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ABSTRACT 

Mie theory is applied to estimate scattering by polydispersions of marine parti­

cles, with particular emphasis on heterotrophic bacteria and sub-micrometer detrital 

particles. 

The ei ror incurred in deriving bacterial optical properties by use of the simpler 

approximations of van de Hulst is computed. Simple approximations are derived 

for the scattering coefficient due to bacteria with normal and gamma size distribu­

tions. The scattering properties of natural bacterial assemblages in three marine 

environments, Georges Bank, Northeast Channel, and Sargasso Sea, are assessed 

by applying Mie theory to field data on bacterial size and abundance. Results show 

that heterotrophic bacteria can contribute significantly to both the total scattering 

coefficient and the backscattering coefficient of sea water, but that their contribu­

tion to the backscattering coefficient is relatively lower. The relative contribution 

of bacteria to the scattering properties of sea water was found to be unrelated to 

the amount of phytoplankton pigments present in the water. 

The backscattering ratio (ratio between the backscattering coefficient and the 

total scattering coefficient) for the total particle suspension with a Junge-type size 

distribution was found to be largely controlled by sub-micrometer particles, and its 

magnitude to vary strongly with the value of the exponent in the Junge-type dis­

tribution, which in turn describes the shape of the *he distribution. The backscat­

tering ratio, however, docs not vary with wavelength, nor is it significantly affected 

by absorption. It is predicted that even if sub-micrometer detrital particles, and 

not phytoplankton, arc responsible for most of the backscattering in the ocean, 

an inverse relationship between the backscattering ratio and phytoplankton pig­

ment concentration would exist, due to the observed inverse relationship between 

phytoplankton pigments and the parameter that describes the shape of the size 

distribution. 
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General Introduction 

Knowledge of the optical (absorption and scattering) properties of the different 

substances present in sea water (both in solution and in suspension) is necessary to 

address problems such as: the interpretation and modelling of ocean colour for re­

mote sensing of phytoplankton (Morel and Pricur, 1977; Gordon and Morel, 1983), 

modelling of light penetration and thermodynamics of the upper ocean (Zanevcld 

et al, 1981; Lewis et al, 1983; Kirk, 1988) the assessment of primary production by 

remote sensing (Piatt and Sathyendranath, 1988), and the interpretation of m situ 

optical measurements, for example, those obtained with transmissomctcrs (Siegcl 

et al, 1989). Each of the substances involved can, in principle, contribute inde­

pendently to the optical properties of sea water, according to their concentration 

and their absorption and scattering characteristics. Therefore, to be able to distin­

guish the effect of one component on a particular optical property (e.g., the effect 

of phytoplankton on ocean colour), it is necessary to be able to account for the 

contribution of all the others. 

The optical properties of sea water arc generally partitioned into contributions 

from pure water, phytoplankton, yellow substances (dissolved organic material), and 

inorganic sediments (e.g., Jerlov 1976; Kirk, 1983). Furthermore, it is commonly 

considered that phytoplankton and their derived products are the main compo­

nents determining the optical properties of sea water, particularly in deep-ocean 

waters, and also in coastal waters that arc not significantly affected by terrigenous 

inputs or by the resuspension of sediments. Thus, phytoplankton and their derived 

products are believed to be the dominant contributors to the absorption and scat­

tering characteristics of more than 98% of the world ocean waters (Morel, 1988). 

For these waters (known as Case 1 waters) current bio-optical models use phyto­

plankton pigment concentration as the master variable through which most of the 
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inherent optical properties are estimated (e.g., Morel and Prieur, 1977; Gordon et 

al., 1988; Morel, 1988; Sathyendranath and Piatt, 1988). 

In spite of the relative success of such models in reproducing optical proper-

petics of sea water (for example, the irradiance reflectance or ocean colour) using 

only phytoplankton pigment concentration as the independent variable, some prob­

lems remain. In this thesis, I examine the independent role of non-chlorophyllous 

particles on the scattering properties of sea water, with particular reference to het­

erotrophic bacteria and sub-micrometer detrital particles. 

Heterotrophic bacteria are microorganisms present in all marine environments, 

in number concentrations 1-2 orders of magnitude higher than phytoplankton; how­

ever their influence on the light field in the ocean has been little studied. They are 

small (typical diameter of ~ 0.5 /t/m), compared to the other organisms comprising 

the plankton; nevertheless they can make a significant contribution to the total 

planktonic biomass (in units of carbon), particularly in oligotrophic waters (Cho 

and Azam, 1990). Studies of their absorption and scattering characteristics have 

been carried out on cultures (Yentsch, 1962; Kopelevich et al., 1987; Morel and Ahn, 

1990; Stramski and Kiefer, 1990). These studies suggest that heterotrophic bacte­

ria could contribute significantly to the scattering of light in the field. However, no 

direct evaluations of their contribution to the optical properties of sea water have 

yet been made. 

On the other hand, attempts to recover the total backscattering coefficient as 

the sum of contributions from pure water, phytoplankton, and other components 

present in sea water have failed (Morel and Ahn, 1991; Stramski and Kiefer, 1991). 

In other words, from what is presently known about the optical properties of these 

substances, and their concentrations in natural waters, it is not possible to account 

for the amount of light that is backscattered in the ocean. It has been shown, 

however, that microorganisms can account for most of the total particle scattering 
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(Morel and Ahn, 1991; Stramski and Kiefer, 1991), and that phytoplankton are 

responsible for most of the particle absorption. This poses a problem: what is the 

missing component that contributes significantly to the backscattering, and yet does 

not modify absorption or total scattering coefficients? 

Early models of light scattering by marine particles (Gordon and Brown, 

1973; Brown and Gordon, 1973, 1974) suggested that very small, organic particles 

(< 1 //m) could be responsible for most of the backscattering in the ocean. Het­

erotrophic bacteria can be considered to be part cf this component, but they do not 

constitute the whole. Recent theoretical studies indicate that particles other than 

heterotrophic bacteria should be considered to account for most of the backscatter­

ing (Morel and Ahn, 1991; Stramski and Kiefer, 1991). The presence of extremely 

small, detrital particles in large concentrations has recently been reported (Koike 

et al, 1990; Longhurst et al, 1991). These sub-micrometer, detrital particles could 

indeed account for the required backscattering, without contributing significantly 

to the total scattering and absorption. However, nothing is yet known about their 

optical properties, nor whether they are present in large concentrations in most of 

the world's ocean. Paradoxically, it would be the light backscattercd by these small 

detrital particles that can be remotely sensed, giving information about the amount 

of phytoplankton present in the surface layers of the ocean. 

On the other hand, the backscattering coefficient is presently modelled as a 

function of phytoplankton pigment concentration (Gordon et al, 1988; Morel, 1988; 

Sathyendranath and Piatt, 1988), through the product of the backscattering ratio 

(ratio of the backscattering coefficient to the total scattering coefficient) and the 

total scattering coefficient. While the latter has been shown to covary with pigments 

(Gordon and Morel, 1983), the former has been little studied. In current bio-

optical models, the backscattering ratio is assumed to be constant (Sathyendranath 

and Piatt, 1988) or to covary inversely with phytoplankton pigment concentration 

(Gordon et al. 1988; Morel, 1988). 
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In this thesis, I use the theory of light scattering (Mie theory; Mie, 1908) in 

combination with detailed in situ data of bacterial size and abundance to estimate 

the contribution of heterotrophic bacteria to the scattering of light in natu ral waters. 

I also use Mie theory to study the backscattering ratio for particle suspensions which 

include sub-micrometer particles. 

The main objectives of this thesis are: 

1) to determine the relative contribution of heterotrophic bacteria to light scat­

tering in the ocean, and its relation to the amount of phytoplankton present in 

the water, and 

2) to examine the role of sub-micrometer particles in determining the backscatter­

ing ratio of the total particle suspension, and its relation to the phytoplankton 

pigment concentration. 

In Chapter 1, the Mie solutions for the problem of estimating scattering by 

polydispersioas are presented, and examined for the particular case of estimating 

scattering by heterotrophic bacteria in the ocean. The suitability of using the much 

simpler approximations of van de Hulst is also examined; these approximations have 

been previously used (Morel and Ahn, 1991; 1992; Stramski and Kiefer, 1990) to 

deduce the refractive index of bacteria and to estimate their contribution to the 

absorption and scattering properties of sea water. The definitions of the optical 

properties and parameters used throughout the text are also given. 

In Chapter 2, two simple approximations for the bacterial scattering coefficient 

are derived. The first one is for bacteria with a normal size distribution and the 

second one is for bacteria with a gamma size distribution. Both distributions are 

shown to be good representations of natural bacterial assemblages. 
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In Chapter 3, the optical properties of natural assemblages of heterotrophic 

bacteria and the bacterial contribution to the light scattering of sea water are esti­

mated by applying Mie theory to field data on bacterial size mid abundance. The 

estimates are made for three regions that contain different phytoplankton pigment 

concentrations. The utility of using pigment data to estimate bacterial scattering 

is also evaluated. 

In Chapter 4, Mie theory is used to study the backscattering ratio due to 

particles in the ocean that obey a Junge-type distribution. Its sources of variation 

due to changes in the refractive index, wavelength, and the shape of the particle 

size distribution are examined. An explanation is given to why the backscattering 

ratio (and the backscattering coefficient) could covary with phytoplankton pigment 

concentration, although most of the backscattering would be due to sub-micrometer 

detrital particles and not phytoplankton. 

Finally, a general discussion and the main conclusions of this thesis are given. 



CHAPTER 1 

Light Scattering by Polydispersions of Marine Heterotrophic 
Bacteria: Computations using Mie Theory 

and the van de Hulst Approximations 

1.1 Introduction 

The role of heterotrophic bacteria in radiative transfer in the ocean has been lit­

tle studied. The common practice in marine optics has been to partition the optical 

properties of sea water into contributions from pure water, phytoplankton, yellow 

substances, and inorganic sediments (e.g., Jerlov, 1976; Kirk, 1983), and therefore 

to ignore any independent contribution from non-chlorophyllous cells. Under this 

scheme, phytoplankton are considered to be the main component influencing the 

optical properties of ocean waters (Gordon and Morel, 1983). 

Theories of light scattering have been used to account for the optical properties 

of biological particles (e.g., Petukhov, 1965; Koch, 1968; Bryant et al, 1969), as well 

as of suspended (organic and inorganic) particles in the ocean (Gordon and Brown, 

1972; Brown and Gordon, 1973, 1974; Morel, 1973). With the assumption that the 

particles are spherical, Mie theory (Mie, 1908) and the simpler approximations of 

van de Hulst (1957) have been used for phytoplankton (Morel and Bricaud, 1981a, 

b, 1986; Bricaud and Morel, 1986), including autotrophic bacteria (Stramski and 

Morel, 1990), for marine heterotrophic bacteria (Morel and Ahn, 1990; Stramski 

and Kiefer, 1990), and more recently for heterotrophic nanoflagellates and ciliates 

(Morel and Ahn, 1991). These theories provide estimates of optical properties of 

the cells, given information only on their size and refractive index. 

The coccoid shape, random orientation, and simple cellular structure of most 

6 
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free-living marine bacteria suggest that as a first approximation, bacteria may be 

assumed to be spherical and homogeneous particles. For such particles, Mie theory 

of scattering (Mie, 1908) gives exact solutions, provided that the refractive index of 

the particles is known. In this chapter, I examine the Mie solutions to the problem 

of estimating scattering by polydispersions of marine heterotrophic bacteria for the 

range of refractive indices that have been previously reported (Morel and Ahn, 

1990; Stramski and Kiefer, 199C). I also examine the suitability of using the much 

simpler approximations of van de Hulst (1957), and show that for the size range 

of marine bacteria observed in the field, the van de Hulst approximations lead to 

significant errors in the estimation of their optical properties. I start by outlining 

the definitions of the optical properties and parameters to be used throughout the 

text. 

1.2 Inherent Optical Properties of an Aquatic System 

The absorption and scattering properties of an aquatic system, composed of 

pure water plus other substances in solution and in suspension, can be specified 

in terms of the total absorption coefficient a, the total scattering coefficient b, the 

total attenuation coefficient c, and the total volume scattering function (3(9). These 

properties are referred to as the inherent optical properties (Prcisendorfer, 1961), 

since their magnitudes depend only on the substances comprising the system and 

are independent of the geometry of the incident radiant field. 

The inherent optical properties (all with dimensions [L-1]) arc defined for an 

infinitesimally thin layer of the system illuminated by a monochromatic collimatcd 

beam normal to the layer (Fig. 1.1). Let 0O be the incident radiant flux, d<t>a and 

d<j>b the absorbed and scattered fluxes, respectively, d<f>(6) the flux scattered into an 

element of solid angle du oriented at angle 9 to the direction of the incident beam, 

and dr the thickness of the layer. Then we have (cf. Kirk, 1983) 



<t>o 

\ 7 

#w 
dfo = /4ff d<f>(9)dw 

FIGURE 1.1. Geometry used to define inherent optical properties. 
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1 ^ a • ( l . l o ) 

(1.16) 

(1.1c) 

and 

ip0 uwur 

The integral of equation (l.ld) over all directions yields t'le total scattering coeffi­

cient. For scattering with rotational symmetry, 

u, — 

6 = 

c = 

(3(8) = 

4>o dr ' 

1 d<f>b 

(f>o dr 

a + b ; 

1 d?<f>(9) 

= 2ir T (3(9) 
Jo 

sin 9d9 . (1.2) 

For many optical problems (e.g., theory of ocean colour), it is necessary to 

distinguish between light that is scattered into the forward and the backward direc­

tions. The total backscattering coefficient (or total backward scattering coefficient) 

bb is obtained by integrating the total volume scattering function over the backward 

hemisphere (7r/2 < 6 < -n): 

66 = 27r / (3(8)sm8dd . (1.3) 
Jir/2 

The total backscattering ratio bb is defined as the ratio of the total backscat­

tering coefficient to the total scattering coefficient: 

k = bf . (1.4) 
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1.3 Optical Property of a Single Particle 

When a single particle is illuminated by a monochromatic, collimated beam, 

a certain fraction of the incident radiant flux is absorbed or scattered (or both) 

from the beam. The efficiency factors (dimensionless) for absorption Qa, scattering 

Qb, and attenuation Qc are defined as the ratios of the absorbed, scattered, and 

r.ttcnuated (absorbed + scattered) fluxes, respectively, to the radiant flux incident 

onto the geometrical cross-section of the particle normal to the incident beam (van 

de Hulst, 1957). 

The refractive index of the particle relative to the surrounding medium (water) 

is specified by a complex number 

m = n — in' , (1.5) 

where the real part n corresponds to the ratio of the phase velocity of light in the 

medium to the phase velocity of light inside the particle, and the imaginary part 

n' describes the decrease in electric field strength or the decay of the energy flux; 

n' is related to a', the absorption coefficient of the material of which the particle is 

made, according to 

4nmw 

where A is the wavelength of light in vacuum and mw is the refractive index of the 

medium (water). In the visible range (400-700 nm), the imaginary part of mw is 

less than 10~7 and can therefore be neglected. With this approximation, mw can 

be replaced by nw = 1.34 (Jerlov, 1976), the real part of the refractive index of 

water in the visible range. 



1.4 Mie Scattering 
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The optical characteristics of an optically homogeneous spherical particle can 

be determined precisely using Mie theory (Mie, 1908; van de Hulst, 1957). The 

relevant dimensionless parameters involved in the calculations are m, the complex 

refractive index of the particle relative to that of the surrounding medium, and a;, 

the size of the particle scaled to the wavelength of light in the medium according to 

x = ^ , (1.7) 

where D is the diameter of the particle, nw is the real part of the refractive index 

of water, and A is the wavelength of light in vacuum. 

The Mie solutions are expressed in terms of the complex coefficients (van de 

Hulst, 1957) 

au(m x) - ^(xWk(y)-mj)k(yWk(x) _ 
ak[m,X)~ Ck(x)fk(y)-mMy)Ck(x) ' ( L 8 a ) 

and 
h r™ ^ mMx)fk(y) - ipk(vWk(x) ,* S M h(m'x) = *w«»)-fcw«w • (186) 

where y — mx, ipk and C,k are the Riccati-Bessel functions, and the primes denote 

differentiation with respect to the argument (Appendix I). The efficiency factors for 

attenuation Qc(m,x), scattering Qb(m,x), and absorption Qa(m,x) are given by 

2 °° 
Qc(m, x) = -2 £(2A; + l)Re(ak + bk) ; (1.9a) 

x fc=i 

2 °° 
Qh(m,x) = _ ^ ( 2 f c + l)(|afc|

2 + |6fc|
2) ; (1.96) 

x* 
fc=i 

and 
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Qa(m, x) = Qc(m, x) - Qb(m, x) (1.9c) 

The angular distribution of the scattered light is specified by the dimensionless 

angular intensity parameters 

i\(8,m,x) = \Si(9, m, x) |2 

J2 fc(fe-H) ^ ^ + 6fcTfc^)] 

and 

(1.10a) 

i2(9,m,x) = \S2(9,m,x)f 

oi. _1_ 1 

S jb(jb + i ) [ f l fcTfcM + ^ O * ) ] (1.106) 

where Si(0,m,a;) and S2(0,m,a;) are the complex amplitude functions for the 

perpendicular and the parallel components of the electric field vector, 7Tfc(//) = 

dPk(n)/d(i and r(/i) = ndPk(ti)/d(i - (1 — (j,2)<fPk(^)/dfj,2 are angular functions 

where Pfc(/i) is the Legendre polynomial of order k and fj, = cos0, and 8 is the 

scattering angle. 

The efficiency factor for backscattering, Qbb, can be computed directly from 

the Mie coefficients (Chylek, 1973), or alternatively, by integrating numerically the 

angular intensity parameters over the backward hemisphere: 

Qbb(m,x)=x~2 [ii(8,m,x) +12(8, m,x)] sin 8d& . (1-H) 
Jir/2 

Note that this expression for Qbb differs by a factor of two from that in Bricaud and 

Morel (1986), and in Morel and Bricaud (1986). 
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Figures 1.2a and 1.26 show the variation in Qb (=QC when n' = 0) mid Qa as 

a function of x for different, values of n and n', respectively. Figures 1.2c mid 1.2d 

show the variation of Qbb and 6b with x for different values of n. Computations 

were carried out with code according to Bohren and Huffman (1983), which does 

not give Qbb directly but allows it to be computed from the intensity functions. 

The scattering curve (Fig. 1.2a) shows that Qb increases from 0 (=limx_,o Qb) 

to a maximum value of > 3, and then undergoes a damped oscillation about the 

limiting value Qb = 2 (when n' = 0). The maximum occurs at, p = 2x(n-1), where 

p is the difference between the phase shift which the central ray experiences upon 

traversing the particle diameter and that obtained in the absence of the particle 

(i.e., the phase lag). The efficiency factor for absorption Qa (Fig. 1.26) increases 

monotonically to its limiting value Qa = 1. For backscattering (Fig. 1.2c), the 

efficiency factor Qbb has a first maximum at x — 2.24, and then increases with 

small oscillations to its limiting value (proportional to the amount of radiation 

reflected by the particle, and therefore to Fresnel's factor \n - l |2/ |n + 2|2). The 

backscattering ratio bb = Qbb/Qb (Fig- l-2d) decreases from its limiting value 0.5, 

has a first small minimum (first maximum in the backscattering curve), and then 

decreases again to a broad minimum, coincident with the first maximum in Qb-

In field data from the Western North Atlantic (see Chapter 3), the equivalent 

spherical diameter D for bacteria (defined as the diameter of a sphere having a cross-

sectional area equal to the projected area of the particle) varies from about 0.2 to 

1.4 pm. For wavelengths in the visible range (400 to 700 nm), the corresponding 

size parameter x will vary between 1.2 and 14.7. To my knowledge, no direct 

measurements of the refractive indices of marine bacteria have been made. Morel 

and Ahn (1990) indirectly estimated the real part n to be around 1.05, with a range 

from 1.04 to 1.06, based on measurements made on marine bacteria in culture, 

and using the anomalous diffraction approximation (van de Hulst, 1957). Using a 

similar approach, Stramski and Kiefer (1990) estimated n to be between 1.04 and 
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FIGURE 1.2. Efficiency factors for (a) scattering (Qb), (b) absorption (Qa), and 
(c) backscattering (Qbb) as a function of the size parameter x; (d) 
the backscattering ratio (6&) as a function of x. 
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1.07, but they computed the complete Mie solutions instead of using the anomalous 

diffraction approximation. Values in the literature for refractive indices of non-

marine bacteria fall in the range 1.03 to 1.06 relative to water (Bateman et al, 

1966). 

The n' values deduced for marine bacteria, less than 2x 10 - 3 according to Morel 

and Ahn (1990) and of the order of 10~4 according to Stramski and Kiefer (1990) 

showed some spectral dependance, with a maximum in the blue region of the visible 

spectrum. With these low values for n', the influence of absorption on Qb or Qbb 

(Fig. 1.3) is minimal. (Note, however, that this does not mean that the contribution 

of bacteria to the total absorption coefficient is necessarily insignificant.) On the 

basis of these results and observations, I take (1.05 - O.OOOli) to be the typical 

complex value for m representative of marine bacteria but examine the theoretical 

results for the whole range of n reported in the literature to evaluate the uncertainty 

in the results. With this value for m, D « 0.5 //m, and A = 440 nm, Qb « 0.2, 

Qa « 0.002, Qbb « 0.001, and h « 0.005. Note that for the range of sizes and 

refractive indices representative of bacteria, the size parameter range lies below the 

first maximum in the scattering curve (Figs. 1.2a and 1.3). 

1.5 Influence of Bacteria on the Optical Properties of an Aquatic System 

The influence of bacteria, considered as a collection of particles, on the absorp­

tion and scattering properties of an aquatic system can be specified through their 

contribution to the inherent optical properties of the system (a, 6, c, 6ft, and (3(9)). 

With respect to size, two cases can be considered: one in which all the cells have 

the same diameter (monodispersion), and the other in which the cells differ in size 

(polydispersion). 

1.5.1 Monodispersion. For a system containinf., N bacteria of the same size 

per unit volume, mid assuming no multiple scattering, the partial contribution of 

bacteria to the total scattering coefficient is 
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FIGURE 1.3. Influence of n', the imaginary part of the refractive index, on (a) Qb 
and (6) Qbb when n =• 1.05. 
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bh = NQbs, (1.12) 

where s is the geometrical cross-section of the particle and the subscript h specifies 

that the scattering is due to heterotrophic bacteria. The contribution of bacteria 

to the total absorption, total attenuation, and total backscattering can also be 

specified in terms of coefficients ah, Ch, and bbh respectively, by replacing Qb by 

Qa, Qc and Qbb in equation (1.12). The bacterial contribution to the total volume 

scattering function 0(0) for unpolarized light is given by 

M0) = 5 ^ f o ( M ) + *»(*,*)] , (1-13) 

where i\(9,x) and i2(9,x) are the angular intensity parameters given by equations 

(1.10a) and (1.106). 

1.5.2 Polydispersion. For bacteria with a size distribution function F(D) = 

Nf(D), where D is the diameter and f(D) is the probability density function 

(/0°° f(D)dD = 1), we have (cf. van de Hulst, 1957) 

\2 xr roo 

>h~77rtl Qj(x)x2f(x)dx, (1.14) 
^"nw JO 

where j can mean a, 6, c, or 6ft according to the particular case, and for unpolarized 

light 

0h(O) = ^ 2 f W . * ) + h(0,x)) f(x) dx . (1.15) 
8 T" «w Jo 

The function f(x) is obtained directly from f(D) by change of variable using equa­

tion (1.7). 
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An effective efficiency factor Qj can also be defined for the entire population 

(van de Hulst, 1957), 

f™Qj(x)x2f(x)dx 
Q*= f~x2f(x)dx ' ( 1 1 6 ) 

which corresponds to the ratio of the total optical cross-section for j = a,b,c, or bb, 

to the total geometrical cross-section. 

1.6 The van de Hulst Approximations 

For homogeneous spherical particles with refractive index close to 1 and x » 1, 

the efficiency factor Qc can be computed more easily using the anomalous diffraction 

approximation (van de Hulst, 1957): 

Qc(p) = 2 - 4e-"tan* (^pj sin (p - 0 

+ 4 / ™ ^ [cos (20 -e"" t a "*cos (p -20 ] , (1.17) 

where p = 2x(n - 1) and tan£ = n'/(n - 1). In addition, van de Hulst (1957) 

derived an expression for Qa, valid under the same conditions: 

e-c e~P - 1 
p1 +2 p12 Qa(p') = 1 + 2 — + 2 — - r - , (1.18) 

where p' = 4xn'. The efficiency factor Qb is then given by the difference between 

Qc and Qa. However, under this scheme, no expressions arc available cither for 

Qbb or for the angular intensity functions. Note that the expression for Qa given in 

equation (1.18) is identical to the solution of Duysens (1956). Both Duysens (1956) 

and van de Hulst (1957) make the same approximations in deriving the expression 
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for Qa (for example, no refraction at the interface between the particle and the 

medium). 

For the size parameter range representative of bacteria (~1 to 15) the condition 

x » 1 is not satisfied everywhere. To test the validity of the van de Hulst expressions 

over the ranges of x and m typical for bacteria, the exact Mie solutions for Qa and Qc 

were calculated and compared with the approximate results according to equations 

(1.17) and (1.18). For n between 1.04 and 1.07 and for x between 1 and 15, the 

error for Qa was found to be less than 15% for n' < 10 -2 (Fig. 1.4), while the error 

in Qb can exceed 100% (Fig. 1.5; see also Moore et al, 1968). I also examined the 

error in the case of polydisperse suspensions. For a given x, the standard deviation 

(<jx) in the gamma distribution was varied. The results for m = 1.05 are shown in 

Figure 1.6. It is clear that the error in Qb can exceed 100%, depending mainly on 

x. This error increases rapidly with decreasing x. 

Morel and Ahn (1990) and Stramski and Kiefer (1990) have relied on the van 

de Hulst approximation for Qa to evaluate n', and Morel and Ahn (1990) used 

the anomalous diffraction approximation for Qc to estimate n. I have tried to 

evaluate whether the corresponding errors are within reasonable limits when applied 

to bacteria. 

According to this method, which was originally described by Bricaud and Morel 

(1986) and later modified by Stramski et al. (1988), the imaginary part of the 

refractive index n' is first determined at each wavelength of the spectrum by an 

iterative process: the computed Qa(p') obtained from equations (1.16) and (1.18) 

is matched with a laboratory-determined value of Q%. The experimental Qa at a 

given wavelength is in turn obtained from measurements of the bacterial absorption 

coefficient ah and the size distribution f(D), according to 

7T N /0°° f(D) D2 dD * 
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FIGURE 1.6. Relative error in computation of the effective efficiency factor Qb 
(—Qc when ri = 0) using the anomalous diffraction approximation 
as a function of the mean and the standard deviation of the size 
parameter of a polydispersion with a gamma size distribution and 
m - 1.05. 
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Compared with the exact Mie computations, I have established that this 

method will give ri values within 20% over the range in x and m representative 

of marine bacteria (Fig. 1.7). 

The next step in the method, as modified by Stramski et al (1988), is the 

determination of the real part of the refractive index by iteration. By varying n, a 

computed efficiency factor for attenuation Qc(p) is made to match the corresponding 

experimental Qc value. The computed Qc values are obtained from equations (1.16) 

and (1.17), and the experimental values are obtained from an equation analogous 

to equation (1.19). 

I estimated the error in n, as estimated using the anomalous diffraction ap­

proximation of van de Hulst, by the following iterative process. I varied n such 

that a Qc, computed using equation (1.17), was made to approach a Qc obtained 

from Mie computation for a given n and x. The iteration was terminated when 

\QclQc — 1| < 10~3. I took the n value used to compute Qc as the initial guess to 

obtain Qc. The results for the relative error in (n — 1) as a function of n and x are 

shown in Figure 1.8. 

For the low end in the size parameter range of interest here, the errors are 

significant. (Note that the size parameters for bacteria in the data of Morel and 

Aim (1990) are in the higher end of the size range considered here, and consequently 

their analysis would be less affected by this type of error.) In the region where Qc (or 

Qc) starts to oscillate (Fig. 1.9) the method of Stramski et al. (1988) does not give 

a unique solution for n, as was originally recognized by the authors (Stramski et al, 

1988). Furthermore, for many values of Qc there is no solution for the iteration at 

all, because the Qc (or Qc) values computed with the van the Hulst approximation 

never reach the Qc (or Qc) values obtained from the Mie equations (Fig. 1.9). 

file:///QclQc
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FIGURE 1.7. Relative error in computation of ri using the van the Hulst approxi­
mation, for different values of n and for ri = (a) 10~4, (6) 10~3, and 
(c) 10-2. 
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FIGURE 1.8. Relative error in computation of n— 1 using the anomalous diffraction 
approximation as a function of x and for different values of n. 
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FIGURE 1.9. (a) Qc as a function of x for a monodispersion with m = 1.05 
obtained from Mie theory (solid line) and the anomalous diffaction 
approximation (dashed line), (6) as in (a) but for a polydispersion 
with a gamma size distribution with a standard deviation of 30% the 
mean of x. Note that for some values of x the Qc values computed 
with the van the Hulst approximation do not reach the Qc values 
computed from Mie theory. 
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From a theoretical point of view, I have shown that the van de Hulst (1957) 

approximations cannot always be used to describe the scattering of light by natu­

ral bacterial assemblages, because their characteristic size-parameter range lies, in 

part, outside the range for which the approximation is valid. Modern computers 

allow the application of the more complete and strict Mie theory, which has been 

shown to explain well the experimental observations on light scattering by bacterial 

suspensions (e.g., Petukhov, 1965; Shimizu and Ishimaru, 1978). 

The application of Mie theory to estimate scattering by marine bacteria in 

natural waters will require information on their concentration, size distribution, 

and refractive index. The concentration and size distribution of natural bacterial 

assemblages can be measured directly, but it is still a time-consuming procedure. 

Particularly promising in this respect is the application of automated techniques 

such as flow cytometry (Robertson and Button, 1989; Frankel et al, 1990), which 

allows the optical characterization and sizing of a large number of cells in a relatively 

short time. 

The refractive index of marine bacteria has not yet been measured directly, 

but only deduced from optical measurements on laboratory cultures (Morel and 

Aim, 1990; Stramski and Kiefer, 1990), an approach which in turn is subject to 

some error, as was shown here. Flow cytometry has also been used to derive the 

refractive index of mmine particulates (Ackleson and Spinrad, 1988) and could be 

used in the case of marine bacteria. This approach, however, also relies a priori on 

the Mie theory. 



CHAPTER 2 

Simple Approximations for the Bacterial Scattering Coefficient 

2.1 Introduction 

The contribution of a polydispersion of N heterotrophic bacteria per unit vol­

ume, and with size distribution F(x), to the total scattering coefficient 6 is given 

by (see equation 1.14 in Chapter 1) 

A2iV f°° 
bh = 1 T I Qb(m,x)x2f(x)dx , (2.1) 

47rn£, Jo 

where A is the wavelength of light in vacuum; nw is the refractive index of the 

medium (water); Qb is the efficiency factor for scattering; f(x) is the probability 

density function, such that F(x) = N f(x); m is the refractive index of the cells 

relative to the medium; and x is the size parameter (x = ixDnw/\), which scales the 

diameter of the cells, D, to the wavelength of light in the medium. The subscript 

h indicates that the contribution is due to heterotrophic bacteria. 

In the above equation, Qb can be computed using Mie theory (assuming that 

the cells are spherical and optically homogeneous), but it is a complicated function 

of the arguments, involving Riccati-Bessel functions and their derivatives (e.g., van 

de Hulst, 1957). Furthermore, given a size distribution f(x), equation (2.1) will 

require numerical integration. Economy of computing time dictates a preference 

for analytic solutions when the results so obtained have the required accuracy. 

Computing efficiency could be crucial when the solutions are to be incorporated 

into other bio-optical models, for example, in the calculation of primary production 

from remotely sensed data (Piatt and Sathyendranath, 1988). Furthermore, when 
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the full size distribution is not available, a simple approximation is useful. Morel and 

Ahn (1990, 1991) gave simple formulae for the scattering and absorption coefficients 

due to bacteria, but their expressions are based on van de Hulst approximations 

and are applicable only to monodisperse population. Here, I derive a more exact 

solution for polydisperse suspensions. 

2.2 Approximation for Qb(x) 

The first step is to find a simple expression for Qb(x). For m between 1.04 and 

1.07 and for x < 30, I found that the monotonic increase of Qb with x (Fig. 2.1) 

can be empirically approximated by 

k 

Qb(x) = '£ajxJ , (2.2) 
3=0 

where aj are empfrically-determined coefficients that depend only on m (Ulloa et 

al, 1992). For k = 5, the relative error in Qb is less than 7% over the size parameter 

range of interest. The coefficients ot3- for different values of n and ri are given in 

Table 2.1. Similar approximations have recently been developed for the efficiency 

factors of water clouds (Chylek et al, 1992a, 6; Damiano, 1992). 

The next step is to select a function that fits the actual size distribution. Among 

the two-parameter distribution functions used to describe naturally occurring par­

ticles, the most common are the normal and the log-normal distributions. However, 

in the case of skewed distributions, the gamma distribution has also been shown to 

fit the experimental data well (Deirmendjian, 1969). In the next sections I give the 

solution for the normal and the gamma distributions. 

2.3 Normal Distribution 

For a population of bacteria with a normal distribution we have that 
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FIGURE 2.1. The variation of Qb with x for different values of m when x < 30. 
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TABLE 2.1. Coefficients (dimensionless) for the approximation of the function Qb(x) for different values 
of m. See equation (2.2) in the text. CO 
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(2.3) 

where x and a^ are the mean and standard deviation, respectively. Using equation 

(2.2) and expressing equation (2.3) as 

w-i/f f(x) = J— exp(-ux )exp(-u;x2 -7a;) , 

where u = l/(2<72) and 7 = — 2ux, we can rewrite equation (2.1) as 

(2.4) 

bh = ~. 7T\ — exp(-u;x2) V^ a, / a:^2 exp(-wa:2 - jx)dx . (2.5) 
47rn2,V7r j?Q

 J Jo 

Integration over x (Gradshteyn and Ryzhik, 1980, p. 337) leads to the result 

6fe = ^^M^)t:^r'ftu+2)W-^^) • (2-c) 
where U# (y) is a parabolic cylinder function of order •d and argument y. 

Since fl in equation (2.6) is a negative integer we can use the property 

u_ l W -^«p(S)iv*(^) n = 0,1,2,... 

to express the solution in terms of repeated integrals of the error function comple­

ment, defined as 
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2 r°° (t — v)n 

inerfc(y) = -== I ±—p- exp(-t2)d« ; n = 1,2,3,4,... 
V71" Jy n-

2 
i°erfc(y) = evk(y) ; i_1erfc(y) = -= exp(-y 2) , 

V71" 

also known as the complementary error function integral. The result is 

»-8^|:^/2a + 2)!^erfc(-^). (2.7) 

Repeated application of the recurrence relationship 

i"erfc(j/) = -^iB-1erfc(y) + ^-in_2erfc(y) n = 1,2,3,... 
n 2n 

permits us to express inerfc(y) in terms of the error function complement (erfc(y) = 

2/^/n J°° exp(-£2) dt) and exp(-y2), and hence allows equation (2.7) to be evalu­

ated. 

The effective efficiency factor for scattering, Qb, defined as the ratio of the 

total optical cross-section for scattering to the total geometrical cross-section (van 
9 

de Hulst, 1957), is given by 

_ /0°° Qb(m, x) x2f(x)dx 

/o°° x2f(x)dx 

Using the same approach as above, we can integrate equation (2.8) over #, with 

the result, 

*^^3f-



2.4 G a m m a Distribution 

35 

X 

x -

X 

Xm 

1 
— xm 

™2 X 

°l 

X 

°l 

We can choose f(x) to be the gamma distribution 

f(x) = ^ y a r^ -^e"^ , (2.10) 

where V is the gamma function, and v and r\ are the parameters of the distribution. 

The two parameters are related to the mean x, the mode xm, and the standard 

deviation ax of the population: 

v = -r—r- = -J>. (2-llfl) 

and 

V = -r-^-r = ^ • (2.116) 
X Xm ux 

Using equations (2.2) and (2.10), we can integrate equation (2.1) to find another 

analytical expression for the scattering coefficient: 

** i^g'***"' (2-12) 

where (v)3+2 is the particular case, p = j + 2, of the Pochhammcr polynomial (i/)p, 

defined by the expression (u)p = Ilf=o (" + 0- F° r & = 5 and for a polydispersion 

with standard deviation ax = 30%x, the relative error in equation (2.12) is < 3% 

over the refractive index and size parameter range of interest. 

We can also evaluate equation (2.8), obtaining another expression for the ef­

fective efficiency factor for scattering: 
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3=0 " 

where the recursion property of the Pochhammer polynomial was used, to set 

HWH' = ("+2)j. 

2.5 Discussion 

With the assumption that the scattering of light by heterotrophic bacteria 

obeys Mie theory and that marine bacteria can be characterized by a normal or 

gamma size distribution, I have derived simple expressions for the scattering coef­

ficient of bacterial assemblages as a function of size, concentration, and refractive 

index. 

The choice of whether to use a normal or gamma size distribution will depend 

on how well each distribution represents real data. Figure 2.2 shows the size dis­

tribution for bacterial assemblages from the Western North Atlantic. Data from 

different depths, stations, and geographical regions (Georges Bank, the Northeast 

Channel, and the Sargasso Sea) have been combined. A normal and a gamma dis­

tribution have been fitted to the data. Both distributions represent the data well, 

but some differences can be observed. However, when the standard deviation is 

< 30% of the mean, the difference between estimates of 6^ using a normal or a 

gamma distribution is < 6% (Fig. 2.3). For such cases, the use of the solution 

for the gamma distribution (equation (2.12)) has the advantage of being easier to 

compute. 

Approximations for different optical properties of water clouds have been given 

recently by Chylek et al. (1992a, b) and Damiano (1992). Their results are also 

based on polynomial approximations for the optical efficiency factors. They use, 

however, a dimensional size variable (the radius) to build their approximations. One 



37 

c 
o 
o 
c 
3 

c 
0 

Q 

XI 
o 

X) 
o 

Q. 

2.5 

2.0 -

1.5 

1.0 

0.5 

0.0 
y 

/ / 

/ 

f 
/ 

'A: 

\ 

\ \ 

\ \-| 

I 

N=4698 

0.0 0.5 1.0 1.5 2.0 

Equivalent Spherical Diameter (/im) 

FIGURE 2.2. Bacterial size distribution for the Western North Atlantic. Combined 
data from Georges Bank, the Northeast Channel (Gulf of Maine), 
and the Sargasso Sea. A normal (solid line) and a gamma (dashed 
line) distribution have been fitted to the data. 
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FIGURE 2.3. Relative difference (%) between 6/t computed using a normal and a 
gamma distribution for f(x) in equation 2.1. 
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difference from the approach followed here (based on the dimensionless x) is that, 

for a given refractive index, their approximations require a different set of empirical 

coefficients at each wavelength. On the contrary, when the size variable is expressed 

in a dimensionless form (equation 2.2) the empirical coefficients are wavelength 

independent if the refractive index does not vary significantly with wavelength, 

which is the case for heterotrophic bacteria (Morel and Ahn, 1990; Stramski and 

Kiefer, 1990). When Chylek et al, 1992a, b and Damiano (1992) use a gamma-type 

size distribution for the water droplets, they obtain a result similar to equation 

(2.12) and to that given in Ulloa et al (1992); they do not give solutions for the 

case of a normal size distribution. 

The results presented here can be applied to a variety of problems such as 

modelling light penetration in the ocean (e.g., Morel, 1988; Sathyendranath and 

Piatt, 1988), interpretation and modelling of ocean color for remote sensing (e.g., 

Gordon and Morel, 1983; Gordon et al, 1988), and the assessment of primary 

production by remote sensing (Piatt and Sathyendranath, 1988) or by measurements 

of in situ optical properties such as the attenuation coefficient (Siegel et al, 1989). 

In none of these subjects, so far, has the independent role of heterotrophic bacteria 

been taken into account. 



CHAPTER 3 

Bacterial Scattering in Waters of the Western North Atlantic 

3.1 Introduction 

Early measurements of the absorption properties of a marine heterotrophic 

bacterium in culture were reported by Yentsch (1962). More recently, measure­

ments of both the absorption and scattering properties of heterotrophic bacteria 

have been made on cultures isolated from marine environments (Kopelevich et al, 

1987; Morel and Aim, 1990; Stramski and Kiefer, 1990). These latter results show 

that heterotrophic bacteria are much more efficient as scatterers of light than as 

absorbers and suggest that, in natural waters bacteria could contribute significantly 

to the scattering of light. However, no direct measurements of the contribution 

of heterotrophic marine bacteria to the absorption and scattering of light in the 

ocean have yet been made, although it has been recognized that bacteria can af­

fect significantly in situ measurements of optical properties such as the attenuation 

coefficient (Spinrad et al., 1989a, b). Lacking yet a direct approach of estimating 

bacterial scattering in natural waters, an alternative approach is to combine the 

physical theory of light scattering with data on bacterial.size and abundance. 

The size distribution of bacteria in nature can differ significantly from that 

of laboratory cultures (Glide, 1989; Robertson and Button, 1989), since the latter 

represent a selected group, free of predators. On the other hand, information on 

bacterial size in the ocean is still limited. Although bacterial size can be measured 

in cultures using electronic particle sizers (Kogure and Koike, 1987), bacterial sizes 

in natural samples are still most, commonly determined using epifluorescence mi­

croscopy (e.g., Clio and Azam, 1990), a tedious and time-consuming method. With 

most particle sizers it is not possible to distinguish between living and non-living 
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particles, and in most cases the resolution of the instruments has been insufficient 

to yield reliable information on particles smaller than 1 p,m and therefore on the 

size ranges comprising heterotrophic bacteria (Kogure and Koike, 1987). This work 

is based on detailed size measurements of bacterial natural samples, obtained with 

image-analyzed, epifluorescence microscopy. 

The primary objective of this chapter is to use measurements of abundance 

and size distribution of marine bacteria to estimate the importance of heterotrophic 

bacteria as light scatterers at sea. The general approach is to apply the exact Mie 

theory (as described in Chapter 1) to field data on bacterial size and abundance. 

Since we made no direct measurements of refractive index during our cruises, I use 

the refractive indices that have been previously reported (Morel and Ahn, 1990; 

Stramski and Kiefer, 1990). For the scattering coefficient, I compare these results 

with those obtained using the analytical expression derived in Chapter 2. I then 

examine the potential contribution of bacteria to the scattering properties of sea-

water. Finally, I examine recent data (Li et al, 1992) on the relationship between 

bacterial abundance and pigment concentration and evaluate the utility of pigment 

data as a basis for predicting the magnitude of scattering by bacteria. 

3.2 Material and Methods 

3.2.1 Sampling and Size Measurements. Samples for bacterial counts and size 

measurements were taken from C.S.S. Hudson during August-September, 1988. 

Data from two stations on Georges Bank, two stations in the Northeast Channel 

(Gulf of Maine), and one station in the Sargasso Sea are presented. They represent 

waters that varied over almost, 2 orders of magnitude in their pigment concentra­

tion (see Fig. 3.2). Water samples were collected with 30-L Niskin bottles from 

different depths and were fixed with prefiltered formaldehyde (0.2-//m port; size Nu-

cleopore filters) to a final concentration of 2%, and stored at 4°C in the dark until 
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further analysis. Pigment data and additional information are given by Irwin et al 

(1990a, 6). 

In the laboratory, cells were stained with 4',6-Diamidino-2-phenylindole dihy-

drochloride hydrate, DAPI, according to Porter and Feig (1980) and filtered onto 

0.2-/Am pore size black Nucleopore filters using a vacuum at a pressure of <1.3xl04 

Pa. The counting was performed with a Leitz Orthoplan epifluorescence micro­

scope under 1000 x. Three slides per depth, with five to seven fields per slide, were 

counted using an ocular grid reticule. For the size determination, pictures (Kodak 

Ektachromc, P800/1600, slides) of randomly selected fields were taken. The slides 

were projected to a final magnification of 1500 x. The images of the slide projection 

were captured with a video camera, and then digitized and processed with an Image 

Analyzer. A Newvicon tube camera and an Oculus-300 (Coreco Inc.) framegrab-

bcr video digitizer board were used in our case; otherwise, the configuration of 

the system was the same as the one described by Campana (1987). The reported 

sizes correspond to the equivalent spherical diameter D derived from the measured 

projected areas. 

3.2.2 Optical Characteristics and Contribution of Bacteria to Total Scat­

tering and Backscattering. The dimensionless effective efficiency factors for scat­

tering and backscattering, Qc and Qbb respectively, the scattering and backscatering 

cocficicnts, 6/i and bbh with dimensions of [L-1], and the dimensionless backscatter­

ing ratio bb were obtained by numerical computations applying the Mie equations 

to the measured size distribution and using a refractive index m = 1.05 - O.OOOli 

(Morel and Ahn, 1990; Stramski and Kiefer, 1990; see also Chapter 1). The scat­

tering coefficient 6/t was also computed using the expression derived in Chapter 

2: 

°h ~A 2 Z ^ a3 ,-4.2 ' I3*1) 
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where A is the wavelength of light in vacuum, N is the number of bacteria per 

unit volume, nw is the refractive index of the medium, water (nw = 1.34), aj are 

empirical coefficients given in Table 2.1 (Chapter 2), and u and n arc the parameters 

of the gamma distribution, which in turn are related to mean and the standard 

deviation of the bacterial population (see equation (2.11) a,b). 

The total scattering coefficient (in m - 1) at 550 nm was obtained from the 

empirical relationship (Gordon and Morel, 1983) 

6[550] = 0.30<70-62 , (3.2) 

where C is the phytoplankton pigment concentration (chlorophyll a -fphaeopig-

ments) in milligrams per cubic meter. The total backscattering coefficient, was 

calculated according to Morel (1988): 

6b[550] = 0.30C062(2 x 10~3 + 5 x 10~3(2 - logC)) + bbw , (3.3) 

where 6^ is the molecular backscattering coefficient due to pure seawatcr at 550 

nm, and equal to half of its molecular scattering coefficient, bw. The value of 

bw = 0.0019 m_1 was obtained from Morel (1974). In equation (3.3), the particle 

backscattering coefficient b'b (first term on the right side of the equation) is modelled 

as the product of the particle scattering coefficient 6' (obtained from equation (3.2)) 

and the particle backscattering ratio b'b (b'b = 6' b'b). The latter is assumed to be 

a function of the phytoplankton pigment concentration C: the sum of a constant 

term, equal to 0.2%, and a term decreasing proportionally to log10 C, from 2%, 

when C = 10 -2 mg m"3, to zero, when C = 102 mg m - 3 . 
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A total of 32 bacterial size-spectra was examined (Table 3.1). The observed 

mean equivalent spherical diameter D varied from 0.50 to 0.65 p,m among samples. 

These values are within the range of those observed for natural samples from the 

Southern California Bight and waters off the Scripps Institution of Oceanography 

Pier (Fuhrman, 1981), as well as those from waters associated with a warm-core 

Gulf Stream ring (Ducklow, 1986). They are slightly higher than those reported 

by Cho and Azam (1990) for the central North Pacific gyre and coastal waters off 

California, and by Fuhrman et al. (1989) for the Sargasso Sea. Compared with 

marine bacteria in culture, they are within the range reported by Stramski and 

Kiefer (1990), but they arc lower than those reported by Robertson and Button 

(1989) and in the lower end of the range reported by Morel and Ahn (1990). 

A selected example of size distribution at each sampling location is shown in 

Figure 3.1. The observed distributions agree well with those previously published 

(Fuhrman, 1981; Robertson and Button, 1989), and are believed to be representative 

of natural assemblages. Gamma distributions fitted to the data are also shown. 

Figure 3.2 shows a plot of length of the major axis versus length of the minor axis 

for all the data (N = 4698). The ratio of these two variables is a measure of the 

shape. For a sphere this ratio is 1. The frequency distribution and the cumulative 

frequency for the ratio of major axis to minor axis show that most bacteria (> 95%) 

have a lcngth-to-width ratio of < 2, and that more than half of them have a ratio 

of < 1.25. These results give an estimate of how closely the shape of bacteria in 

nature approaches a sphere. 

The optical characteristics of bacteria for two wavelengths, A = 440 and 550 nm, 

are given in Table 3.2. Values of 6/t obtained from the derived analytical expression, 

equation (3.1), agree well with those obtained from the complete Mie computations. 

I preferred to report the results for the comparison when the observed mean and 
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Station 

GB1 
23 Aug. 

GB2 
24 Aug. 

NCI 
27 Aug. 

NC2 
28 Aug. 

SSI 
16 Sep. 

Depth 

0 
5 
10 
15 
25 
35 

0 
5 
10 
15 
28 
40 

0 
10 
20 
45 
70 
90 

0 
10 
25 
50 
75 
100 

0 
25 
50 
72 
125 
150 
175 
200 

Bacterial No. 

2.73 
2.07 
2.42 
2.01 
2.07 
2.32 

2.06 
2.29 
1.53 
1.70 
2.26 
1.91 

2.07 
2.20 
2.95 
1.83 
0.51 
0.50 

2.90 
3.23 
2.39 
0.46 
0.34 
0.22 

0.42 
0.40 
0.45 
0.49 
0.20 
0.13 
0.12 
0.14 

D 

0.55 
0.52 
0.54 
0.50 
0.62 
0.50 

0.60 
0.53 
0.57 
0.52 
0.55 
0.60 

0.63 
0.55 
0.62 
0.56 
0.59 
0.62 

0.55 
0.58 
0.62 
0.60 
0.63 
0.61 

0.53 
0.52 
0.57 
0.56 
0.52 
0.65 
0.62 
0.63 

SD 

0.19 
0.18 
0.18 
0.18 
0.23 
0.18 

0.20 
0.18 
0.21 
0.19 
0.19 
0.22 

0.22 
0.21 
0.22 
0.19 
0.19 
0.17 

0.20 
0.20 
0.25 
0.22 
0.23 
0.20 

0.19 
0.14 
0.22 
0.24 
0.19 
0.22 
0.20 
0.24 

N 

246 
181 
176 
204 
201 
174 

207 
157 
158 
204 
206 
246 

217 
155 
236 
221 
132 
96 

235 
222 
174 
74 
54 
69 

40 
76 
77 
61 
67 
40 
26 
66 

TABLE 3.1. Bacterial concentration and size in Georges Bank (GB; 41°43'N, 
67°29'W), Northeast Channel (NC; 42°20'N, 66°48'W), and Sar­
gasso Sea (SS; 36°02'N, 65°09'W) during summer 1988. The con­
centration is expressed in units of 1012 cells m - 3 and the depth in 
meters. D is the mean equivalent spherical diameter in micrometers 
over N observations, and SD is the standard deviation of the mean. 
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FIGURE 3.1. Bacterial size distribution (probability density function) of a selected 
sample in (a) Georges Bank, (6) Northeast Channel, and (c) Sargasso 
Sea. The solid lines correspond to gamma distributions fitted to the 
data. 
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standard deviations of the size (Table 3.1) at each sampling depth are used to derive 

v and n, rather than using v and n fitted directly to the data. The rationale for 

this choice was that in practice, size data are usually available in the literature as 

mean and standard deviation. 

Figures 3.3 and 3.4 show comparisons between the scattering and backscatter­

ing coefficients due to bacteria (bh and 6^) and the total scattering and backscat­

tering coefficients (6 and 6;,), respectively, as derived from the pigment data. The 

values of 6/t and &wt at each depth are from Table 3.2. 

3.4 Discussion and Conclusions 

From the results presented here, the contribution of bacteria to the total scat­

tering 6 would be on average around 10% in Georges Bank (range 7-17%) and 

the Sargasso Sea (range 3-16%), and 30% in the Northeast Channel (range 9-57%). 

With respect to the total backscattering coefficient, the bacterial contribution would 

be on average around 7% in Georges Bank (range 5-9%), 12% in the Northeast 

Channel (range 3-22%), and 3% in the Sargasso Sea (range 1-4%). The apparent 

higher contribution to 6 and 6& by bacteria in the Northeast Channel, as compared 

with the other locations, can be explained by the observed high bacterial abun­

dance in the low-chlorophyll, summer-stratified, surface waters. In Georges Bank, 

the total scattering coefficient, and therefore the total backscattering coefficient, are 

probably underestimated, since resuspended sediments are expected to be present 

in the water column. Their contribution is not taken into account by equations (3.2) 

and (3.3), which were derived for case 1 waters, i.e., waters where phytoplankton 

and their derivative products are believed to be the predominant components influ­

encing the optical properties of the water body (Morel and Prieur, 1977; Gordon 

and Morel, 1983; Morel, 1988). 

Kopelevich et al (1987) postulated that the relative contribution of bacteria 

to the scattering of light would be directly related to their absolute concentration 



49 

Station 

GB1 

GB2 

NCI 

NC2 

SSI 

Depth 

0 
5 

10 
15 
25 
35 

0 
5 

10 
15 
28 
40 

0 
10 
20 
45 
70 
90 

0 
10 
25 
50 
75 

100 

0 
25 
50 
72 

125 
150 
175 
200 

Qb 

0.208 
0.201 
0.211 
0.180 
0.282 
0.182 

0.261 
0.199 
0.252 
0.201 
0.221 
0.277 

0.288 
0.234 
0.286 
0.215 
0.243 
0.225 

0.228 
0.243 
0.322 
0.264 
0.304 
0.254 

0.199 
0.167 
0.277 
0.285 
0.221 
0.308 
0.265 
0.311 

Qh 

0.961 
0.951 
0.947 
0.960 
0.973 
0.942 

0.967 
0.950 
0.967 
0.966 
0.990 
0.983 

0.987 
0.984 
0.972 
0.961 
0.969 
0.989 

0.976 
0.960 
0.986 
0.938 
0.979 
0.966 

0.946 
0.954 
0.994 
0.990 
0.972 
0.977 
0.940 
1.002 

A = 440 nm 

bh 

0.151 
0.098 
0.133 
0.080 
0.202 
0.092 

0.173 
0.113 
0.111 
0.075 
0.133 
0.171 

0.205 
0.141 
0.288 
0.108 
0.038 
0.036 

0.177 
0.230 
0.270 
0.039 
0.036 
0.018 

0.020 
0.015 
0.036 
0.040 
0.011 
0.015 
0.010 
0.016 

K 
0.162 
0.098 
0.129 
0.085 
0.216 
0.099 

0.167 
0.115 
0.113 
0.086 
0.134 
0.172 

0.214 
0.148 
0.292 
0.115 
0.037 
0.039 

0.183 
0.237 
0.278 
0.042 
0.037 
0.019 

0.022 
0.015 
0.035 
0.042 
0.010 
0.015 
0.011 
0.016 

hh 

0.697 
0.466 
0.597 
0.426 
0.696 
0.478 

0.641 
0.538 
0.424 
0.361 
0.597 
0.607 

0.704 
0.591 
0.976 
0.483 
0.153 
0.156 

0.760 
0.909 
0.826 
0.146 
0.117 
0.070 

0.097 
0.086 
0.128 
0.138 
0.049 
0.046 
0.037 
0.051 

h Qb 

0.0046 0.131 
0.0047 0.127 
0.0045 0.133 
0.0053 0.113 
0.0034 0.180 
0.0052 0.114 

0.0037 0.166 
0.0048 0.125 
0.0038 0.161 
0.0048 0.126 
0.0045 0.140 
0.0036 0.176 

0.0034 0.183 
0.0042 0.148 
0.0034 0.182 
0.0045 0.136 
0.0040 0.154 
0.0044 0.142 

0.0043 0.144 
0.0039 0.154 
0.0031 0.207 
0.0037 0.168 
0.0032 0.194 
0.0038 0.161 

0.0047 0.126 
0.0057 0.105 
0.0036 0.177 
0.0035 0.182 
0.0044 0.140 
0.0032 0.197 
0.0035 0.169 
0.0032 0.199 

Qh 

0.923 
0.925 
0.927 
0.914 
0.933 
0.914 

0.937 
0.909 
0.942 
0.931 
0.940 
0.936 

0.947 
0.930 
0.949 
0.924 
0.935 
0.903 

0.916 
0.957 
0.942 
0.926 
0.935 
0.959 

0.924 
0.913 
0.945 
0.948 
0.912 
0.947 
0.948 
0.948 

A =r 550 n in 

bh 

0.095 
0.062 
0.084 
0.050 
0.129 
0.058 

0.110 
0.071 
0.070 
0.053 
0.084 
0.109 

0.131 
0.089 
0.183 
0.068 
0.024 
0.022 

0.112 
0.146 
0.173 
0.025 
0.023 
0.012 

0.013 
0.009 
0.023 
0.025 
0.007 
0.009 
0.007 
0.010 

*; 

0.103 
0.062 
0.081 
0.054 
0.138 
0.062 

0.106 
0.073 
0.072 
0.055 
0.085 
0.110 

0.137 
0.094 
0.186 
0.073 
0.024 
0.025 

0.116 
0.151 
0.178 
0.026 
0.024 
0.012 

0.014 
0.009 
0.023 
0.027 
0.006 
0.009 
0.007 
0.010 

&Mi 

0.669 
0.453 
0.584 
0.405 
0.667 
0.469 

0.621 
0.515 
0.413 
0.387 
0.567 
0.578 

0.676 
0.558 
0.953 
0.464 
0.148 
0.143 

0.714 
0.906 
0.790 
0.138 
0.111 
0.069 

0.095 
0.082 
0.122 
0.132 
0.046 
0.045 
0.037 
0.048 

h 
0.0071 
0.0073 
0.0070 
0.0081 
0.0052 
0.0080 

0.0056 
0.0073 
0.0059 
0.0074 
0.0067 
0.0053 

0.0052 
0.0063 
0.0052 
0.0068 
0.0061 
0.0063 

0.0064 
0.0062 
0.0046 
0.0055 
0.0048 
0.0059 

0.0074 
0.0087 
0.0053 
0.0052 
0.0065 
0.0048 
0.0056 
0.0048 

TABLE 3.2. Optical characteristics of heterotrophic bacteria in Georges Bank, 
Northeast Channel, and Sargasso Sea at 440 and 550 nm obtained 
through Mie computations applied to the observed size distributions, 
and using a refractive index of 1.05 - O.OOOli. The scattering coeffi­
cients obtained from the derived analytical expression (6£) arc also 
given. The depth is in meters, bh and b*h in reciprocal meters, and 
bbh in units of 10~3 m"1. 
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FIGURE 3.3. (a) Average vertical profiles of phytoplankton pigment concentration 
C (chlorophyll a + phaeopigments) in Georges Bank (GB), North­
east Channel (NC), and Sargasso Sea (SS), and comparison between 
the scattering coefficient at 550 nm due to pure sea water (dotted 
line), heterotrophic bacteria (symbols; squares represent station 1 
and diamonds station 2), and the total scattering coefficient at the 
same wavelength (solid fine) derived from the pigment data in (6) 
Georges Bank, (c) Northeast Channel, and (d) Sargasso Sea. 
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and that in oligotrophy waters their contribution would be negligible. Stramski 

and Kiefei (1990), on the contrary, suggested that the contribution of bacteria 

would be more significant in oligotrophic waters, owing to their larger total cross 

section, as compared with phytoplankton. Morel and Ahn (1990), on the other 

hand, argued that their contribution would be independent of the trophic state, 

providing that there is a correlation between bacterial numbers and phytoplankton 

pigment concentration. 

The results presented in this chapter show that bacteria could contribute signif­

icantly to the total scattering coefficient in any of the three different environments 

studied. However, their contribution would depend not so much on the trophic 

status of the ecosystem as on the local relative abundance (and optical properties) 

of each of the major components influencing the optical properties of the sea wa­

ter. The stations that showed the highest contribution from bacteria to the total 

scattering were those in the Northeast Channel, which represent an intermediate 

case between the phytoplankton-rich waters of Georges Bank and the oligotrophic 

waters of Sargasso Sea. 

With respect to backscattering, the bacterial contribution to the total backscat­

tering coefficient, seems to be somewhat lower than for the total scattering coeffi­

cient, but, nevertheless significant. However, contrary to the case for equation (3.2), 

no empirical evidence has yet been given in support of equation (3.3), and therefore 

results from the comparison between bacterial backscattering and total backscat­

tering are less certain. Moreover, theoretical and laboratory results (Morel and 

Bricaud, 19816; Bricaud et al, 1983) show that phytoplankton have a very low 

backscattering rati ) (fy, < 0.1%), even lower than bacteria (see Table 3.2), which 

would weaken any relationship between total backscattering and pigment concen­

tration. Notice, however, that in some cases (for example surface waters of the 

Northeast, Cluuuiel) the backscattering due to bacteria is commensurate with that 
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due to pure sea water, which in turn has been shown to make a significant contri­

bution to the total backscattering coefficient (Morel and Prieur, 1977). 

Several authors (Linlcy et al, 1983; Bird and Kalff, 1984; Cole et al, 1988; Cho 

and Azam, 1990) have found a significant positive relationship between bacterial 

abundance and phytoplankton chlorophyll concentration in the cuphotic zone of 

different aquatic ecosystems. These results have been combined with equations 

(3.2) and (3.3) to predict the bacterial scattering and backscattering coefficients 

from pigment concentration (Morel and Aim, 1990; 1991). 

However, new results, including some from the same cruise that yielded the 

bacterial data presented here (Li et al, 1992), show a high degree of scatter in 

the relation between bacteria and pigments within regions. For Georges Bank a 

regression of bacterial abundance on chlorophyll concentration gave an r2 of 0.362 

(TV = 100), while for the Sargasso Sea the same procedure gave an r2 of 0.194 

(N = 62). When data from different cruises were combined (N = 364), only 

29% of the variance in bacterial abundance could be explained by pigments (Fig. 

3.5). Other authors (e.g., Ducklow, 1986; McManus and Peterson, 1988; Karl et 

al, 1991) have also found correlations between bacterial abundance and pigment 

concentration to be weak. If bacteria contribute significantly to the total scattering, 

as the present evidence suggests, their lack of, or low correlation with, pigments 

would account for some of the variability observed for the relationship between 

total scattering and pigments (Gordon and Morel, 1983; their Fig. 5a). 

By examining new data on bacterial abundance versus pigment concentration, 

I conclude that although a positive relationship may exist sometimes between bac­

terial abundance and pigment concentration when comparisons are made across 

ecosystems (Bird and Kalff, 1984), this is not always the case. Moreover, looking at 

the relationship within ecosystems, it seems difficult to predict bacterial numbers 

from pigment data, and thus to derive the optical properties of bacteria relying on 
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pigment data. This conclusion emphasizes the utility of using field data on bacterial 

abundance, as has been done here, to calculate their contribution to scattering. 



CHAPTER 4 

Effect of Sub-micrometer Particles 

on the Particle Backscattering Ratio 

4.1 Introduction 

For many problems in optical oceanography the interest is on the portion of 

the light that is scattered in the backward direction, with respect to the incident 

light, rather than on the total scattered light. For example, the spectral irradiance 

reflectance (or ocean colour) is related to the ratio of the total backscattering and 

the total absorption coefficients, 6(,/a (Gordon et al. 1975; Morel and Prieur, 1977). 

Measurements of the volume scattering function in the ocean (e.g., Petzold, 1972) 

show that most of the scattering is in the forward direction, a consequence of the 

presence of particles in suspension (even in the most clear oceanic waters), and that 

the ratio of backscattering to total scattering is very small. 

Recent studies (Morel and Ahn, 1991; Stramski and Kiefer, 1991) indicate that 

microorganisms, particularly phytoplankton and heterotrophic bacteria, could ac­

count for most of the total scattering in the ocean, but only for a small fraction of 

the backscattering; most, of the backscattering would be due to the presence of high 

concentrations of sub-micrometer, detrital particles of organic origin. Early models 

of light, scattering by marine particles (Gordon and Brown, 1972; Brown and Gor­

don, 1973, 1974; Morel, 1973) had already suggested that most of the backscattering 

could be due to high concentrations of sub-micrometer, organic particles. However, 

the existence of these particles in large numbers has only been demonstrated re­

cently (Koike et al, 1990; Longhurst et al, 1992). Their optical properties have 

not been measured so far, and their occurrence in high concentrations in most of the 

world's oceans remains to be confirmed. Due to their small size and high backscat-

56 
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tering efficiency, these particles would be major contributors to the backscattering 

coefficient, but not, to the total scattering or absorption coefficients. 

In current bio-optical models, the backscattering coefficient due to particles, 

b'b, is commonly modelled as the product, of the backscattering ratio, b'b = b'Jb', and 

the scattering coefficient, 6' (e.g., Sathyendranath and Piatt, 1988; Gordon et al., 

1988; Morel, 1988): 

bb = bbb'. (4.1) 

The particle total scattering coefficient 6' is usually nonlinearly related to the phy­

toplankton pigment concentration (see equation (3.2) in Chapter 3), based on the 

empirical results given by Gordon and Morel (1983). The particle backscattering 

ratio b'b, on the other hand, is assumed to be constant, (e.g., Sathyendranath and 

Piatt, 1988) or to covary inversely with pigment concentration (Gordon et al, 1988; 

Morel, 1988); with any of these two assumptions, the backscattering coefficient be­

comes a function of the pigment, concentration. Since phytoplankton is considered 

to contribute significantly to the total scattering coefficient, a relationship between 

6' and pigments is predictable. However, it is not evident that the backscattering 

ratio, and hence the backscattering coefficient, should covary with pigments, par­

ticularly if sub-micrometer particles arc responsible for most of the backscattering, 

and not phytoplankton. 

The optical properties of marine particles have been studied extensively using 

Mie theory (e.g., Gordon and Brown, 1972; Morel, 1973; Kishino, 1980; Bricaud and 

Morel, 1986; Kitchen and Zanevcld, 1990; Stramski and Kiefer, 1991; Ulloa et al, 

1992). The backscattering ratio, however, to my knowledge, has only been studied 

for the case of monodispersions or polydispersions with normal or log-normal size 

distributions (Morel and Bricaud, 19816, 1986), i.e., for the case of a particular 
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class of particles (e.g., phytoplankton or bacteria) rather than for the total particle 

suspension. 

In this chapter, I use Mie theory to examine how changes in the particle size 

distribution of the total particle suspension (represented by a Junge-type distribu­

tion) affect, the backscattering ratio. I show that the backscattering ratio is largely 

controlled by sub-micrometer particles and that its magnitude varies directly and 

strongly with the absolute value of the exponent in the Junge-type distribution (the 

slope in a log-log plot). An inverse relationship between the backscattering ratio 

and the chlorophyll concentration is predicted, based on empirical relationships be­

tween the exponent of the Junge-type distribution of particles and the chlorophyll 

concentration. 

4.2 The Backscattering ratio for Polydispersions with a Junge-type Dis­

tribution 

The backscattering ratio b'b for a polydispersion of particles with refractive 

index m is given by (see equations (1.4) and (1.14) in Chapter 1) 

v .Crq»,(m,*)*VM<fr .... 
" /;::<?fc(m,s)*2/(s)<fc' ^' 

where Qi, and Q(„, arc the efficiency factors for scattering and backscattering, re­

spectively; x = it Dnw/\ is the size parameter, where D is the diameter of the 

particles, n„, is the refractive index of of the medium (i.e., sea water) and A is 

the wavelength of light in vacuum; and f(x) is the probability density function, 

such that the size distribution is F(x) = Nf(x), where N is the total number 

of particles per unit volume. The efficiency factors Qb and Qbb can be computed 

using Mie theory (sec Chapter 1), assuming that the particles are spherical and 

optically homogeneous. Note that, bb does not depend on the absolute number of 
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particles present in the water or in each size class, but only on the shape of the 

size distribution or the relative abundance between size classes. In this chapter, the 

absolute particle size D (the diameter in micrometers) is considered rather than the 

dimensionless size parameter x, since, as it will be shown, the backscattering ratio 

is wavelength-independent for particles that obey a Junge-type distribution. 

The size distribution of the total particle suspension (living and non-living ma­

terial) and of the pelagic organisms (living material) in aquatic ecosystems has been 

shown to be well represented by a Junge-type distribution (Bader, 1970; Sheldon et 

al, 1972; Piatt et al, 1984; Rodriguez and Mullin, 1986), for which the probability 

density function f(D) is 

f(D) = KD~t, (4.3) 

where K = (£ - 1)I(D]~£ - D}~£), Dlum and Dtnax are the lower and upper limits 

of the size range under consideration, and £ is an empirically-determined coefficient 

~ 4. For the size distribution of aquatic organisms, the size variable commonly 

considered is weight, (or biovolumc) and not the number of particles and their di­

ameter; in such cases the exponent, in the normalized biomass size spectra becomes 

(3—Oi i-e., ~ — 1 (Piatt and Denman, 1977). This latter exponent has been derived 

theoretically, based on energetic principles (Piatt and Denman, 1977, 1978). For 

total particle size spectra, the observed range for £ varies from 3 to 5 (Jonasz, 1983), 

while for living particles, it is restricted to the range from 3.7 to 4.3 (Sprules and 

Munawar, 1986). Note, however, that the methodology for obtaining size spectra 

for total particles differs from that used for living particles. For the total particles, 

a resistive-pulse particle counter is commonly used, while for living particles size 

measurements are mainly carried out, by microscopy, gravimetry, or a combination 

of both (e.g., Quifiones and Piatt, 1992). Furthermore, in most cases only a small 

segment of the total particle size spectrum has been measured. 
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Here, the backscattering ratio was computed through equation (4.2), using 

equation (4.3) for f(x) (with the corresponding change of variable) and integrating 

numerically over the size parameter range. The efficiency factors Qb and Qbb were 

obtained from Mie theory with computer code according to Bohren and Huffman 

(1983). This code does not give Qbb directly but allows it to be computed by the 

integration of the given Mie intensity functions over the scattering angles ir/2 < 

9 < 7r. Computations were carried out on a NeXT workstation. Gradual underflow, 

provided in the IEEE arithmetic standard, allowed iterative calculations for the 

integrations to converge within accepted errors (< 0.01%). Note that the limits 

of integration in equation (4.2) affect significantly b'b, particularly the lower limit, 

since 

linjU(x) = limif(D) = oo . (4.4) 
x—>0 D—*0 

As shown in Figure 4.1, the backscattering ratio increases significantly when Dmin is 

< 1 pm, clearly indicating that it, is mainly controlled by sub-micrometer particles. 

Below a certain diameter (~ 0.05 pm), the backscattering ratio remains almost 

constant, indicating that particles with diameter lower than this value do not play 

any significant role in the backscattering process. From these results, the lower 

limit of integration was chosen to be 10-2 pm. For the upper limit we have 

lim f(x) = lim f(D) = 0 , (4.5) 
x—»oo D—»oo 

and particles with D > 100 pm contribute < 1% to the backscattering and total 

scattering coefficients (Morel, 1973; Morel and Ahn, 1991; Stramski and Kiefer, 

1991) and hence to the backscattering ratio. Here, Dmax was fixed at 200 pm. 
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4.3 Influence of the Refractive Index and the Wavelength on the 

Backscattering Ratio 

The backscattering ratio b'b was computed for different values of n and ri, 

the real and imaginary part, respectively, of the refractive index TO. Figure 4.2 

shows that b'b increases with n, which can be attributed to the effect of the larger 

particles, since results for monodispersions show that the backscattering ratio for 

small particles (x <~ 2 or D <~ 0.25 pm at A = 550 nm) is almost independent of 

the refractive index (both the real and imaginary parts), while for larger particles 

it is strongly dependent on n (Morel and Bricaud, 19816; see also Fig. 1.2d). 

Contrary to the case for monodispersions, or polydispersions with a normal 

or log-normal distribution, (Morel and Bricaud, 19816) the backscattering ratio 

increases with ri for a given n (Fig. 4.3), particularly for ri >~ 10 -2. Below this 

value the backscattering ratio is almost independent of ri. Even strongly-absorbing 

particles like phytoplankton will have values of ri < 10-2 (Morel and Bricaud, 

1986), which can therefore be considered an upper limit to ri for the total particle 

suspension. Thus, the variation of b'b due to absorption (i.e., due to ri) would be 

negligible. A typical 'bulk' value for the real part of the refractive index of the 

particles was chosen to be 1.05, but computations were carried out for other values 

of n as well, for comparison. The imaginary part was fixed at 10 -3. 

Figure 4.4 shows that the backscattering ratio for particles that obey a Junge-

type distribution does not, vary with wavelength over the visible range. These results 

contrast with those for monodispersions, which show that b'b can be highly depen­

dent, on the wavelength, depending on the size of the particles and their refractive 

index (see, for example, Fig. 1.2d and Morel and Bricaud, 19816; 1986). 
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Once the limits of integration have been fixed, as discussed previously, changes 

in the size distribution f(D) (equation 4.3) can only occur through changes in the 

coefficient £. Values of b'b were computed for the range of values reported for £ in 

the literature. Results show (Fig. 4.5) that bb is highly dependent on £ and that 

this dependence increases with n; when m = 1.05 - O.OOli the backscattering ratio 

varies according to ~ £8,6, while for m = 1.06 -O.OOli it varies according to ~ £ 9 6 . 

This strong dependence of b'b on £ suggests that differences in the backscattering 

ratio in natural waters can arise from changes in the slope of the size spectrum of 

the total particle suspension. Waters with a higher £ (a more negative slope) will 

have higher backscattering ratios, and vice versa. Moreover, these results indicate 

that £ cannot, be too large in natural waters, otherwise the backscattering ratio 

would be much higher than the 1-2% obtained from measurements of the volume 

scattering function or deduced from measurements of the spectral reflectance (Morel 

and Prieur, 1975; Gordon and Morel, 1983; Sathyendranath et al, 1989). 

4.5 Discussion 

4.5.1 Influence of Small Particles. 

In this chapter the backscattering ratio for polydispersions with a Junge-type 

distribution has been modelled using Mie theory. It was shown that if the size 

distribution of particles varies according to D~t, where £ is ~ 4, the backscattering 

ratio is largely controlled by sub-micrometer particles and that its magnitude does 

not vary with wavelength, nor is it, significantly affected by absorption. Moreover, 

results indicate that the backscattering ratio varies strongly with the coefficient £. 

These results, however, are highly dependent on the assumption that the particle 

concentration continues to increase as the diameter becomes smaller than 1 pm. 
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Direct evidence for the existence of a large concentration of sub-micrometer particles 

has only recently been obtained (Koike et al, 1990; Longhurst et al, 1992), but their 

existence has been predicted by optical models since the early seventies (Gordon 

and Brown, 1972; Brown and Gordon, 1973, 1974). 

Gordon and Brown (1972) found that Kullenberg's (1968) data on the vol­

ume scattering function (3(9) at 632.8 nm could be reproduced using a Junge-type 

particle size distribution, with £ = 4 and a single value for the refractive index 

m = 1.05 — O.Oli, typical of organic particles. However, to reproduce the observed 

backscattering ((3(9 > 90°)) they had to assume the presence of a large number 

of sub-micrometer particles. They did not have simultaneous measurements of the 

size distribution, but they used other particle size data for the region (Bader, 1970), 

with a lower-end limit, of 1 pm. Subsequently, Brown and Gordon (1973) used a two-

component model (organic particles with . i = 1.01 - O.Oli and 0.1 < D < 2.5 pm, 

and inorganic particles with m = 1.15 and 2.5 < D < 10 pm, both with £ = 4) 

to reproduce Kullenberg's data. Their results still showed that a large fraction of 

the suspended particle volume had to be of organic nature and of small size. Later, 

Brown and Gordon (1974) used simultaneous measurements of size distribution and 

volume scattering function to study the problem; the lower size limit of their Coulter 

Counter data was 0.65 pm. They could reproduce the volume scattering function at 

488 nm using a three-component model, with inorganic particles in the middle-size 

class (1.25 < D < 3.75 pm) and organic particles in two classes of small and large 

sizes (0.65 < D < 1.25 pm and 3.75 < D < 17.0 pm. respectively). However, the 

model could not, reproduce the variation of (3(8) with wavelength. To achieve this, 

they had to include smaller particles of organic origin, or inorganic particles with a 

much sma'lcr value for £. Regarding the small organic particles, they wrote: "...The 

prediction of the existence of vast quantities of small organic particles cannot be 

verified at this time, since little is known about sea water organics in these small 

sizes". Morel (1973), on the other hand, found that the average of several measured 
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phase functions (or normalized volume scattering function) for marine particles 

could be reproduced with a Junge-type distribution with £ = 4, m = 1.05, and 

0.2 < x < 100, i.e., assuming implicitly the presence of sub-micrometer particles, 

which followed the same distribution as the larger particles. 

Recently, Morel and Aim (1991) and Stramski and Kiefer (1991) showed that if 

particles obey a Junge-type distribution with slope ~ —4 most of the total scatter­

ing would be due to particles with 1 < D < 10 pm, while most of the backscattering 

would be due to particles < 1 pm. Although phytoplankton abundance, size ranges, 

and optical properties arc such that they they can contribute significantly to the 

total scattering coefficient, they cannot account for the required backscattering. 

Furthermore, heterotrophic bacteria, which are in the sub-micrometer size range, 

and in concentrations of at least an order of magnitude higher than phytoplankton, 

can only account, for a certain fraction of the backscattering coefficient (see also 

Chapter 3), but not, for most of it. Both groups suggested that, the possible compo­

nent responsible for most of the backscattering in the ocean is very small, organic, 

detrital particles. 

If indeed sub-micrometer particles arc the main contributors to the backscatter­

ing in the ocean, the implications for our understanding of optical processes in the 

ocean are significant, since it has been commonly assumed that phytoplankton are 

the main contributors to the optical properties of sea water. Furthermore, optical 

properties are usually modelled in terms of phytoplankton pigment concentration 

(Sathyendranath and Piatt, 1988; Gordon et al, 1988; Morel, 1988). However, the­

oretical results, including those presented in this chapter, stress the importance of 

extremely small particles other than phytoplankton. Nevertheless, it remains to be 

established whether the presence of extremely small particles in great abundance is 

a common phenomenon in the ocean, and whether indeed particle0, follow a Junge-

type distribution at the lower end of the size spectrum. Note that the lower end of 

detection of the resistive-pulse particle counters presently used to characterize these 
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sub-micrometer particles is not better than 0.32 pm (Longhurst et al, 1992), while 

the theoretical computations carried out here (and those discussed above) require 

that the abundance of the small particles continues to increase as the diameter 

diminishes to at, least 0.1 pm (Fig. 4.3). 

As it was mentioned in the introduction, the backscattering ratio is commonly 

used to estimate the backscattering coefficient from total scattering coefficient, equa­

tion (4.1), since a large body of experimental results exist relating its variation to 

that in the phytoplankton pigment concentration (Gordon and Morel, 1983). Here, 

the approach has been to study the dimensionless backscattering ratio, about which 

we know much less, to understand the sources of its variability and to examine 

whether the assumption of its dependence on pigment concentration (Gordon et 

al; 1988; Morel et al, 1988) has any theoretical, or empirical justification. The re­

sults indicate that a major source of variability in the backscattering ratio would be 

the shape of the total particle size distribution, parameterized here by the coefficient 

£ in the Junge-type distribution. 

4.5.2 Relationship Between £ and Chlorophyll. 

Sprules and Munawar (1986) analysed biomass size spectra from different lakes 

and included the results of Rodriguez and Mullin (1986) for the Central Gyre in the 

North Pacific for comparison. Their compilation showed that £ decreases (the slope 

becomes more positive) with chlorophyll concentration. Recently, Quifiones (1992) 

carried out a detailed study of the biomass size distribution in the North West­

ern Atlantic. His measurements covered a size range from bacteria to zooplankton 

(~ 0.5 to 1000 pm), and is probably the most extensive size range covered until 

today. Contrary to Sprules and Munawar (1986), the same methodology was used 

for obtaining the size spectra for the different locations. The size data in the study 

of Quifiones (1992) were well described by equation (4.3), as indicated by the coef­

ficient, of determination (all r2 > 0.9). The computed slopes in phytoplankton-rich 
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coastal waters (Georges Bank and Gulf of Maine) were significantly more positive 

(£ lower) than in oligotrophic waters (Sargasso Sea and New England Scamounts), 

consistent with the results of Sprules and Munawar (1986). On the other hand, 

Kitchen, Zaneveld, and Pak (1982), studied the effect of the total particle size dis­

tribution and chlorophyll content on the beam attenuation spectra, and also found 

a significant negative correlation between the slope of the total particle size distri­

bution and the chlorophyll concentration. Size measurements were carried out with 

a resistive-pulse particle counter covering equivalent spherical diameters between 

1.6 and 32 pm. 

The empirical studies on living and total particles mentioned above indicate 

that an inverse relationship exists between the coefficient £ and the chlorophyll 

concentration. The strong direct relationship between £ and bb (Fig. 4.5) evident 

in my results clearly suggests an inverse relationship between the backscattering 

ratio and chlorophyll concentration. Therefore, even if most of the backscattering 

is due to non-phytoplanktonic particles of very small size, the backscattering ratio 

would vary inversely with chlorophyll concentration due to the inverse relationship 

that seems to e:(ist between the slope of the size distribution and the chlorophyll 

concentration. 

Optical models, like those use for the study of ocean colour by remote sensing 

(Gordon, 1988; Morel, 1988; Sathyendranath and Piatt, 1988), presently work with 

the assumption that a relationship exists between the backscattering coefficient and 

the phytoplankton pigment concentration. On the other hand, theoretical studies 

suggest that most of the backscattering would be due to sub-micrometer detrital 

particles and not phytoplankton. Here I have offered an explanation to this aparent 

contradiction. An inverse relationship between the backscattering ratio and phy­

toplankton pigment concentration is possible due the observed inverse relationship 

between pigments and the shape of the total particle size distribution, which in turn 

is the principal control on the backscattering ratio. 



General Discussion and Conclusions 

The modelling of the behaviour of light in the ocean and the accurate interpre­

tation of optical measurements obtained by remote sensing and by in situ optical 

sensors on profilers, moorings, and drifters, require some knowledge of the optical 

properties of the different substances present in sea water. Considerable attention, 

in this respect, has been paid to the study of the absorption and scattering character­

istics of phytoplankton, which are considered (along with their derived products) 

to be the main contributors to the optical properties of sea water. The focus of 

this thesis, on the other hand, has been the much-less-studied, non-chlorophyllous 

particles, particularly the heterotrophic bacteria, and also the recently reported, 

sub-micrometer, detrital particles (Koike et al, 1990; Longhurst et al, 1992). 

To estimate the relative contribution of heterotrophic bacteria to the scatter­

ing properties of sea water, Mie theory was applied to detailed measurements of 

bacterial size and abundance. Since no measurements of their refractive index were 

carried out during the cruise in which data on their size and abundance were col­

lected, it was necessary to use values from the literature (Morel and Ahn, 1990; 

Stramski and Kiefer, 1990). These values had not been obtained by direct mea­

surements, but deduced from optical measurements using a method (Stramski et 

al, 1988) based on the approximations of van de Hulst (1957). It was necessary, 

therefore, to evaluate first the errors incurred in deriving them using these approx­

imations instead of the exact Mie solutions (Chapter 1). Furthermore, the van de 

Hulst approximations had been used by Morel and Ahn (1990, 1991) to construct 

expressions for estimating bacterial scattering and absorption from phytoplankton 

pigment data, and to predict their potential contribution to the scattering and 

absorption coefficients in natural waters based on laboratory measurements. 

72 
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In Chapter 1, it was shown that the approximations of van de Hulst are not 

always valid for the deduction of the refractive index of bacteria or for the estimation 

of their optical properties in the field, mainly because their size parameter range 

lies, in part, outside the range for which the approximations are valid. Furthermore, 

methods that, use the van de Hulst, approximation for Qc (the efficiency factor 

for attenuation) to estimate the real part of the refractive index of particles from 

measurements of the attenuation coefficient, (e.g., Stramski et al, 1988) cannot give 

reliable information over a significant, portion of the size parameter range, therefore 

limiting their applicability to a restricted region of the particle size spectrum. It 

may be concluded from these results that models of the bacterial light scattering 

and absorption should, in principle, use Mie theory to compute the corresponding 

optical coefficients, rather than the van de Hulst, approximations. 

Mie computations, however, arc time consuming, and can become impractical 

when the results have to be incorporated into other bio-optical models, which in 

turn are very demanding in computational time, for example, in the calculation of 

primary production from remotely sensed data (Piatt and Sathyendranath, 1988). 

With this in mind, two simple approximations were derived for the bacterial scatter­

ing coefficient (Chapter 2), one for the case in which the bacterial size distribution 

is skewed, and can be represented by a gamma distribution, and the other one for 

the case in which it is symmetrical with respect to the mean, and can be represented 

by a normal distribution. Results from measurements of bacterial size distributions 

using epifluorescence microscopy showed that both distributions represent field data 

well. The derived approximations are improvements over previous ones (Morel and 

Ahn, 1990), in the sense that they are based on Mie theory rather than on the van 

de Hulst approximations, and that they are not restricted to monodispersions. 

The use of Mie theory in this thesis to describe bacterial scattering was based 

on the assumption that heterotrophic bacteria are spherical particles. Results of 

their size measurements (Chapter 3) showed that this is not strictly the case for 
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all bacteria (Figure 3.2). Theoretical analyses of the light scattering properties of 

spheroidal particles show that their efficiency factors for scattering and attenuation 

deviate gradually from those of spheres of the same volume with increase in the 

ratio of major axis to minor axis (Asano and Yamamoto, 1975; Asano, 1979). For 

randomly oriented spheroids, which can be considered to be the case of bacteria in 

the ocean, the efficiency factors for scattering and attenuation tend to be higher 

than those for spheres of the same volume, but the efficiency factor for absorption 

is almost equal (Asano and Sato, 1980). Results from these analyses would indi­

cate that in this study the contribution of heterotrophic bacteria to the scattering 

coefficient, would have been underestimated. 

However, for randomly oriented spheroidal particles with sizes lower than the 

first maximum in the scattering (or attenuation) curve for spheres (Fig. 1.2a), Asano 

and Sato (1980) showed that the efficiency factor for scattering (or attenuation) is 

primarily dependent on the size and weakly dependent on the shape, and therefore 

it is very close to that for spheres. Thus, considering that the size parameter range 

representative of bacteria lies clearly below the first maximum in the scattering (or 

attenuation) curve (Chapter 1), it is concluded that the errors introduced in the 

computation of their scattering coefficient by assuming sphericity would be only 

nominal. 

The scattering properties of heterotrophic bacteria were computed in three ma­

rine environments that varied in almost 2 orders of magnitude in the phytoplankton 

pigment concentration (Chapter 3). It was found that bacteria can make significant 

contributions to both the total scattering coefficient and the backscattering coef­

ficient, but that, their contribution to the backscattering coefficient was relatively 

smaller. Furthermore, it was found that there was no relationship between the de­

gree to which bacteria contributed to the scattering properties and the the amount 

of phytoplankton pigments present in the water. 
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These results, hence, did not support previous theoretical predictions which 

indicated that bacterial scattering relative to total scattering would be more impor­

tant in waters that have a higher concentration of bacteria (Kopclevich et al, 1987), 

that their relative contribution would be independent of the amount of pigments 

(Morel and Ahn, 1990), or that they would be more important contributors in the 

oligotrophic ocean (Stramski and Kiefer, 1990). Part of the problem with these 

earlier predictions was that a relationship was assumed between the concentration 

of heterotrophic bacteria and the phytoplankton pigment, concentration. As it was 

shown here, this assumption is not valid, at least for the data set examined. Note, 

however, that the data presented here came from different marine ecosystems and 

the number of points in the regression in Figure 3.5 (N = 364) was much higher 

than in previous studies which had postulated a relationship between bacterial 

abundance and pigments (e.g., Bird and Kalff, 1984; Cole et al, 1988). Further­

more, other recent studies do not support the idea that bacterial numbers covary 

with phytoplankton pigment concentration (e.g., Karl et al, 1991). Consequently, 

the bacterial contribution to the scattering coefficient will have to be considered 

independently from that of phytoplankton. 

These results have significant implications for the interpretation of optical data. 

For example, Siegel et al (1989) proposed that phytoplankton growth rates can 

be estimated from changes in the attenuation coefficient measured with transmis-

someters. Accurate estimates of their growth rates, however, require knowledge of 

the relative contribution of phytoplankton, microhcterotrophs and detritus to the 

attenuation process (Cullen et al, 1992). Since variations in the attenuation co­

efficient can be mainly controlled by scattering (as opposed to absorption) at the 

wavelengths used with the transmissometers (e.g., 660 nm, Siegel et al, 1989; Cullen 

et al, 1992), the contribution of bacteria cannot be neglected, or considered to be 

proportional to that of phytoplankton, and will have to be estimated independently. 
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For the modelling and interpretation of remotely-sensed data of ocean colour, 

on the other hand, it is necessary to consider the backscattering coefficient (6j>(A)), 

since it is this optical property (in combination with the absorption coefficient a(A)) 

which is related to the irradiance reflectance R(X), the ratio of upward to downward 

irradiance (see review by Gordon and Morel, 1983). For the case where bb/a « 1, 

R(X) can be approximated by (Morel and Prieur, 1977) 

Results in Chapter 3 showed that heterotrophic bacteria could contribute up to 

~ 20%) to the total backscattering coefficient bb, but more typically their contribu­

tion would be < 10%. Since bb in the above equation is directly proportional to R, 

neglecting the independent contribution of bacteria to the backscattering coefficient 

would introduce relative errors in R of the same magnitude. On the other hand, 

theoretical and laboratory results (Morel and Ahn, 1991) show that the backscat­

tering coefficient due to heterotrophic bacteria is independent of wavelength (A). 

This implies that bacteria would not interfere with the phytoplankton pigment al­

gorithms based on ratios of reflectance at different wavelengths, but they would 

affect those that rely on differences in R from one wavelength to another. 

However, in current models of irradiance reflectance (Gordon et al, 1988; 

Morel, 1988; Sathyendranath and Piatt, 1988) the backscattering coefficient is ob­

tained through the total scattering coefficient (see Chapters 3 and 4), more specifi­

cally, through an empirical relationship (equation (3.2)) between the total scatter­

ing coefficient and phytoplankton pigment concentration (Gordon and Morel, 1983). 

Although this empirical relationship (equation (3.2)) was shown to be statistically 

significant, the variance in the data was high; for a given concentration of pigments, 

values of the scattering coefficient in Case 1 waters varied 2-4 fold, and more than 
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an order of magnitude in Case 2 waters. Variations in the chlorophyll-specific scat­

tering coefficient of phytoplankton is generally considered to be responsible for this 

variance (Gordon et al, 1988). The results presented here suggest, an additional 

factor: variable bacterial contribution to the total scattering coefficient, which can 

be as low as 3% or as high as 60% (Chapter 3). Note again that this bacterial 

contribution does not covary with chlorophyll concentration, and would constitute 

noise in any model that ignores the role of bacteria. 

A method for estimating bacterial contribution by remote sensing remains to 

be established. One possibility is that bacterial numbers may covary with the 

amount of yellow substances (dissolved organic material) present in the water, since 

these substances are used by bacteria as substrate for their metabolic activities. 

Supposedly, with the next generation of ocean colour sensors it will be possible 

to estimate the concentration of yellow substances (Sathyendranath et al, 1989; 

Calder et al, 1991). 

The other optical property involved in the computation of the backscatter­

ing coefficient is the backscattering ratio (sec equation (4.1)). R.csults in Chapter 

4 showed that this ratio is largely controlled by the presence of sub-micrometer 

particles and that its magnitude is strongly dependent, on the shape of the size 

distribution, parameterized here by the coefficient £ in the Junge-type distribution. 

This latter coefficient has been shown empirically to be inversely related to the 

amount of phytoplankton pigments present in the water (Sprules and Munawar, 

1986; Quifiones, 1992). Therefore, although sub-micrometer, non-phytoplanktonic 

particles would be largely responsible for the amount of backscattering in the ocean, 

it was concluded that the backscattering coefficient, and particularly the backscat­

tering ratio, can be modelled in terms of the phytoplankton pigment concentration. 

Whether sub-micrometer detrital particles are indeed the main backscattercrs 

in the ocean remains to be confirmed. If that is the case, then efforts should be 
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made to characterize their ̂ optical properties and their sources of variability in the 

ocean, since they would be the ones responsible for most of the signal reaching 

the sensors in space. A significant, but much lower, contribution would come from 

heterotrophic bacteria. They seem, however, to be important contributors to the 

total scattering coefficient. To account for their presence, it is necessary to estimate 

their concentration, which can presently be obtained only by direct counting. A 

challenge then is to estimate their concentration through remote sensing. 

Future work should also consider the effect of non-chlorophyllous particles on 

the volume scattering function. Variations, for example, of R with the solar zenith 

angle have been shown to be strongly dependent on the shape of volume scattering 

function (Kirk, 1984; Morel and Gentili, 1991). The degree to which bacteria and 

sub-micrometer detrital particles affect the angular distribution of the submarine 

light field and light penetration in the ocean remains also to be established. 



A P P E N D I X I 

Computation of the Mie Scattering Coefficients 

To compute the optical efficiency factors (equations (1.9 a-c)) and the angu­

lar intensity parameters (equations (1.10 a, 6)) from Mie theory it is necessary to 

calculate the complex scattering coefficients ak(m,x) and bk(m,x), given by 

n tm *\ - ^(xWk(y) - mipk(yWk(x) 
ak^X)~ Ck(xWk(y)-mMy)Ck(x) ' 

and 
, , x _ rmpk(x)j)k(y) - Vfc(y)^(s) 
fcl ' } m(k(xWk(y)-MyK'k(x) ' 

where m is the (complex) refractive index, x is the (real) size parameter, y = mx, 

V>fc and Cfc are the Riccati-Bessel functions, and the primes denote differentiation 

with respect to the argument. The Riccati-Bessel functions are defined by 

y ) 4+1/2(2) , 

Ck(z) = zh^\z) = ^k(z) - ixk(z) , 

Xk(z) = -zyk(z) = (~l)k ^ y J J-k-i/i(z) , 

where jk(z), yk(
z), are the Spherical Bessel functions of the first and second kind, 

respectively (Abramowitz and Stegun, 1964), i = v7-!, H \z) = jk(z) - iyk(z), 

and Jk+i/2(z) and J-k-1/2 02) a r e Bessel functions of the first kind of half-odd-

integral order. The Spherical Bessel functions (summarily denoted by zk(z)) satisfy 

the recurrence relations 
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. , , . (2k+ 1\ , . 
Zk-i(z) + zk+i(z) = f —~\zk(z) , 

k 
4 ( 0 = --Zk(z) + zn-i(z) , 

which can be used to to calculate Ricatti-Bessel functions of arbitrary order from 

the functions of tlie two prececding orders. 

However, t,he total number of terms, kmax, required for convergence in the Mie 

series is of order x, and for large x the roundoff errors can accumulate in such a 

way as to yield incoirect results. Various computational methods for efficient Mie 

algorithms have been proposed, hi this thesis, I used the one given in Bohren and 

Huffman (1983), which has been shown to agree with other codes to ~ 5 significant 

figures for x as large as x = 500, in the computation, for example, of the efficiency 

factors (Wang and van de Hulst, 1991). 

In this code, 

fcmax = X + 4x1 / 3 + 2 , 

and the scattering coefficients arc obtained from 

[Dk(mx)/m + k/x]tpk(x) - ipk-i(x) 
ak(m,x) = 

and 

bk(m,x) -

[Dk(mx)/m + k/x]Ck(x) - Ck-i(x) ' 

[mDk(mx) + k/x)j)k(x) - ^fc-i(x) 
[mDk(mx) + k/x]Ck(x) - Ck-\(x) ' 

where Dk(z) = d/dz\n^k(z) is the logarithmic derivative that satisfies the recur­

rence relation 
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Dk.
 k > 

z Dk + k/z ' 

The calculations of Dk(mx) are done by downward recurrence, while those of 

tpk(x) and C,k(x) by upward recurrence, in both cases using double precision. 
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