column,  Vanations
in the concentration of phyto plankton affect both the flux density and spectral
camposition of light ot depth. Since photosynthesis and the growih of phytopilank ton
18 (iiiN’e]]l by lightencrgy, the vertical distribution of the phytoplanikton crop and its
production are 1o veely determined by the sive and optical propertics of the crop
itsel 1, and by the vertcal distibution of nutrients in the water coltimm,  As ajesul
of the attenvation of light by the phytoplank tor crop, the yadiant enicrgy available 1o
the phavtopla nkton decreases with depth, of ten lindting the rates of photos ynt hesis for
imtermediate deprths, At greaterdep ths, the seduced photon fTox is insufficient 1( 1
supportnet privoary produchion, aud resphation exc ecds growth in this portion of the

water colummn,



Light Absoirption and Photosynthesiss The RBio- Optical Model

A simplificd conceptual model! of the ttansformations of’ nitiogen and encipy in
the planktome community is illustiated in figure 22 1, '3 hese bansformations imclude
photosynthetic assimilation of recyceled nittogen in the form of anmmonium o1 urea as
well o "ne w" nitrogen transpor ted by advection o1 mining into the euphotic vone from
be low the scasonasd thenmocline (Dugdale and Goering, 1969) (see chapter 19). The
cellular nitropen of the phyt opla nkton crop is event vally transformed by several
competing pnocesse s, Nitroge niay be reeyel ¢d, stored in the stock of graving
herbivorous zooplankton, converted into detiital pmticles by epestion and dissolved
organic mitrogen by excrction, transferred 1 1 highertrophic levels, on lost from the
system by sinking of the crop. 17 the egested particles are I ge fecal pellets, the y
miay be rapidly lost f1om the upper water column by sinkng; if small, the patticles
may remain within the cuphotic zone and be subject to photochemical and biological
transformations.  Particles with dinmeters less than 20 o contnibute significantly (o
th ¢ absorption and scattering Of N ghtin the open ocean.  In the ilustration shown in
fipmie 2- 3, thicse pmocles include phytoplankton and suspended matenal, including
detritus, picoplankton, microflagcllates, ciliates and eyano bacterin.  Although there
have been numer ous descriptions of th ese transformations (Cf. Kicfer, 1984), there hiave
been relatively few attemnpts 1o formulate the bio - optical propertics of the system., ‘Ta
disce uss the available encrgy for the photosynthetic proce s&, we must addiress the fote
of 1adiant energy as it propagates thno ugh the wate 1 columm and is absorbed o
scotiered by thie seowister, by the marine phaviopls nkiton or other particulate matenial,
o1 by the di ssolved organic material derive d from the planktomic connmunity illustiated

infiguwic 2 1.
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Figwie 2-2 illustiates the patitioning by marine phytoplankton of the absorbed

¥

adhant encrgy into heat, into energy stored within the cell as photosynthetic products

and into cnergy that is 1e-radiated as fluorescence o longer wavelengths,  Tnergy

stored by the cell as heat is lost to the planktonic conmunity as an encrgy sovice, but
may have a substantial effect on the physical environment of the planktonic community

and thus have a dinect effect on the productivity of the commmunity,  Ynergy re-1adiated

by the plankion as fluorescence is substantislly lost to the community because the

flvorescence band of chlosophyll a a ound 685 1 is in @ region in which the absorpti

cocfficient is small for marine phytoplankton (cf. Collins, ¢t al., 1985) vidence
exists (ef. Topliss and Platt, 1986, Chamberling 1989 and Xicfer, et al, 1989) hat

the amount of encrgy 1cleased by the cell as fluorescence may be related 1o the
photoadaptive state of the plankton and hence may be ditee ly 1elated 1o the
poductiviy of the cell  The cnergy stoed by the cell as photosynthetic products
results incell growth and division, the primary productivity that inswices the
propagation of the planktonic community A further discussion of cabon fixation and

pattitioning is given in chapter 7/

Ryther and Yentsch (1957) proposed a mcans of predicting primary production

from mcasmements within the water columm of the concentiation of chlorophyll a and

3

downwelling dnadiance.  In this work, primary production is cstimated by multiplying

the concentiation of chlorophyll a at depth by an empitical factor that is dependent

only upon the daily flux of light at that depth. The factor was based on a compilation
of ficld measmicments of the assimilation number (photosynthetic 1ate per uni of

chlorophyll a) for ciops of phytoplankton growing at differing light intensi ies.

%
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Inlater work, Platt (1986), Peterson, etal, (198”/) and later Platt and
Sohyerdranath (1988) have proposced that the description of photosynthesis provided by
the **C metl w0d be used to estimate the primary productivity of the planktonic community
interms of the incident intadiance ficld in the sea. The formulation by Platt and
Sathyendranath (1988) vtilizes the paraneters of the productivity versus itradiance
1elationship, the biomass normalized initial slope, (v“, anid the biomass normalived

. . } S PP v M z 43 M P
maxunuinphotos ynthesis, P ]’, o describe the primary productivity. <piq approach uses

m
a generalized biomass profile to descer ibe the variation of the ehilo 1ophyll biomass with
depth. ‘The nradiance field 1S computed fiom the vertical distiibution of the

chlorophyllbiomass, ‘I'heparamctars Of the photosynthesis - inradiance relationship

are d erived from local o regional know ledge based on i situ da ta.

A mechanistic 1elationship betweenmavine primary production and the flux of
absorbed 1adiant ¢ne 1y has been described by Koiefer and Mitchell (1983) anid by

Colling, ct al. (1988a) by the equation,
N Or) = ¢lz) a(rz) Fo(hr) 1)

wlaicie 1l U(A,'/) IS the rate of production in an optically thin suspension Of
phytoplankton absotbing light at wavelength A, The absorption coefficient for the cell
suspension at that wavelengtlhy, a(),7), varies with changes in the sizve 0 T phytoplankton
crop, with the species composition of the phytoplankton andg with their photo- adapted

and nutiient states.  The incident inadian ce, Yo(X,7), illustrated in figwre 2- 3,

varies with the phioton flux density and geomctric distiibution of light incident ugpion

the sea swmface, the rate of attenvation 0f light with depth ¢ wsed by absorption and

scattering within the water colun i, and to a lesser extent, on sea state. The product



a(r,2)Eg(A,7) is the flux of absorbed radiant energy thiough the water column,

“J he photosynthetic yield, ¢(2), expnessed as ccubon fixed by photosyn thesis per
photon absorbed, has been formulated by K iefer and Mitchell (1983) as a function of the
incident irradiance. Bidigaie, et al. (1987) and Collins, et al, (1988a) have
1cformulated the photosynithetic yield in terms of the photosyn thetically usable
inradiance, Y (@), defined in equation 2-4. ‘The maxi i photosynthetic yield, atlow
incident inradiance, aprprcars to be relatively independent of wavelength and species

(cf. Mot el, 1978), but may vary with nutiient availability and temperature.

Studics of growth and light absorption with continuous cultures of matine
phytoplankton have demonstrated that differ ences in cellular pigment concentiation
cffected by eitherrates of nutiient supply or photon flux density are closely tied to
di fferences in growth rate. Such observations have prompted Laws and Bannister (1980)
and K iefer and Mitche 11 (1983) to propose a simple adaptation of equation 2+ 1 as a
formulation of the 1elationship between specific g1 owth rate and the r1ate of light

absorption by th e phytoplankton crop,

(pr 4 1) = 1/C ¢(v) al,(/\,'/) Eo(X7) (2-2)

whete (i 4 1) 18 the sum of the specific tates of growth, p, 1espiration, 1, and 1/C
ap(2,7) EoX2) §s the 1ate 0 f cellular light absorption normalized to cellular

carbon. The total photosynthetic rate of the cell suspension is obtained by

integ, rating cquation 2- 1 over the visible spectial region between 400 nm and 700 v,
defined by the absorption by photosynthetic pigments as the region for

photosynthetically available 1adiation.




In the case of light - limited growt h, dec teases in (i 4 1) will be accompanied
by incicases in cellular absoiption cross- section,  While this formulation is supported
by anumbes of the studies with continuous cultures (c-f. 1 .aws and Bannister, 1980), and
is consistent with the nmwodel of' Rythierand Yentsch (19577), it hasnotbeen subjectedto
eitherrigorouns testing inthe field o1 testing wit h a nummber of diverse species of
phytoplankton. If this formulation o1 a similar one is proven co 11 ect, the link
between the optical propertics of scawater and the dynamics of the planktonic commmunity

of the uwpper ocean will be established.

The model described in equation 2 - 1 was first described by K iefer and Mitchell
(1983) in terms Of the photosynthetically available inradiance, Epar(z), defined as,

. 700
Epa(o) = a0

E (A7) dXxo. (2-3)

Collins, et al. (1988a) have modificd the original model to include the depend ence of
the photosynthetic yield and the ¢ 1ow th and 1espiration on the photosynthetically

ustible irradiance, Yy, (2), defined by Morel (197/8) as the abisorbed1adiantenergy, the
product o f the spectral absorption coefficient, a( A,z), and the scalar inradiance,

Foo(2). Th us,

Vg () = 200" (ap,(02)/a, (435,2)) Yohr) dx , (2-4)

where the integrand is the spectial 1adiant energy absorbed by the phytoplankton.

The model of primmy productivity by Collins, et al. (1988a) has been vsed to

comprarce measut ed and estimated values of the water - column integrated primary



productivity over latge regions of the wotld’s oceans with favorable results.  These
estitnates do not appem to d epend on regional o1 seasonal factors.  Using a simila
mod cl, Bidigare, et al. (19$”/) have estimated the vertical distribution of primary
productivity in the water colu mn using the absor ption cocfficients approp iate to the
individual pigments, extracted from jn situ samples of the phytoplankton population by
high- per formance liquid chromatogiaphy (11P1.C) techniques, to define the cellular

absor ption coefficient.

Although Y(A,7) is the primar Y focus in this chapter, the absor ption and
scattering properties of the water colu mun, a(X\,z) and b(x,2), will bLe consideied in
detail becauvse of their primaryinfluence on the stiucture of the scalat irradiance
field in the ocean. Definitions of the optical terms can be found in Jerlov (1976) and
in Morel and Smith (1987?), and more detailed and comprehensive descriptions of the
physics of light transmission on the upper ocean can be found in Jerlov and Nielsen
(19-/4), Picisendoifer (19'/6), Duntley (1963), Austinand Petzold(1981), K irk (1986),

Sicgel and Dickey (1987a,b), Smith and Baker (1978a, b) and Morel, (1988).

Absorption and Scafttering inthe Water Columin

Thepropagation of light thiough the v. fatel column, as illustiated in fig ure 2-
3, is a co niplex phenomenon that involves the interaction of two processes, absol ption
and scattering. Iight that 1S incident on the sea suiface comes directly from the sun
ot f1om the sky where it has bee n scatter ed by the atmosphere. The loss of 1adiant
¢ nergy by reflection at the sea surface is small except at low sun atigles. The radiant
enicrgy entering the watt.1 columnis attenuated with depth according to the absoiption

and scattering properties of the water itself and of the suspenided and dissolved
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miaterials, including phytoplankton, picoplankton, bacter ia anddetritaland dissolved

o1 ganic mater ial,

The optical proper ties of the water colu nman may be de fined in terms of the
inherent optical properties of absorption, a(\z), and scattering, b(A,z) (cf.
Picisendoifer, 1976 and Morel and Yricur, 197°/). 'tThese propetties describe the
fractional loss from a unidirectional flux of light by absorption or scattering over a
unit distance, and do not depend on the radiance distribution in the water. Lach of
the inherent optical properties may be described in terms of the individual components
of the watt] ¢olumn, puie water, the phytoplankton o par ticulate component and the

dissolved component, as

a\z) = aw) + ap(Ae) 4 agde) (?- 5)

lA)(As'/') = b\\'(A) 4 b[)()‘s'/) + b(](/\”l') . (7' 6)

Because the particulate anti dissolved components vary in concentration throu ghout the
water column, while the contribution by pure water remains constant, a(x,z) and b(},7)

vary with depth and cause vatiations in the submarine light field.

The attenuation of light by absorption is a relatively simple process in which
the clectromagnetic radiation inter acts with absorbing molecules (such as water o1
pigments) and is conver ted into other forms of energy as suggested by figure 2-2.
Since the flux of light absorbed by water, and by suspended and dissolved materials,
varies with wavelength, this process causes changes in the spectial flux density with

depth in the submarine light field.
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The attenuation of light by scattering is cause.ct by theinteraction of
electromagnetic jadiation with molecules ot pat ticles in which both the direction of
propagation and the phase o f the interacting light may be changed as illustiated in
fipme ?-3. While this process does not cause a trtansformation or loss of energy, it
clews cause changes in the three dimensional distribution of the light field thiough the
processes of Mic and Rayleigh scattering which deporend on partticle size and index o f
ief1action.  The results of both Mie anti Rayleigh scattering theor y (cf. Born anti
Wolf, 1965 anti van de Hulst, 1983), illustiate that forpatticle diameters
significantly less than the wavelength, d « A, Rayleigh scatteting 1S nearly isotiopic.
1 ‘o1 paiticles with a diameter greater than the wavelength, d » X\, Mie scatier ing
predicts a large for ward scattering peak with minimal backward scatter ing. Scattering
in the sea is predominately in small for ward angles, a featurc that iS to be expected
if the major contributors to the process are small particles with refractive indices
close to that of water. There is a large body of evidence indicating that in open
waters, these particles are biogenous, consisting of phytoplankton, detritus, rind
possibly other components of the microplanktonic community, such as heterotrophic and
photosynthetic bacter ia, and microzooplankton. These biogenic particles also account
for a large amount of the variability in both the absorption coefficient, a(A,z), and
the scattering coefficient b(),z). The upwelled radiance, 1.,(}), illustrated in figure

2-31esults from the backward scattering from these small particles in the sea.

Scattering by matine particles disperses the light field, increasing the
probability of absoiption of a photon by incieasing the mean optical pathlength over a
g cometric depth inter val, In an optically homogenous medium, the diffuse natute of the
light field increases with depth until an asymptotic isotropic distribution is reached

and the 1adiance distribution remains constant with increasing depth (cf. Kirk, 1986).

1




Since scattering by suspended materials vaties with wavelength and particle size, this
process, like absorption, causes variations in the spectral distributionof the

submarine light field.

Optical Properties of Yure Water

The absoiption coefficient for purte sea water, ay(X), has been described by
Moieland Prieur (1977) and is showninfigure 2-4 as a function of the wavelength,
This spectrum is characterized by larger values inthered portion of the spectrum than
in the blue, and a minimal value near 465 nm. In contrast, an absorption coefficient
characteristic of dissolved organic material, ag(}x), also described by Morel and Prieut
(2 97/), is characterized by larger values in the blue portion of the spectrum thanin
the red, as illustrate in the same figure. The total absolution coefficient,a(}),

given by equation 2-5, is shown infigure ?-4.

‘The Rayleigh scattering of light by water molecules contributes nearly equal
amounts tothe forward and backwaid components of the scattering, by ()). As shown in
figure 2-4, the value for the scattering coefficient for watervaries little over the
visible region of the spectium. The combined effects of minimal absorption in the blue
reg jon and spectrally independent scattering cause pure water toact as a broad - band
blue filter. With increasing depth, red, yellow, greenand finally the shorter

wave len pths of blue lightare sequentially removeduntilthe spectral region near 465

nm predominiates.
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Onptical Properties of Biogenous I’articles

in waters frec of terrestrial or fluvial influence, the major souices of
optical variability are the Concentration of phytoplankton anct associated detrital
particles which may vary by over three orders of magnitude in coastal and open waters.
At higher concentrations, these patticles dominate the absorption and scattering within
the water column. For phytoplankton, most of the absorption is by the photosynthetic
and photoprotective pigments found within the chloroplast. Yor detr itus, absorption is

causal by these same pigments and their degraded forms.

Measurements of the spectral absolution properties of marine particles have
been obtained by spectrophotometric techniques (Yentsch, 196?, Kiefer and SooHoo,1982
and Kishino,et al., 1984). Figute ?-5 is an example of the vertical disti ibution of
the mean value of the spectral absorption coefficient for phytoplankton, ap(z),
obtained on the Biowatt 11 cruisein August, 198-/ at a station inthe southern Sargasso
Sea, These data from Chamberlin (1989) represent the mean value of the spectral
absorption coefficient, formed by the integial over wavelength of the spectral
distribution for the chlorophyll a specific absorption coefficient shown in figure 2-6,
ancl indicate a strong sub-surface maximumin the mean absorption]] coefficient caused by
anincrease in pigment concentration percell at low light levels. The spectra of
a*(,\,z), shown infigure 2-6, taken from the work of Chamberlin (1989), indicate that
the photosynthetic pigments arc a major source of particle absorption and provides
in formation about the concentration of pigments per cell as well as the concentration
of detrital material. In figure 2-6, the red absorption band of chlorophylla,
centered at 676 nm, and the Soret bands of chlorophylilacentered at 436 nm, and those

of phaeophytin a centered near 418 nm, reflect the summed concentrations of chlorophyll

13



a and phacophytin a. Derivatives Of the absorption coefficient with respect to
wavelength, shown in figure ?- 7from the. work of Morrow (1989), have been used to
estimate concentrations of chlorophylla, b, and ¢ (Faust and Norris 1982, Bidigaie, ¢t
a., 1988 and Morrow, 1988). Thetop panel Of figure ?-7 illustrates a representative
phytoplankton absorption coefficient spectrum. The lower panel illustrates the results
of a fourth -derivative analysis which exhibits several of the principal cellular

pigment components. Verification of pigment identification using high performance.

liquid chromatography (Bidigare, et al.,, 1988) has permitted the use of derivative

techniques in this analysis of jin situ spectral data,

The general flatness of the spectra and the enhanced absorption in the blue
reg jon of these spectra relative to that inthe red when compared to laboratory
cultures, indicates that detrital pigmentsare also important contributors to
absorption inthesea. The relative contributions of the phytoplankion anct detrital
components to the particulate absorption spectra have been studied using multiple
reg ression analysis to decompose the spectra. This technique is illustrated by the
work of Morrow,et al. (1989) shown in figure 2-8. Yigure 2-8a shows the spectral
distribution of the total particulate absorption spectiumtogether with the derived
component spectra.  Figure 7~ 8b illustrates the regression betweenthe chlorophyll a
concentration and the particulate absorption at 440mm. The open circles represent the
total ap(440) and the filled triangles represent the decomposition to the phytoplankton
component. This technique has been successfully demonstratedto provide a measure of

the detrital fraction from in situ samples.

Analysis of field data indicates that absorption coefficient spectra, ap(A,z),

from pan titles collected from the upper mixed layer and from below the chlorophyll
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maximum most often appear to be enriched in detrital pigments, while spectra from
particles collected from waters of intermediate depthssuggest lower contributions

from detritus. It is possible that theincreased amount of detrital pigments within

the mixed layer relative to intermediate depths IS caused by higher rates of production
of small detrital particles by microzooplankton. The detiital pigments produced by
grazing, including phacophytin a and phaeophorbide a, may be further altered by
photo-oxidation. In theaphotic ~.one, where there is no local production by
phytoplankton, detrital pigments must be supplied by egestion of vertically migrating

herbivores, or the breakdown of sinking fecal pellets,

‘I'he absorption coefficient for a suspension of particles of uniformsize and
optical proper tics, may be describedin terms of the efficiency factor for particulate

absorption, Qai(/\),as,
api) = NGl Qo) (2-7)

where N'is the concentration of the par ticles in the suspension and G!is the

geometrical cross-section of the individual particle. ‘] 'he product NIG'is the fraction

of the incidentlight beam that is intercepted by the particle suspension over a unit

path length. Theefficiency factor for particulate absorption, Qai(,\), is defined as
the fraction of light incident upon the particle that is absorbed by the pigments

contained in the particle. Yorthe case of a spherical particle of uniform pigment
concentration, Qai()\), is a function of the parameter p(A) = agy(A) d, the optical
density of the particle along the central ray, wheireazy,{(2), theabsorption coefficient
for the cellular pigments (cf. van delHulst, 1983), is related to the imaginary part of

the refl-active index, and is a function of both the concentration of pigments within
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the particle and the mole cular absorption cross-sections of the pigments. The

behavior of the efficiency factor for particulate absorption, is illustrated in figure

2-9, where Qai(/\) is shown as afunction of p(A). The values of Qai()\) range between O
for anonabsorbing particle and 1 for a particle that absorbs all light that it

intercepts.  A's Qu!(}) increases, the absorption spectrum tends toward a white spectrum
as discussed by Morel and Bricaud (1981), Bricaud, Morel and Prieur (1983) and Collins,

etal. (198 S).

The scattering coefficient for a Suspension of particles of uniform size and
optical properties, may be described in terms of the efficiency factor for particulate

scattering, Qu'()), according to the expression,
bpl() = NI Gl Qi (>-8)

where the efficiency factor for scattering,Qbi(A), is cte.fined as the fraction of the
flux of light incident on the particle that is scattered. “I’his factor is the

difference betweenthe efficiency factor for attenuation and the factor for

absorption, Qpi()) = Qatten'®) - Q,}(0) and may be calculated from Mie scattering
theory (cf. van de Hulst, 1983, Born and Wolf, 1965 and Kirk, 1986) as a function of
the phase shift of light propagating along the central ray of the particle, p(}),
defined in terms of the particle size and the real and imaginary parts of the

refractive index.

Figure 2-9 shows the behavior of Qaucni(A),thc efficiency factor for the
attenuation of a beam of light through processes of absorption and scattering by

particles, For nonabsorbing spheres this factor becomes the efficiency factor for
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scattering, Qbi(A). For particles that are small or have indices of refraction that

are close to that of water, the phase shift is small, and Qbi(A) approaches O. Yor
increasing values of p(}), Qp!(X) asymptotically approaches the value of 2 indicated in
figure 2-9. The oscillations in Qbi(,\) result from the scattering of light into small
forward angles by interference and diffraction. Since the relative refractive index of
marine phytoplankton cells has been found to be in the range of 1.03 to 1.1 5, one can
estimate the efficiency with which biogenous particles of differingsizes scatter light

by estimating the value of p()) (cf. Bricaud, Morel and Prieur, 1983),

In seawater, the suspended particles are a diverse assemblage of planktonic and
bacterial species, detritusand inorganic material. The contribution Of this
assemblage to the absorption of the medium is represented by the sum over all particles

of the products shown in equation 2-7,

apd) = > i NGl Qi) . (2-9)

Variations in ap(A) are caused by changes in either the geometric cross-section of the
particulate suspension, (N‘Gi), or in the optical efficiency factor for absorption,

Qai(,\), because of variations in the pigment concentration. Yor phytoplankton, the
cellular concentrations of pigment may vary as a consequence of photoadaptation anti
nutrient supply. The variation in cellular pigment concentration with cellular

diameter is shown in figure 2-10 from the work of Morrow (1988). Thisfigure

illustrates the importance of the increased pigment density, and hence acp,, for smaller
cells and their relative contribution to the absorption properties of the water column,
Because of the considerable diversity of marine particles and the corresponding

difficulty of examining individual marine particles (cf. Iturriaga, et a., 1988 and
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Morrow, et a., 1989), application of equations 2-7 and 2-8 to marine optics have been

very limited.

Measurements with electronic particle counters shown in figure 2-11 (cf.
Zaneveld and Pak, 1979) illustrate that for the upper waters of relatively large
geographic regions, the particle size distribution remains relatively constant, with
the numerical concentration, N', of particles of a given diameter, di, increasing with

decreasing diameter according to,

Ni@dp) = A (@B . (2-10)

In this formulation, A andB are empirical constants. Yor particles larger than 1 um
in equivalent diameter, values for the total particle load, represented by A in
equation 2--10, vary by over an order of magnitude while the values for the slope, B,
remain relatively constant between 3.5 to 5 with most values close to 4. Because the
value of the geometric cross section of a particle, G, increases as the square of the
diameter and the concentration of particles, N, decreases as the inverse fourth powet
(B=4), the fraction of light intercepted by particles of a given diameter, (NiGi) will
increase, for decreasing particle size, as the inverse second power of the particle.
diameter. “Jbus, as the particle diameter decreascs,(NiGi) increases together with an
with an increase in pigment density, as illustrated in figure ?- 10. Therefore,
particles with diameters less than 20 pm are often the major contributors to the

absorption and scattering of light inseawater,
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Beam attenuation

The difficulty of measuring the inherent optical properties of seawater occurs
in part because of multiple scattering of photons. These problems can be circumvented
with a submersible transmissometer (cf. Bartz, Zaneveld and Pak, 1978), an instrument
designed to measure the loss of light from a collimated beam. The L.ambert-Beer | .aw is
used to calculate the beam attenuation, ¢(A,z), the inherent optical property that

describes the fractional losses of a beam of light as it traverses a unit distance (cf.

figure 2-3), as,

c(\z) = exp { -T(\,z) ) | (2-11)
where T(\,z) is the transmittance of the beam of light at a specific wavelength,
calculated as the ratio of the detected to the incident radiance, over a specific path

length. Because lossx from the. beam are the result of absorption and scattering,

these losses may be described as the sum,

c(hz) = a(\z) + b(d,z) . (2-12)

In terms of the efficiency factor for attenuation described previously, the

beam attenuation coefficient for an assemblage of particles becomes,

op = Yi { NP G Qquen') ) . (2-13)

At appropriate wavelengths, the beam attenuation coefficient, c¢(A,z), has been

found to covary with the concentration of particles in the sea. ¥Figure 2-12
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illustrates the dependence of the particulate concentration on the beam attenuation

coefficient, c(665), for samples at various depths within the euphotic zone at a number

of stations in the northeastern Pacific. The covariation observed indicates that both
the distribution of particle sizes, Gi, and the efficiency factor for beam attenuation,
Qatten'™): donot vary significantly over this geographic region, and therefore the
value of the beam attenuation coefficient provides a good measure of particle load or

particle concentration, N', as illustrated in the figure.

Studies of the relationship between c¢(A,z) and in situ. fluorescence of
chlorophyll a in the upper water column (Kieferand Austin, 1974 and 1.ieberman et al.,
1984) have shown a general covariance of ¢(660,z) with chlorophyll a concentration as
illustrated in figure 2-13. A closer examination of the variance in the relationship
between the. concentration of chlorophyll a and the value of ¢(660,z) in figure 2,-13
indicates that values of the ratio ¢(660, z) / chlorophyll a tend to decrease with depth
because of photoadaptation of phytoplankton., Figure 2-14 illustrates the ratio of
¢(660,z) / chlorophyll a plotted by K iefer (1984) as a function of the optica depth
for measurements made in the northeastern Pacific. Within the depth profile of a
single station, three distinct depth intervals are apparent. In the uppermost part of
the water column, illustrated as region 1in figure 2-13, values for the ratio are
maximal and constant, as illustrated by the constant values shown in figure 2-14. ‘I'his
is the depth interval of the upper mixed layer where light levels are highest, and the
absorption coefficient of the particles is smallest relative to their scattering
coefficient, In the depth interval below the mixedlayer, increasing depth leads to
large increases in the absorption coefficient of the particles relative to their
scattering coefficient, causing a decrease in the ratio c(660,z) / chlorophyll a.This

region of change in the optical properties of the particles, shown as region 3 in

20



figure 2-13, extends to the bottom of the. euphotic zone, Kpy,7e = 4.6, Unlike the
mixed layer, rates of vertical mixing appear to be sufficiently slow below the euphotic
zone that the ratio remains relatively constant with depth, leading to region 4 in
figure 2-13, This pattern is remarkably similar for coastal and open ocean stations in
the northeastern Pacific and is most simply explained by increases in the pigment
concentration of phytoplankton growing at lower light levels. Within the mixed layer
rates of vertical mixing may be more rapid than rates of photoadaptation so that the
optical properties of the cells and associated detritus are uniform within the layer.
Below the mixed layer, rates of vertical mixing may be slower than rates of
photoadaptation, and at the bottom of the euphotic zone, low light adaptation is
complete and further increases in the cellular concentration of chlorophyll a with

depth may not occur.

The Scalar Irradiance Field

Combining the processes of absorption and scattering, the exponential nature of

light attenuation within the water column is described by the I.ambert-Beer Law,

¥ ozt dz2) = Eg(A,2) exp - { ,f71dz k() de ) (2- 14)

where, Y, (},z) is the spectral scalar irradiance measured with a spherical collector.
k(),2z), the attenuation coefficient for diffuse irradiance between depths z and z+dz,
is an apparent optical property of the water because its value depends on the

absorption and scattering properties of the seawater and on the radiance distribution

of the light field (Preisendorfer, 1976).
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A more useful description of the scalar irradiance field at depth can be

derived from the Gershun equation describing the downwelling irradiance, E4(,z)

(cf. Kirk, 1986),

Eq\z4dz) = EqOuz) exp - { f7192 a06) / mgne) de ), (2-15)

where E4(X,z) is defined as the light vector normal to the ocean surface which
incorporates all light propagating downward from the sea surface. It is this light

field that is normally measured by optical instruments in the sea. The behavior of the
downwelling irradiance field with depth is illustrated in figure 2-15. In figure 2-
153, the vertical profiles of the photosynthetically available irradiance, Epqi(z) are
illustrated for uniform concentrations of pigment throughout the euphotic zone. In
figure 2.- 15b, the spectral dependence of the downwelling irradiance is illustrated for
Jerlov Case | waters with a pigment concentration of 5 pg/l, demonstrating the

exponential nature of the spectralirradiance for uniform pigment concentration.

]n equation 2-15, ﬁ‘d(,\,z), is the average cosine of the downwelling irradiance

field, a dimensionless parameter that describes the effects of changes in the three

dimensional distribution of radiance at depth, defined as,

Hahz) = Eghz) / Foq(hz) (2-16)

the ratio of the downwelling irradiance, Eq4(A,2)to the downwelling scalar irradiance,

Eoq(X,z). The reciprocal of theaverage cosine, pg(X,z)™, is equal to the mean
pathlength a photon travels over a unit distance norma to the sea surface. The

Gershun approximation permits the description of the inverse of the average cosine of
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the scalar irradiance field as,

g = kg 1 an) (2-17)

Measurements of the average cosine of the scalar irradiance field at a given
wavelength indicate that its value undergoes relatively small changes with depth as
indicated in figure 2-16, where the average cosine for the total irradiance and for the
downwelling irradiance are plotted as a function of the optical depth for the

downwelling irradiance field.

The attenuation coefficient for the scalar irradiance,

k(Az) = 1 | Eg(Az) dEg(N2z) [ dz (2-18)

is an apparent optical property of the medium, depending in part on the diffuse nature
of thelight field (cf. Baker and Smith, 1982, Kirk, 19S6, Siegel and Dickey, 1987a,b
and Morel, 1988), but is determined largely by the composition and concentration of
material in seawater. As an increased number of field measurements of spectral
irradiance have been obtained, the spectral character of the relationship between
photosynthetic pigment concentration and k(),z) has been better defined. Morel and
Prieur (1977), Smith and Baker (1978a), Baker and Smith (1982) and Prieur and
Sathyendranath (1981) have all described the contributions to the spectrum of k(X,z)
from pure sea water, the biogenous components, particulate detrital material and
dissolved organic compounds in the sea. Although not rigorous, the diffuse attenuation
coefficient, k(\,z), may be attributed with quasi-inherent optical properties (cf.

Preisendorfer, 1976) because of the weak dependence on the geometric distribution of
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the irradiance field, and may be represented by the sum,

k(2,z) = ky(Xz) + kp(A,z) + kg(x,z) . (2-19)

The diffuse attenuation coefficient for pure water, ky(2), derived from the data of
Baker and Smith (1982), is shown in figure 2-17 in comparison to the value Of kj(X) for
particulate material. In this figure, kn(,z), derived from Morel (1 988) and described

in equation 2-20, is characterized by a red attenuation band for chlorophyll a and a

broad blue attenuation contributed by the superpositioning of the Soret bands of

chlorophyll a with bands for the accessory chlorophylls and carotenoids.

Austin and Petzold (1981, 1984), Baker and Smith (1979, 1982) and Morel (1988)
have described the diffuse attenuation coefficient, k(A,z), in terms of the coefficient
at a particular wavelength, k(490,z), or in terms of the pigment concentration in the
water. In the latest of these papers, Morel (1 988) has described the spectral diffuse

attenuation coefficient by the equation,

k(A z) = ky) + x(0) C@EN (2-20)

where C(z) is the pigment concentration at depth z, including both the chlorophyll a
and the phaoepigments at that depth. ¥rom this equation, and from knowledge of the
pigment composition of the water column, the scalar irradiance field may be estimated
using equation 2-14 or 2-15. Figure 2-18 illustrates the behavior of the diffuse
attenuation coefficient at a number of wavelengths as a function of the pigment

concentration from equation 2-20,
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Morel and Prieur (1977) found it necessary to define two water color types:
those characteristic of the open ocean, in the absence of terrigenous particles, for
which biogenous particles were the dominant source of optical variability and kq4(A,z)
does not contribute significantly to equation 2-19, and those for which inorganic
particles were dominant, presumably because of significant input of terrigenous or
lacustrine materials. The behavior of kg(A,z), not illustrated in figure 2-17, is
often characterized by the continual rise in attenuation in the blue region of the

spectrum for these latter regions.

The integral of eguation 2--14 is the photosynthetically available radiance,
Epar(2), given by equation 2-3. From this equation the diffuse attenuation coefficient

for the photosynthetically available radiation, Kpa(z), may be calculated according to

the equation,

Kpar(z) = 1/ Epar(z) d ¥par(z) [ dz . (22'])

The results of the calculation of Kpa,(2) are shown in figure 2-19 for fixed values of
the ratio of the photosynthetically available radiance, Fpar(2), to its surface value
and for increasing pigment content. Figure 2-19 illustrates that K,,.(z) is a function
both of pigment concentration and the depth within the euphotic layer. This fact is
responsible for the curvature of the vertical profiles of Ep,p(z) shown in figure 2-
15a. This figure demonstrates that the diffuse attenuation coefficient for
photosynthetically available radiation is not a constant with depth even for a
vertically uniform pigment field, but varies significantly near the surface, becoming

asymptotically uniform with increasing depth.
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In equation 2-19 and in equations 2--5 and 2-6, the particulate and dissolved
components may be represented as the product of the chlorophyll a specific coefficient

and the chlorophyll a concentration, 7Thus, the chlorophyll a specific absorption

coefficient, a*(/\, z), may be described as,
a(\z) = a (\z) <Chl a> (2-22)
where the value of <Chla> is the concentration of chlorophyll a in the suspension.

Using the results of equations 2-3 and 2-4, an effective absorption coefficient
for phytoplankton, “a*(z), can be defined that is a measure of the absorption by
phytoplankton of the radiant energy available in the photosynthetic wavelength band.

This coefficient is defined by the relationship,

“a* (z) =400f""" (@*(02) FoMhz) dx [ a00f° E o(Az) dX (2-2.3)

or
o ¥ * E E
a (z) = a (435,z) pur |/ Ypar, (2-24)

the ratio of the photosynthetically usable radiance to the photosynthetically available
radiance. The behavior of Epy;(z) has been described by Morel (1978) and by Collins,
et al. (1988b) and is illustrated in figure 2-20 as a function of the

photosynthetically available radiance, Fpar(2). This figure illustrates that the
effective absorption coefficient is a function of the pigment concentration because of

the effect of pigment on the scalar irradiance field.
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The variation of the spectral downwellingirradiance field with increasing
pigment concentration and depth is caused by the variations in the spectral
distribution of kq(A,z) illustrated in figure 2-17 and equation 2-19. The downwelling
irradiance field that results from including both sea water and biogenous particles in
the computation of the diffuse attenuation coefficient as a function of depth is
illustrated in figure 2-21. Figure2-21a, which illustrates the vertical distribution
of the downwelling irradiance for pure sea water, indicates the strong absorption in
the red portion of the spectrum. Figure 2-21b illustrates the spectral narrowing
caused by a uniform pigment concentration of 5 pg/l. The photosynthetically usable
irradiance defined by equation 2-4 is the product of the spectral absorption
coefficient illustrated in figure 2-4 and the scalar irradiance, which exhibits a
spectral narrowing similar to that shown in figure 2-21b for the downwelling
irradiance. The ratio of these two fields is the average cosine shown in figure 2-16.

These computations illustrate the enhanced blue absorption caused by chlorophyll a.

The intensity of the scalar irradiance field in the ocean has been shown to be
determined to a great extent by the phytoplankton population. one measure of the
extent of the scalar irradiance field is the euphotic depth, Z,, defined as the depth
for which the photosynthetically available radiance, Fpay, is 1% of its value at the
surface. Zg is a practical measure of the, depth to which light will penetrate. in the
ocean and has often been approximated by the use of the Secchi disk. ¥For the purpose
of evaluating the primary productivity in the ocean, a more realistic measure might be
the depth for which the photosynthetically usable radiance, Epyy,is 1% of the value at
the surface. This depth will depend both on the pigment concentration and to a limited
extent on the time of day because the spectrum of the irradiance field at the surface

is a function of the solar ephemeris.
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Patterns inVertical Distributions

While our present understanding of the causes of optical variability in the sea
is incomplete, the increased number of biological and optical measurements made in
recent years has lead to significant advances. Our understanding of the changes that
occur within the water column are based upon the observation of similar patterns of
vertical distribution of biological and optical parameters at different geographic
regions and their explanation by the relationships described above, Figure 2-22 (cf.
Siegel and Dickey, 1987a), illustrates the patterns obtained in October, 1982 from the
ODEX cruise in the northeastern Pacific Ocean. At this station, there exists a
well-mixed surface layer in which the temperature is invariant with depth over the
upper 50 m of the water column. The seasonal thermocline appears to extend from 50 m
to 80 m. Nitrate levels are at the limit of detectability within the surface mixed
layer and the upper part of the seasona thermocline.However, a 90 m, below the
permanent thermocline, nitrate concentrations begin to increase rapidly with increased

depth.

Yigure 2-22a shows the vertical distribution of chlorophyll a, chlorophyll a
fluorescence, the potential density and the beam attenuation coefficient, c(660) at
this station. The concentration of chlorophyll a, as estimated from fluorescence,
remains relatively constant in the surface mixed layer to 50 m, increasing below this
layer, and continuing to rise to 90 m. Below this depth, the concentration of
chlorophyll a decreases at first rapidly to 120 m and then more slowly. The
distribution of the beam attenuation coefficient, a measure of particle concentration,
while constant in the surface mixed layer, exhibits a deep maximum a 70 m, above the

chlorophyll maximum. Below the depth of the chlorophyll maximum, the vertical
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distribution of beam ‘attenuation closely resembles that of chlorophyll a, decreasing

rapidly to 120 m and more slowly below.

Figure 2-22b illustrates the vertical distribution of the spectral diffuse
attenuation coefficient in the water, kq(»), for different wavelengths in the visible
portion of the spectrum. The diffuse attenuation coefficient for the particulate
material in the water, kp(A)=kd(A) - kw(*), the difference between the total diffuse
attenuation coefficient and the diffuse attenuation coefficient for water, most closely

resembles the distribution of chlorophyll a in the mixed layer as shown in figure 2-

22a

The patterns described in figure 2-22 are characteristic of oceanographic
regions where the upper water column contains a well-defined surface mixed layer and a
well developed or stable picnocline, These patterns will be particularly well-defined
in regions where nutrient concentrations are low within the surface mixed layer and
upper parts of the seasonal mixed layer. Such conditions prevail in much of the
world’'s oceans and offshore waters, The major exceptions to this statement are
regions of active upwelling, deep or rapid vertical mixing, or where the standing crop
of phytoplankton is dominated by large motile species such as the dinoffagellates. A
reasonable interpretation of the patterns shown in figure 2-22 requires a description
of the coupling between the physical and biological properties of the ocean. The
chlorophyll maximum appears at 90 m, at the bottom of theeuphotic zone. In overlying
waters, decreases in chlorophyll a concentration are caused primarily by the adaptation
of the phytoplankton to higher light levels and to lower concentrations of nutrients.
This interpretation is supported by the fact that the beam attenuation coefficient, a

measure of particle concentration, does not decrease significantly in the waters above
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90 m. The constant value for both the beam attenuation coefficient and chlorophyll a
concentration within the surface mixed layer results from the fact that vertical mixing
within the layer is sufficiently rapid to eliminate changes caused by differences in
either adaptation or net growth at different depths within the layer. Between the
surface mixed layer and the chlorophyll maximum, rates of vertical mixing are slow
enough so that such differences between depths caused by local adaptation and net

production are expressed in the profiles for chlorophyll a and beam attenuation.

Below the chlorophyll maximum, the intensity of the scalar irradiance, F(},z),
is sufficiently low that the local gross primary production, II°(}), given by equation
2-1 is equal to or less than respiration by the phytoplankton. The depth for which the
local production equals respiration has been defined by Sverdrup, (1953) as the
critical depth. Below the critical depth, respiration exceeds growth, At these
depths, for which the light is less than 1% of the surface irradiance, a level
defining the depth of the euphotic zone, the cells are optimally adapted for low light
conditions as mixing does not occur with the surface waters and their relatively
intense scalar irradiance. “1'bus, there are no further increases in the cellular
concentration of pigments in the underlying waters. These waters immediately below the
chlorophyll maximum are characterized by vertical patterns in which decreases in the
beam attenuation coefficient are mirrored by decreases in the chlorophyll a
concentration, and increases in nutrient concentration, because the cells can not
utilize nutrients effectively, In this water, vertica eddy transport between the
particle-enriched water of the lower euphotic zone and the deeper, particle-free water

is now dominant.




Relationships to Remote Sensing

The relationship between the spectral distribution of the upwelling radiance,
I, U(A), or the water color, and the optical properties of the water arc used in the
remote sensing of the biomass and primary productivity of the ocean through the
description of the remote sensing reflectance, R(A), described in detail in chapter 28.
Morel and Prieur (1977) and Smith and Baker (1978b) described the remote sensing

reflectance as,

RO) = 1/3 b)) / a(d) . (2-25)

Because both the backscatter and the absorption are functions of the biogenous
particulate, load in the water column, the remote sensing reflectance is dominated by
the concentration of phytoplankton in the water. The consequences of this fact for the
remote sensing of phytoplankton biomass through pigment analysis, and of the estimate

of primary productivity of the phytoplankton crop will be explored in Chapter28.




Future Research

There are many unanswered questions in the relatively new field of marine

biological optics; a few examples are listed below:

1. What particles in seawater contribute to the absorption and scattering of light?

Arc chroococoid bacteria important contributors to optical properties? now important
are detrital particles and heterotrophic bacteria? Methods such as flow cytometry and
microphotometry that are capable of determining the optical properties of individual

particles may help provide answers to these questions.

2. More must be learned about the quantum yield of photosynthesis, ¢(z), since this
parameter is the critical link between light absorption and primary production. 1s
this parameter only a function of photon flux density and independent of phytoplankton
species, nutrient availability, or temperature? If not, what is its dependence upon

these ecological and species-dependent parameters?

3. Present understanding of the absorption properties of marine particles is far from
complete. There have been almost no attempts to identify the photosynthetic accessory
pigments or photo-protective pigments that contribute to the absorption coefficient.
Application of HPLC to field studies is just beginning, and rapid progress in pigment
identification is soon expected, “I’his question may include a consideration of the
effects of phytoplanktonic species succession upon the optical properties of the

particles or the seawater itself.

4. The optical properties of dissolved organic material have been neglected in this
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chapter. More needs to be learned about its contribution to light absorption, its

distribution, and its origin and fate.

5. Recent studies with submersible spectroradiometers have shown that the attenuation
with depth of red light around 680 nm is not consist with the l.ambert-Beer L.aw. l.ight
levels within the euphotic zone are much higher than would be expected from the diffuse
attenuation expected for both water and the concentration of chlorophyll a. “I’he
anomalously high levels of red light appears most likely to be caused by the “natural”

or solar induced fluorescence of chlorophyll a within the phytoplankton cells. Can

this signal provide valuable information about the size of the phytoplankton crop or
perhaps even information about the crop’s rate of light absorption or rate of primary

production?

w
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Figure Captions

Figure 2-1:
Conceptua transformation of Carbon and Nitrogen within the phytoplankton

community,

Figure 2-2:
The pattitioning of energy by the phytoplankton cell through absorption and
scattering. The absorbed radiant energy is further partitioned into heat, fluorescence

and the assimilation of Carbon, Nitrogenandother compounds through photosynthetic

processes.

Figure 2-3:

The propagation of lightenergy in the ocean, illustrating the effects of
absorption and scattering on the geometry of the light field at depth, and the
relationship between the upwelling radiance, 1.,(}), and the water-leaving radiance,

100,

Figure 2-4.

The spectral distribution of the attenuation coefficient, a(d), as the sum of
the water, aw(}), phytoplankton, ap(}), and detrital, ag()), components. The water
component, ay()),andthe watt.r scattering cocfficient, by(})), are derived from Morel
and Prieur (1 977), The phytoplankton component is derived from the results of the work
of Soolloo, et a. (1986) anti of Collins, et a. (1988b) assuming a pigment
concentration of 5.0 pg/l.  The detrital component is derived from Morel and Pricur

(1977), corresponding to a scattering coefficient of 2.0 m™at 550 nm,
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Figure ?-5:

The vertical distribution of the mean value of the spectral absorption
coefficient, ap(A,z), for data collected on Biowatt 11 during August, 1987 in the
southern Sargasso Sea. Data from Chamberlin (1989), demonstrating a deep particle

maximum.

Yigure 2-6:

The spectral distribution of the chlorophyll a specific particulate absorption
coefficient, a*p(z\,'/.), as a function of depth. Data from the BIOWATT 11 cruise in the
Sargasso Sea, August, 1987. The data from Chamberlain (1989) indicates the variability

of the contribution from the detrital material to the total spectrum and theincreased

pigment concentration per cell at low light levels,

Figure '2-'7:

The invivo absorption spectrum for particulate material obtained from the
Sargasso Sea at a depth of 107 m from the BIOWATT | cruise, 1985. a: The particulate
absorption spectrum with the location of significant pigments contributing to the
spectrum indicated. b: The fourth derivative of the spectrum, illustrating the
pigment composition of thesample. The analysis uses the techniques of Bidigare,

Morrow and Kiefer (1988a). Datafrom Morrow (1988).

Figure ?-8:
An illustration of the decomposition of thespectrum for particulate absorption
into phytoplankton and detrital components. a: The total particulate absorption

coefficient, ap(A), together with the phytop]ankton,ad,(/\), and detrital, ag(}),
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components which contribute to the spectrum. 7The upper dashed line is the
reconstructed spectrum. b: The regression of the particulate absorption coefficient,
ap(440), against the chlorophylla concentration. Theopen circles represent the total

ap(440), while the dark triangles represent the phytoplankton component. Data from

Morrow (1988).

Figure 2-9:

The efficiency factors for absorption, Qg(p), and for attenuation, Qgtien(n),
as a function of a wavelength dependent parameter, p. The functional form for Qg(p) is
derived from van de Hulst (1983) and is illustrated in Collins, et a. (1986). in this
case, p iS the optical density of the centralray propagating through the particle.
The functional form for Quen(p), the efficiency factor for scattering in the case of
non-absorbing spheres, is given by vande Hulst (1983) anti by Kirk (1986). in this

case, p is the phase lag for light propagating along the central ray of the particle.

Figure 2-10:

The cellular pigment concentration in both laboratory cultures and field
samples as a function of cell diameter, illustrating the packaging of cellular material
for cells of a wide range of sires. Data from Blascoet a. (1982), Davies- Colley et

al. (1986) andMore! (1987). Figure from Morrow (1988).

Figure 2!-11:

The concentration of marine particles as a function of particle volume in near -
surface water.Data from Zaneveld and I'ak (1 979) obtained at a number of stations at
differing distances offshore. The increased concentration of large particles is

representative of terrigenous material.
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Figure 2-17:

The variation of suspended particle concentration as a function of beam
attenuation coefficient, ¢(665), for samples from the northeastern Pacific Ocean. Data
from Pak,et al. (1988) indicate differing regressions in this relationship caused by

the changesin particle size distribution with depth,

Figure 2-13:

The beam attenuation coefficient, ¢(660), as a function of the pigment
concentration for waters inthe central North Pacific Ocean a the ODEX site. L
Sw1 face mixed layer for whichthe pigment concentration is vertically uniform. 2:
The region between the bottom of the mixedlayer and the particle maximum. 3: ‘The
region between the particle maximum and the chlorophyll a maximum. in this region,
photoadaptive processes cause significant changes in the pigment concentration per
cell. 4: ‘] "he region below the chlorophyll a maximum. 1n this region, as a
consequence Of the low available irradiance, further changes inthe pigment

concentration per cell do not occur.

Figure 7~ 14:
The pigment specific beam attenuation coefficient as a function of the optical
depth in terms of Kpar. Data from the ODEX cruise, 1982, from K iefer (1984). The

uniform regions correspond to the surface mixedlayer for each profile.

Figure 2~ 15:
The downwelling irradiance field in the ocean computed assuming a vertically

uniform pigment field, from the work of Morel (1988) and of Collins, et al. (1988 b).
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a: The vertical distribution of the downwelling ¥';55,(z) as a function of pigment
concentration. b: The vertical disti ibution of the downwelling spectral irradiance

computed for a pigment concentration of 5 pg/l.

Yigure 2-16:
The average cosine of the downwelling irtadiance and the scalar irradiance
fields as a function of the optical depth, for a ratio of scattering to absorption, b/a

= 5,0, From Kirk (1986) for vertically incident light at the sea surface,

Figure 2-17:

The spectral distribution of the diffuse attenuation coefficient, k(}), as the
sum of the water, kw(3), and phytoplankton, kp(}), components.  Computed from the
theory of Morel (1988) and Collins, et al. (1988b) for a pigment concentration of 5.0

ng/l. Data for ky(2) from Baker and Smith (1982).

Yigure 7- 18:
The dependence of the diffuse attenuation coefficient for downwelling
irradiance, kq(A,pigment), on the pigment concentration. Computed from Morel (1 988)

and Collins, et al. (1988 b).

Figure 2-19:
The dependence of the diffuse attenuation coefficient for downwelling

photosynthetically available irradiance, K pa;(pigment), on the pigment concentration.
Computed from the theory of Morel (1988) and Collins, et a. (1988b) for the 50%, 10%

and 1% F,p lovels.
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Figure 2-20:

The relationship between the depth distributions of the absorbed radiant
eneigy, Ypurs ant] the photosynthetically available irradiance, Ypar, as a function of
pigment concentration in the water column for vertically uniform pigmentdistributions.

Computed from the theory of Collins, etal. (1988 b).

Yigure 2-?1:

The spectral distribution of the down welling irradiance, Y:4(),7), as a function
of depthfor two values of the pigment concentration. Computed from the theory of
Collins, et a, (1988 b). This figure illustrates the spectral narrowing of the light
field with increasing pigment concentration. a:Puresea water. b: 5 pg/1 pigment

concent ration.

Figure 2-22:

The vertical distribution of the optical propertiesin the sea from Siegel and
Dickey (1987a) for the ODEX, 1982 cruise. a The vertical distribution of the mean
potential density, beam attenuation, ¢(660), chlorophyll afluorescence, chlorophyll a
and phacopigments. b The vertical distribution of the diffuse attenuation
coefficient for downwelling irradiance a selected wavelengths. The dashed line in
cach panel is the value of ky,(2), the diffuse attenuation coefficient for pure water at

that wavelength.,
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