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Abstract 
 

A novel optical instrument has been developed to determine the volume scattering function (VSF) 

and its wavelength-dependence by image detection in both the angular and spectral domain. The 

measurement principle of the VSF-meter is based upon the combination of an image detector and 

multiple reflectors and addresses many of the issues of conventional VSF instruments. It allows the 

detection of a VSF at all angles simultaneously in the range 8o-172o with an angular resolution of 1o 

without changing the sensitivity of the detector and without any moving optical parts. By this it is 

possible to perform a measurement at one wavelength within a few seconds during which particles 

remain in suspension. Furthermore, the combination with a monochromator facilitates the determi-

nation of a VSF at all wavelengths of the visible spectrum. 

The performance and accuracy of the instrument was validated by VSF measurements under con-

trolled conditions. Good agreements were obtained for theoretically predicted scattering functions of 

pure water and microspheres with a defined size distribution. VSF measurements of different cul-

tured phytoplankton species at different cell concentrations reveal that the shape and spectral distri-

bution especially of the backscattering region depends strongly upon phytoplankton species. More-

over, the complicated spectral behavior particularly of the backscattering coefficient is significantly 

correlated with the absorption spectrum via the anomalous dispersion of the refractive index. 

In this thesis a detailed description of the instrument is provided, which includes not only its 

methodology but also the specifications of its optical design as well as the results of the tests and the 

comparison with theoretical calculations. Furthermore the scattering properties of different phyto-

plankton cultures and the spectral variation of backscattering are analyzed in detail. 

Not fully solved were the issues (1) how the scattering coefficients in the angle range 0o-7o can be 

reconstructed from the shape of the measurable scattering function and the total scattering coefficient, 

which in turn can be determined from the difference between measured beam attenuation and ab-

sorption; (2) from which particle concentration onwards multiple scattering leads to a non-negligible 

error, and (3) which error remains because of not fully blocked fluorescence by chlorophyll and hu-

mic matter. 



 

Zusammenfassung 
 

Ein neues optisches Instrument wurde zur Bestimmung der Volumenstreufunktion (VSF) und ihrer 

spektralen Abhängigkeit entwickelt, das auf der Abbildung der Winkelverteilung bei einer Wellen-

länge beruht. Das Messprinzip des Gerätes basiert auf einer Kombination eines abbildenden Detek-

tors und mehrerer Reflektoren, und löst bzw. mindert damit viele Probleme herkömmlicher Volu-

menstreulichtmessgeräte. Es erlaubt die gleichzeitige Aufnahme aller Winkel einer Volumen-

streufunktion im Bereich 8o - 172o mit einer Winkelauflösung von 1o. Hierbei werden weder beweg-

liche Komponenten benötigt noch ist eine Nachregelung der Empfindlichkeit des Detektors notwen-

dig. Dadurch kann die gesamte Streufunktion bei einer Wellenlänge innerhalb weniger Sekunden 

aufgenommen werden. Die kurze Messzeit gewährleistet, dass die Partikel in der Messküvette wäh-

rend der Aufnahme nicht zu Boden sinken. Durch Kombination mit einem Monochromator sind 

Messungen im gesamten Spektrum des sichtbaren Wellenlängenbereiches möglich. 

Die Leistungsfähigkeit und die Genauigkeit des Gerätes wurden durch Messungen unter kontrol-

lierten Bedingungen mit Standards geprüft. Es ergab sich eine gute Übereinstimmung zwischen den 

Berechnungen und Messungen der Streufunktionen von reinem Wasser und Suspensionen kugelför-

miger Mikropartikel mit definierten Größenverteilungen.  

Messungen der Streufunktionen von verschiedenen Phytoplanktonkulturen wurden bei unter-

schiedlichen Zellkonzentrationen vorgenommen. Sie zeigen, dass die Spektralverteilung der Streu-

ung insbesondere im Winkelbereich der Rückstreuung sehr von der Algenart abhängt. Zusätzlich ist 

der komplizierte Spektralverlauf vor allem des Rückstreukoeffizienten signifikant mit dem Absorp-

tionsspektrum über die anomale Dispersion des Brechungsindexes korreliert. 

In der Arbeit werden Aufbau, Spezifikationen und Funktionsweise des Streulichtmessgerätes so-

wie die Ergebnisse der Tests und der Vergleiche mit theoretischen Berechnungen im Detail be-

schrieben. Ferner werden die gemessenen Streulichtfunktionen der Phytoplanktonkulturen, insbe-

sondere die spektralen Unterschiede der Rückstreuung, in ihren Einzelheiten untersucht. 

Noch nicht vollständig geklärt werden konnten die Fragen, (1) wie die nicht messbaren Streukoef-

fizienten im Winkelbereich 0o-7o aus dem Verlauf der Streufunktion im übrigen Winkelbereich sowie 

aus der Gesamtstreuung herzuleiten sind, wobei die Gesamtstreuung aus der Differenz Attenuation - 

Absorption berechnet werden kann; (2) ab welcher Partikelkonzentration die Mehrfachstreuung zu 

nicht mehr vernachlässigbaren Fehlern führt, und (3) welcher Fehler sich aus der nicht vollständig 

geblockten Fluoreszenz der Chlorophyll und der Huminstoffe ergibt. 
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Chapter 1 

Introduction 
 

Scattering as well as absorption play a principal role in determination of the light field in atmos-

phere and ocean. Scattering describes the directional change of radiant energy, while absorption de-

scribes the disappearance of radiant energy and its conversion into heat or chemical energy by pho-

tosynthesis. Both are so called inherent optical properties (IOPs) since they depend merely on the 

properties of the material, which causes these effects, and not on the light field. In contrast, apparent 

optical properties (AOPs), such as irradiance, radiance and the diffuse attenuation coefficient, are 

influenced by the angular distribution of the light field and by the quantity and the quality of other 

water constituents (Preisendorfer, 1976; Jerlov, 1976; Kirk, 1994; Mobley, 1994). 

Utilizing these optical properties of seawater, it is possible to estimate the biomass of phytoplank-

ton and its pigments, the concentration of suspended matter and humic substances and the penetra-

tion of light from the backscattered solar radiation, which is emerging from the sea surface. This in-

direct measurement of properties of the ocean is called ocean color remote sensing (e.g. Carder et al: 

1999). Of particular interest is the phytoplankton concentration near the surface, because, as the 

primary producer in the sea, phytoplankton determines the food chain and by its interaction with the 

carbon cycle it has a significant impact on climate change on a global scale (e.g. Morel, 1991; 

Falkowski et al, 1998). Concerning the carbon cycle for instance, recent work using the space borne 

sensors (SeaWiFS: Sea-viewing Wide Field-of-view Sensor, MODIS: MODerate resolution Image 

Spectroadiometer, MERIS: MEdium Resolution Imaging Spectrometer), has revealed that carbon 

fixation on global scale by primary production of phytoplankton in ocean is second to that of forests, 

other land plants and soils (e.g. Schimel, 1995). Hence, the knowledge of scattering and absorption 

by suspended matter in the ocean is indispensable to develop bio-optical models for ocean color re-

mote sensing algorithms and by this to determine the spatial distribution together with the temporal 

changes of phytoplankton and other water constituents in coastal waters and the global sea. 

Among IOPs, absorption and attenuation are the most frequently measured parameters. In case of 

absorption measurement, for instance, although there is still necessity for improvement, many prin-

ciples have been established, e.g. the opal glass method (Shibata et al, 1954; Shibata, 1958), the in-

tegration sphere method (Nelson and Prézelin, 1993; Tassan and Ferrari, 2003) and the Point Source 

Integration Cavity Absorption Meter (PSICAM) method (Kirk, 1997; Röttgers et al, 2005; Röttgers 

and Doeffer, 2007). By contrary, scattering measurements, in particular of the Volume Scattering 

Function (VSF), which describes the angular distribution of the scattered intensity from the infini-



 2

tesimal small scattering volume, are rare and seldomly, if ever, measured routinely (e.g. Tyler, 1961; 

Kullenberg, 1968, 1969; Petzold, 1972; Tucker, 1973; Lee et al, 2003; Chami et al, 2005). The main 

reason is the difficulty to perform accurate measurements in particular at the forward and backward 

scattering angles. One classical problem is the large dynamic range of the scattering coefficient of 

approximately 5 to 6 orders of magnitudes over the full scattering function. Other issues are to cali-

brate the instruments properly and to keep the particles in suspension during the measurement. A 

further difficulty is that the quantities for scattering are defined for single scattering events. There-

fore, in actual scattering measurements, the scattering volume must behave as a point light source. In 

order to satisfy such requirement in practice, two ways are possible: (1) the physically infinitesimal 

small volume is approximated by using a small cross sectional beam, such as of a laser, or (2) ob-

serving the scattering volume from an appropriate far distance. Concerning way (1) a problem arises 

when particles traverse the incoming beam and cause fluctuation in the irradiation of the scattering 

volume with the consequence of an unstable output signal. Hence, instruments require a relatively 

large collimated beam for measuring the VSF of seawater. In this case, the number of particles in the 

beam is more constant due to temporal averaging, but the observer must monitor the scattered light 

far from the scattering volume so that it behaves like a point light source. A scattering meter should 

be constructed satisfying both conditions. 

The classical scattering meter has been established by Tyler and Richardson (1958), Jerlov (1958), 

Petzold (1972), Højerslev (1971), Aas (1979) and Reuter (1980a). Their common measurement 

principle is that either the projector or the receiver pivots around the center of the scattering volume. 

As extension of this method, multiple sensors were mounted at several angles but this method re-

quires additional delicate calibrations between sensors, e.g. ECO-VSF (Wetlabs, Inc., Zaneveld et al, 

2003). Recently presented scattering meters are more advanced in terms of the measurable angular 

resolution, e.g. Zhang et al (2002), Lee and Lewis (2003) and Lotsber el al (2007), however, the es-

sential issues of classical scattering measurement principles are still remaining: the time for measur-

ing the entire angle range, during which the sample is heating up and the particles are settling down, 

and the limited number of spectral bands (e.g. Chami et al, 2005). Therefore, VSF as well as back-

ward scattering coefficients, which are derived from the integration of the VSF over the backward 

hemisphere, are hardly available data among all optical parameters in oceanography. 

In 1973, Morel has summarized previous knowledge of scattering properties of ocean waters in-

cluding the theory, but after then, no comprehensive reviews of scattering of ocean waters have been 

published, although several researchers have developed new instruments and performed scattering 

measurements. As a result, we still have poor knowledge of scattering by suspended matter, so that 

the scattering measurement conducted by Petzold in 1972 is still utilized as typified VSF of sea-

water. Absorption measurements are relatively easy to perform in contrast to scattering measurement. 

Nowadays, therefore, some of the ocean color remote sensing algorithms for coastal waters are based 
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on measured absorption properties but computed scattering functions of suspended matter or on only 

the Petzold scattering function, which is then used for all types of particles. Furthermore, the influ-

ence of absorption on ocean color is much larger than that of scattering. If absorption and scattering 

are used independently in an algorithm, it is reasonable in case of open ocean water to assume that 

the spectral variability in reflectance is caused by absorption only. However, this approach does not 

apply to optically complex waters, i.e. most of coastal waters, where scattering by particles cannot 

be neglected. Tan et al (2004) have demonstrated using the newly developed backscattering meter 

that the spectral shape of the backward scattering coefficient is wavelength dependent, and that it 

depends not only on the type of phytoplankton species. Thus, some researchers put more emphasis 

on the backward scattering coefficient during the last years (e.g. Boss and Peagau, 2001; Tan, 2004; 

Chami et al, 2006b; Zhou et al, 2012). 

Another approach to estimate the backscattering coefficient, instead of integrating the measured 

VSF, utilizes the effect that the scattering coefficient at an angle of 120º is proportional to the back-

ward scattering coefficient. The linear relationship between these two coefficients was determined 

by Oishi (1990). It is based on the Lorentz-Mie scattering theory assuming a polydisperse e.g. 

log-normal or Junge particle size distribution. He validated the theory with scattering measurements 

and concluded that the relationship is independent not only of the particle size distribution but also 

of the wavelengths throughout the visible spectrum. Further, he pointed out that the relationship is 

valid with sufficient accuracy even for phytoplankton blooms assuming a Gaussian particle size dis-

tribution. Boss and Pegau (2001) re-investigated his work and confirmed this relationship, and con-

cluded that a sensor at 117º provides a backscattering coefficient with an uncertainty of 4%. This 

proxy method has become one of the typical methods to obtain the backscattering coefficient (e.g. 

Boss et al, 2004; Whitmire et al, 2010). Now, commercial instruments for measuring the backscat-

tering coefficient using this method are available on market, e.g. WETLabs-BB9 and 

HOBILabs-Hydroscat6. While this approach is sufficiently accurate for simple water bodies such as 

Case I Water (Twardowski et al, 2007), Chami et al. (2006b) empirically found that the proportion-

ality constant varies widely in the case of optically complex water, and Jodai et al. (1996) reported 

that, for some phytoplankton species, the proportionality constant differs significantly from the 

standard value. So, consensus is yet to be reached regarding the matter that whether the proportion-

ality constant can also hold for the complex water body with different particles composition (Case II 

Water). Furthermore, the wavelength dependency of the backscattering factor, which is the ratio of 

the backscattering coefficient to the total scattering coefficient, is still an open question. 

In view of the aspects, in this study, we developed a novel optical design of a VSF meter based on 

the combination of reflectors and a high sensitive CCD camera. The instrument can acquire the VSF 

from 8° to 172° simultaneously with an angular resolution of 1° in a few seconds and allows VSF 

measurements without changing the sensitivity of the detector and without a mechanical scattering 
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angle scanning system. VSF measurements in the visible spectral region from 400 to 700 nm at 20 

nm intervals (10 nm steps from 680 nm to 700 nm) can be performed within 30 min. 

This thesis presents the instrument specification in detail and the characteristics of full spectral scat-

tering properties of cultured phytoplankton. In Chapter 2 and 3, the theoretical basis, which is rele-

vant to scattering, and the importance of scattering for ocean color remote sensing algorithm will be 

introduced. In Chapter 4 and 5, the details of the newly developed scattering meter regarding the 

methodological and mechanical specification will be described. Through Chapter 6 to 8, the perfor-

mance of the instrument after image processing, corrections and calibration will be assessed. In 

Chapter 9, the alga samples will be described, for which we measured not only IOPs but also particle 

size distributions and concentrations. In Chapter 10, many aspects of the experimental results of 

scattering by cultures will be presented. In Chapter 11, the complex spectral behavior of backscat-

tering will be analyzed and its influence on ocean color will be discussed. Finally, the conclusion of 

this thesis will be presented in Chapter 12. 
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Chapter 2 

Definitions 
 

This chapter will present the concept of inherent optical properties (IOPs) of hydrosols and the 

quantitative equations that are used to derive these properties from measurements, and briefly intro-

duces scattering theories. As premise, the fundamental scientific terms, units and symbols follow 

IAPSO (International Association of the Physical Sciences of the Ocean). Notations, symbols and 

acronyms used in this study are listed in the Appendix. 

 

2.1 Inherent Optical Properties 

In order to define the optical properties for an aquatic medium, let us regard the flow of radiant 

energy, the flux (radiant energy per time), which penetrates through the homogeneous medium of an 

infinitesimally thin layer. 

 

dz

Fb

Fi
F =F +Fc

Fa

Loss by Scattering

Loss
by Absorption

a b

 

Fig. 2.1. A schematic diagram of the interaction of incident collimated radiant flux 

with a thin layer of an aquatic medium. 

 

When the incoming collimated radiant flux, Fi travels through the layer of infinitesimal distance, 

dz, it is attenuated due to absorption and scattering by the medium (see Fig. 2.1). Fi is reduced by Fc, 

which is the sum of Fa, the absorbed fraction of Fi, and of Fb, which is the fraction of Fi, scattered 

out of the beam. The attenuance is the ratio C=Fc/Fi, and the attenuation coefficient, c is defined as 

the attenuance for an infinitesimal distance, but related to 1 m (normally it has the unit per meter). 
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i

c

F

dF

dzdz

dC
c

1
   (2.1) 

Analogously, that part of the loss due to absorption is then: 

i

a

F

dF

dzdz

dA
a

1
   (2.2) 

where A and a are the absorptance and the absorption coefficient, respectively. 

Scatterance, B, and the scattering coefficient, b, are given by: 

1 b

i

dFdB
b

dz dz F
      (2.3) 

Hence, the following relation holds: 

bac    (2.4) 

The absorbed electromagnetic energy is converted to chemical energy, heat and emission at dif-

ferent wavelengths (e.g. fluorescence, Brillouin scattering and Raman scattering). Note that in this 

study, Brillouin and Raman scattering (except in case of purified water scattering measurement) are 

not taken into consideration in order to keep the instrument from being complicated and because of 

the assumption that the Raman scattering is sufficiently small to be neglected compared to particle 

scattering in turbid water (see Chapter 8). 

 

The scattering process is a loss of radiant energy along the path by change of the propagating di-

rection of photons. The probability of direction to which photons of the incident radiation will be 

scattered, varies with the properties of the water constituents. So the angular distribution of the scat-

tered photons is an important property and directly modulates the radiative transfer process in the 

sea. 

As an extension of Eq. (2.3), we can define an angular dependent function of the scattering coeffi-

cient. The scattered coefficient at a given scattering angle θ to the beam is defined as: 

   ,1
, s

i

dF

dz F

 
      (2.5) 

where  is the scattering angle for the azimuth direction. The scattering function is then composed of 

the scattering coefficients per unit distance, dz and per unit solid angle, dω, oriented into the θ and  

direction: 

   ,1
, s

i

dF

dz F d

 
  


   (2.6) 
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or, since the scattered intensity is expressed by Is(θ,,λ)=dFs(θ,,λ)/dω, Eq. (2.6) can be transformed 

into a function of intensity, irradiance, scattering volume and wavelength, λ: 

   
 

, ,
, , s

i

dI

E dv

  
   


   (2.7) 

in which dv is the infinitesimal scattering volume (dv=dH/dz), and Ei(λ) is the incoming irradiance 

incident upon the unit surface of the scattering volume, dH, i.e. Ei(λ)=Fi(λ)/dH. This is called the 

Volume Scattering Function, VSF or β(θ,,λ). It should be noted that in future equations λ will be 

omitted. Figure 2.2 visualizes Eq. (2.7). 

 

 
Fig.2.2. A schematic diagram of the equation (2.7), the azimuth angle is defined 

with respect to the direction of photons, which were not scattered. 

 

For simplification we assume that the incoming beam is completely unpolarized, VSF becomes 

azimuthally symmetric because suspended particles are assumed to be randomly oriented in water. In 

other words, the angular scattering in azimuth angles is isotropic, therefore, 

   
Edv

dI s     (2.8) 
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and the total scattering coefficient, b becomes: 

  


db 
4

  (2.9) 

or if VSF is isotropic in azimuth angle, we have 

  


db sin2
0
   (2.10) 

Further, the forward and backward scattering coefficients are defined as: 

  


dbf sin2
2

0
   (2.11) 

  




dbb sin2
2
   (2.12) 

In particular, bb is an important parameter together with the absorption coefficient (see Chap. 3) for 

describing the spectral reflectance and the radiance field of ocean water. 

For the purpose of radiative transfer computation, it is often convenient to introduce the VSF rela-

tive to the total scattering coefficient, which is the so called phase function: 

   
b

 
~

  (2.13) 

 

2.2 Brief background of light scattering theory 

Oceanic scattering agents might be roughly categorized into two classes: (sea) water molecules 

and particulate matter suspended in water. The scattering by water molecules is well explained by 

the density fluctuation theory (not Rayleigh scattering theory) (Einstein, 1910; Morel, 1974). Scat-

tering by suspended particles is often explained by the Lorentz-Mie scattering theory (Lorenz, 1890; 

Mie, 1908), although they do not have a spherical shape. This theory is based on the combination of 

reflection, refraction, diffraction and interference between the particles. Of importance is the size of 

the particles. The size parameter, α is a convenient way to express the particle diameter, D. It is de-

fined as: 


 D

   (2.14) 
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Note that, Lorentz-Mie scattering theory can be applied not only for very small particles but also for 

very large particles. 

 

Rayleigh (Molecular) scattering 

When the particle diameter is small compared to wavelength of the incident light, the scattering 

phenomenon is expressed by the Rayleigh scattering theory. For a sample with a total number of N 

particles per unit volume, the angular intensity of scattered light, IS(θ), is given by 

  is I
l

p
NI 







 
















2

cos12 224 

   (2.15) 

in which p is the polarizability, l is the distance from the center of the scattering volume to the ob-

serving point and Ii is the incident intensity, respectively. 

According to Eq. (2.15), the spectral scattering is proportional to the inverse 4th-power law of 

wavelength. Concerning polarization, the following is defined: Ii is the state of unpolarized light. 

The S-wave, I1, is the component of the incident intensity perpendicular to the scattering plane. The 

P-wave, I2, is the parallel component. The scattered light at 90˚ therefore will be totally polarized 

(the P-wave will be zero), i.e. the scattering function becomes symmetrical relative to 90˚ (see Fig. 

2.3). 
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Fig. 2.3. Molecular scattering phase function including polarization. 
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Density fluctuation (water molecular scattering) 

However, the Rayleigh scattering theory is valid only for extremely small particles. In 1905, Al-

bert Einstein has theoretically derived that water molecules move randomly by thermal motion, i.e. 

Brownian motion, which cause an inequality in the distribution (density fluctuation). As a result, 

scattered light will be depolarized. In 1910, he took into account the influence of the depolarization, 

and established a more adapted theory for the case of molecular motion, the so-called density fluctu-

ation theory. The operationally convenient VSF formula adequate for pure liquids, βw(θ), is then: 

    21
90 1 cos

1w w

   


    
  (2.16) 

where δ is the depolarization ratio, which is given by the ratio of S-wave and P-wave at 90˚, and 

takes the value 0.09 for pure water. The scattering coefficient at 90˚, βw(90), which is often called 

Rayleigh ratio, has been experimentally determined by Morel (1974): 

   
4.32

90, 90, 450
450w w

  


   
 

  (2.17) 

in which 450 is the wavelength 450 nm and βw(90,450) equals 2.18*10-4 (after Morel, 1974). Note 

that, as we can see from Eq. (2.17), the wavelength dependence of βw(90,λ) does not follow the  

inverse 4th-power law of λ, but a power of –4.32. 

 

Lorenz-Mie (Particle) scattering 

As mentioned above, the density fluctuation theory is applied to particles, which are smaller than 

the wavelength. Natural seawater contains large particles with a broad particle size distribution, i.e. a 

polydisperse system, of which the frequency distribution often follows the Junge size distribution 

(Junge, 1963; Barder, 1970; Carder et al, 1971). Thus, light scattering in seawater cannot be ex-

plained solely by molecular scattering. 

For the scattering of spherical particles larger than the wavelength Lorenz (1890) and Mie (1908) 

established a theoretical solution derived from Maxwell’s equations. Hence, the Lorenz-Mie scatter-

ing theory provides 1) the dimensionless ratio for the scattered intensity of the perpendicular and 

parallel components, 2) the dimensionless efficiency factor of attenuation and scattering, and 3) the 

attenuation and scattering coefficient of spherical and homogeneous particles with a given complex 

refractive index at a given wavelength. In other words, scattering is determined by the particle size 

distribution, the wavelength, and the complex refractive index. 
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Complex refractive index 

The refractive index of particles is expressed as a complex refractive index: 

     inm    (2.18) 

The real part of the complex refractive index, n(λ), corresponds to the commonly used refractive in-

dex, and it determines the scattering by particles. The imaginary part, κ, relates to absorption by par-

ticles and has values less than 0.01 even for strongly absorbing particles such as phytoplankton (Ul-

loa et al, 2004). 

Here, we consider a medium that has no boundaries with regard to the refractive index. From the 

viewpoint of electromagnetism, an electric field vector, E’, along the z-direction is expressed by the 

following equation: 












 z

iKtiEE i exp''   (2.19) 

where E’i is the incident electric field vector, η is the angular velocity, t is the time, K is the fre-

quency of the electromagnetic wave, ξ is the speed of light, respectively. Assuming a homogeneous 

medium with respect to the refractive index, (ηm)/ξ can replace K. After substitution m = n – iκ, Eq. 

(2.19) then becomes 
































 z

nti
z

EE i expexp''   (2.20) 

The first term describes the attenuation of the amplitude in z-direction, and the latter is the transmis-

sion of the wave. 

The light intensity, I, is proportional to the square of the absolute amplitude of the wave, then: 












 z

EEI i 2exp'' 22
  (2.21) 

Since Eq. (2.21) expresses the attenuation of light due to absorption while the wave travels 

through the medium, κ is called absorption index. 

The radiant flux at z-position is given by integration of Eq. (2.2) between 0 and z. By this we get: 

 










iF

zF

z
a ln

1
  (2.22) 

or 
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  az
ieFzF    (2.23) 

Replacing Eq. (2.23) by intensity, I, we get: 

az
ieIzI )(   (2.24) 

Combining Eq. (2.21) and (2.24), we get the relationship between a and κ as: 

2
2

2 4 4T
a

T

 
  
   

 
 
       (2.25) 

where T is the oscillation period of the wave, i.e η=(2π/T) and λ=ζT. Finally, κ is given by: 




4

a
   (2.26) 

 

Efficiency factor of a, b, and c 

From the viewpoint of geometrical optics, the efficiency factors for attenuation and scattering, Qc, 

Qb, (Van de Hulst, 1957) are defined as the ratio of the effective cross-sectional area of attenuation or 

scattering to its geometrical cross-sectional area (perpendicular to the propagating direction). In the 

Lorenz-Mie scattering theory, they are expressed as 

        





1

2
,,Re12

2
,

j
jjc mbmajmQ 


  (2.27) 

        





1

22

2
,,12

2
,

j
jjb mbmajmQ 


  (2.28) 

where aj(α,m) and bj(α,m) are the Mie coefficients. 

Subtracting Qb from Qc gives the efficiency factor of absorption, Qa. 

     mQmQmQ bca ,,,     (2.29) 

 

Figure 2.4 shows the behavior of Qb as a function of α and different m indices, assuming 

non-absorptive particles, i.e. Qb=Qc and κ=0.0. By contrast, Fig. 2.5 presents the behavior of Qc and 

Qb in the case of different κ indices with constant n values.  

It can be seen that the oscillation of Qb converges to be 2.0 with increasing α. On the contrary, for 

absorptive particles, Qb behaves quite different - even for different κ values - with regard to its di-
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minishing amplitude and oscillation when α increases and when Qc converges towards an amplitude 

of 2.0. From the behavior of Qb, we can interpret that: 

1) Scattering has a wavelength dependency when α is close to zero. 

2) Scattering varies if κ changes. 
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Fig. 2.4. Qb for non-absorbing particles. 

 

In the case of particles, which are small enough compared to the incoming wavelength, the light 

wave jumps over the particles and follows a symmetric scattering function at 90˚ with a smooth 

shoulder at extreme angles, which agrees well with the theory of Rayleigth scattering (see Fig. 2.3). 

By contrast, if the particle diameter is in the range, where it is sufficiently larger than the wavelength 

of the incident light, diffraction cannot be ignored anymore, which causes an intense forward scat-

tering. Also side and backward scattering are almost due to the refraction and reflection of light. 

These interpretations imply that the forward scattered light has information of particle size and the 

scattering at large angles, especially the backward scattering, includes information of particle prop-

erties such as shape, internal structure etc. 
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Fig.2.5. Behavior of Qb, Qc and Qa for different imaginary parts of the refractive 

index (κ values). 

 

2.3 Numerical computation of particle VSF 

Calculating VSF for monodispersed particle ensembles 

The particulate VSF, in the case of a monodispersed system, βp(α,θ), is given by: 

   

 ,

4
,

2

2

sp iN   (2.30) 

where N is the total amount of particles per unit volume, and is(α,θ) is the totally scattered intensity 

derived from 0.5(i1(α,θ)+i2(α,θ)). 
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The total scattering coefficient is then simply given by: 

    2rNQb b     (2.31) 

where r is the radius particle. 

 

Calculating VSF of particles for a polydispersed system 

In the case of a polydispersed system, βp(θ) is given by the following equation: 

   

 sp iN

2

2

4
   (2.32) 

The total amount of particles can be computed by integrating between αmin and αmax. 

  




dNN 
max

min

  (2.33) 

where N(α) is the number of particles per unit volume at a given α. 

Average values of i1(α,θ) and i2(α,θ), i.e. i1(θ) and i2(θ), are expressed as: 

 
   

N

diN

i




max

min

,1

1







   (2.34) 

and in the same manner for i2(α,θ). 

Hence, Eq. (2.32) can be transformed into: 

        







d
ii

Np  





 


max

min

21
2

2

2

,,

4
 (2.35) 

The total scattering coefficient by particles for a polydispersed system is then given by: 

        




drQNb bp 
max

min

2   (2.36) 

or alternatively by: 

      




drNQb bp 
max

min

2   (2.37) 
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where bQ  is the mean efficiency factor for scattering, which is expressed as: 

   

 




max

min

2

max

min

2













dN

dQN

Q
b

b   (2.38) 

Analogously, the absorption and attenuation coefficients of particles, ap and cp, are given by: 

      




drNQi ip 
max

min

2   (2.39) 

and 

   

 




max

min

2

max

min

2













dN

dQN

Q
i

i   (2.40) 

where i is the corresponding IOP. 

 

When the actual particle population for a given range of diameter sizes of Dmin to Dmax (or αmin to 

αmax) is known, the Particle Size Distribution (PSD) of Eq. (2.39) and (2.40) becomes a simple 

summation formula as: 

  



max

min

2





j

jjip rNQi   (2.41) 

and 








max

min

2

max

min

2













j
jj

j
ijjj

i

N

QN

Q   (2.42) 
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Chapter 3 

Importance of IOPs for the underwater light field 

and for remote sensing 
 

In general, the sunlight, which is re-irradiated from the sea to the atmosphere, determines the wa-

ter leaving radiance spectrum, i.e. ocean color. Its spectral pattern is affected by the composition of 

water constituents. For instance, a major photosynthetic pigment, chlorophyll-a, absorbs light at blue 

and red wavelength bands efficiently and thus changes the spectrum of the backscattered sun light. 

Most of the scattered light is heading to the bottom of the sea with decreasing light energy due to 

absorption, but some of the scattered light (1-3 %) is scattered backwards through the sea surface to 

the atmosphere. As a result, the emerged scattered light contains information of concentration and 

composition of those water constituents, which interacts with light. If we know the relationship be-

tween optical properties and water constituents, we can retrieve the kind and concentration of water 

constituents from the spectral radiation pattern, i.e. the ocean color, as captured from a satellite or 

aircraft. The ocean color algorithms for estimating not only IOPs but also concentrations of water 

substances are divided into 2 approaches: (1) the empirical and (2) the optical one. 

 

3.1 Empirical approach 

This algorithm estimates the concentration of suspended particulate matter, for example phyto-

plankton, by using a combination of ratios of radiances or reflectances at different spectral bands. In 

case of phytoplankton the spectral bands are selected according to the absorption spectrum of chlo-

rophyll-a, e.g. strong and weak absorption around 440 and 550 nm. The regression coefficients, 

which are derived from correlating the reflectance ratio with the chlorophyll-a concentration of 

many in situ measurements and water samples, can be used for a simple algorithm in the form of 

log(chlorophyll-a)=b*log(R560/R443)+a, where R560 and R443 are the reflectances (or radiances) 

at 560 and 443 nm respectively, and the coefficients a and b (not absorption and total scattering co-

efficient) are derived from the regressions based on field observations (e.g. Clarke et al, 1970; Morel 

and Prieur, 1977; Gordon et al, 1983; Gordon and Morel, 1983; Sathyendranath and Morel, 1983; 

Morel, 1988; Sathyendranath et al, 1989; Kishino et al, 1998). Hence, we can apply this algorithm as 

long as the regression is valid for an ocean region. The shortcomings of this approach are:  
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(1) It requires a large data set of in situ measurements with a broad distribution of pigment 

concentrations; 

(2) The color ratio is influenced not only by the pigment concentration of phytoplankton but 

also by other water constituents; and 

(3) difficulties in retrieving pigment concentrations occur when the concentration is out of the 

regression range (this is also true for any other algorithm). 

The empirical band ratio algorithm is simple and robust and provides reliable results for most 

open ocean conditions. On the other hand, it is extremely difficult to apply this method to coastal 

waters, which involves not only phytoplankton but also various types and concentrations of sus-

pended sediments as well as dissolved organic matter, also transported by rivers into the sea. 

 

3.2 Optical model based approach 

The color of ocean is defined by irradiance reflectance, which is the irradiance ratio of up- and 

downward vector irradiance, Eu and Ed, just below the sea surface. 

   
 




,0

,0





d

u

E

E
R   (3.1) 

According to a number of early studies concerning R(λ) with the two-flow method (Joseph, 1950; 

Doerffer, 1979; Aas, 1987), with the approximation for single scattering (Gordon et al, 1975; Sathy-

endranath and Platt, 1997, 1998), and with the method of successive orders of scattering (Morel and 

Prieur, 1977), R(0-,λ) is deeply related to the IOPs and is as a function of a and bb. Thus,  Eq. (3.1) 

can be re-formulated in the form of a simple approximation, e.g. as: 

 
b

b

ba

b
fR


   (3.2) 

where f is a proportionality constant, which varies between 0.32 and 0.33 (Morel and Prieur, 1977; 

Gordon and Morel, 1983; Haltin, 1998). Joseph (1950) found a different formulation with an f value 

of 0.5. 

In the case of ocean color remote sensing, the remote sensing reflectance, Rrs, is used instead of R, 

which is defined as: 

   
 




,0

,0





d

u
rs E

L
R   (3.3) 

where Lu is the upwelling radiance at just below the sea surface. Ultimately, Eq. (3.3) is also formu-

lated as a function of a and bb (Morel and Prieur, 1997; Gordon and Morel, 1983): 
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 
b

b
rs ba

b
gR


   (3.4) 

where the proportional factor g varies from 0.084 to 0.15 steradian (Gordon et al, 1988; Morel and 

Gentili, 1993; Lee et al, 2004). Both approximation models, Eq. (3.2) and (3.4), depend on the solar 

zenith angle and the optical properties of the water. 

From a viewpoint of optical oceanography, Morel and Prieur (1977) have categorized oceanic 

water into two types (Gordon and Morel, 1983; Sathyendranath and Morel, 1983), i.e. Case I water 

and Case II water. The optical variability of Case I water can be described by only one variable, 

which is mainly composed of phytoplankton and associated organic matter, which is often found in 

the open ocean. In this region, bb/a of the water constituents is small, i.e. bb << a, because the ab-

sorption by phytoplankton pigments and dissolved organic matter is the dominating factor (e.g. 

Mobley, 1994; Reynolds et al, 2001). However, the assumption that bb << a is not valid for Case II 

water because the optical variability of Case II water is dominated by two or more independent var-

iables, which make a strong contribution to the backscattering coefficient (Tassan, 1994). In most 

cases a high value of bb/a and thus of R are observed due to high concentrations of various particu-

late matters (see Fig. 3.1), which are transported by rivers into the sea or are re-suspended from the 

sea bottom by wave action. 

For Case II Water, the IOPs can be decomposed into different components, namely: 

          
     



ypw

ydphwt

aaa

aaaaa




  (3.5) 

          
     
   





pbwb

ybpbwb

ybdbphbwbtb

bb

bbb

bbbbb







 (3.6) 

in which the subscripts, t, w, ph, d, y, and p represent: 

t : total amount 

w : pure water 

ph : phytoplankton particles 

d : detritus, or non-algal components of particles 

y : yellow substance (CDOM). Note: bby ≈ 0.0 

p : total suspended particles. 
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A review of several inversion methods and optical models are summarized in detail in IOCCG 

report No.5 and in Fischer and Doerffer (1987), Doerffer and Fischer (1994). 

While practical measurement methods for R, Rrs, and a have been almost established, bb is still 

hardly available due to the difficulty of measuring this quantity. For optically complex water types, 

the concentration of water constituents is estimated from the water leaving radiance applying the full 

radiative transfer theory. For these full radiative transfer models (Preisendorfer, 1961), such as Hy-

drolight (Mobley, 1989), Monte Carlo photon tracing models (Gordon, 1975), or matrix operator 

model (Kattawar, 1973; Fischer and Grassl, 1984), the volume scattering function, VSF, by sus-

pended matter becomes an indispensable input parameter (e.g. Röttgers et al: The STSE-Water Ra-

diance Project, 2012). Thus, developing a scattering meter, which can measure the spectral VSF 

conveniently, is highly desirable for the development of more sophisticated Case II water algorithms 

and for the validation of the proportionality constants of f and g. 
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Fig. 3.1. Effect of f and g on R and Rrs models. 
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Chapter 4 

Measurement principle of the instrument 
 

4.1 VSF measurement principle of widely quoted instruments 

A widely used principle of VSF measurements is a revolving light sensor that is turned around the 

center of the scattering volume while the input light beam is fixed. One of the difficulties of scatter-

ing measurements is the enormous difference in magnitude between scattering at forward and back-

ward angles. Typical VSFs of seawaters measured by Petzold (1972) are shown in Fig. 4.1. Hence, 

the light sensor has to handle scattering coefficients over approximately 5 to 6 orders of magnitude 

with high sensitivity. The commonly used sensor for scattering measurement is the photo-multiplier 

tube (PMT). However, a PMT cannot handle a large measurable dynamic range without interaction, 

so that the sensitivity of a PMT has to be controlled depending on the scattering signal. As a result, 

the VSF meter becomes mechanically complicated: The fact that the conventional VSF meters adapt 

a mechanical angle scanning system with a light sensor pivoting around the scattering volume makes 

the measurement also time-consuming and may cause that the particles in the cuvette sink to the 

bottom during the measurement. Because of above reasons, existing VSF meters measure VSF at a 

single or at only a few wavelengths. Consequently, our knowledge of scattering is still poor, espe-

cially of the wavelength dependent scattering function. 

 

4.2 Principle of the newly developed VSF image detector 

The presented scattering meter adopts a combination of reflecting optics by using a cone-reflector 

and a commercial astronomical telescope. Figure 4.2 presents a schematic diagram of the instrument. 

A transparent triangle sample flask is put in the center of a cylindrical glass container with sur-

rounding purified water (see Fig. 5.7). The container is placed in the center of the cone-reflector of 

which the apex angle is 90˚. The process of absorption and scattering attenuates the primary beam. 

Some of the scattered light is directed downwards by the cone-reflector. An aluminum plate located 

in front of the telescope aperture has a slit with a semicircular shape of 180˚ and a width of 7 mm. 

Only the light, which is scattered by water molecules and particles at the center of the sample flask, 

can pass through this slit. In other words, the scattered light, which occurs at other positions of the 

primary beam, is completely blocked by the area of the plate outside the slit, i.e. it does not enter the 

telescope. 
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Fig. 4.1. Typical VSF for different natural waters (after Petzold, 1972). Left: abso-

lute value, Right: normalized at 90˚. The VSF for Bahama Island is often referred to 

as clean oceanic water with β(90)=2.46*10-4 and that of slightly turbid water is 

from San Diego Harbor, β(90)=8.41*10-3. 

 

The telescope is of Schmidt-Cassegrain type. As shown in Fig. 4.2, the telescope consists of a 

primary concave mirror placed at the bottom of the lens-barrel. The secondary convex mirror is 

placed at the top of that. In addition, the transmission plate is mounted at the telescope aperture in 

order to cut any UV light. The primary mirror works for gathering the incoming light from the aper-

ture onto the secondary mirror. The latter reflects it back to the bottom of the lens-barrel and leads it 

into the baffle tube. Consequently, the incoming light is forced to pass the lens-barrel. In this study, 

an imaging sensor is located at the focal plane of the telescope. It is a cooled CCD camera, which is 

used for detecting the angular distribution of the scattered light on the slit. As mentioned above, the 

VSF measurement of suspended particulate matter deals with a wide dynamic range. Thus, a thin 

film ND (Neutral Density) filter of 1.5% transmittance is mounted on the slit covering the forward 

scattered light between 8˚ and 25˚. An example of a VSF image (on the camera plane) is presented in 

Fig. 4.3. 
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Fig. 4.2. Measurement principle of the new VSF meter, which is based on a reflec-

tion system with a high sensitive CCD camera. 
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Fig.4.3. Example of a VSF image of a cultured phytoplankton sample as recorded 

with the CCD camera. The left hand side corresponds to the forward scattering 

hemisphere, the section at the most left hand part is taken with the ND filter. Back-

ward scattering is on the right hand side. 

 

The new instrument, which is based on this principle, can measure a VSF through an angular 

range of 8˚ to 172˚ with an angular resolution of 1˚ with no optical and mechanical moving parts, 

and it is capable for measuring a VSF at any interesting wavelength in the visible range using a 

monochromator. Further, by mounting the ND filter for attenuating the forward scattering light, we 

can cover almost the full scattering angle range with a single shot of the camera. In consequence, we 

can obtain a VSF from 400 to 700 nm (20 nm interval for 400 to 660 nm, 10 nm steps for 670 to 700 

nm) within 30 minutes1. 

 

 

 

 

 

 

 

 

 

 

                                                        
1 An illumination system, which enables a VSF measurement at different spectral bands simultaneously, 

was also developed. However as it turned out at the time of development, light emitting diodes (LEDs) 

were not sufficiently powerful for this application. 
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Chapter 5 

Specification of the VSF image detector 
 

This chapter explains details of the scattering meter from an instrumental viewpoint, of which the 

schematic diagram is depicted on Fig. 5.1. 

 

1 2 3 4
5
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7

1:Plasma Lamp 2:Monochromator
3:Collimator 4:Cone-Reflector
5:Sample Container 6:Slit
7:Magnetic Stirrer 8:To Telescope and CCD camera

8

170 mm 140 mm 250 mm 250 mm

 
Fig. 5.1. Schematic diagram of the VSF meter, side view. 

(except telescope and CCD camera) 

 

Light source 

Conventional VSF meters often employ a high power Xenon gas discharge lamp of at least 

300-Watts or a Halogen lamp as light source because the energy of the scattered light is extremely 

low. However, a Xenon lamp produces a flare since it radiates light using electrical discharge 

(sparking). The flare causes large errors since we have to deal with a low scattering signal, which is 

close to the noise level. In particular, when we employ the integration method, the high frequency 

fluctuation of the irradiation affects critically the output signal: (1) it requires an additional correc-

tion, which imposes measurement errors, and (2) large radiant power variation over short time peri-

ods would have a strong impact upon reading the magnitude of the output signal from the sensor es-

pecially when the integration time of the CCD camera is short (see Fig. 5.2). For this reason, after 

many trials with different kinds of light sources, we used a plasma lamp to solve these problems. 

The remarkable feature of the plasma lamp is, as shown in Fig. 5.3, an extremely stable irradiation 

with small fluctuations during the scattering measurements (fluctuations on average for 2 hours are 

0.6%, and 0.2% for 3 sec). 
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Fig. 5.2. Schematic diagram of the fluctuation of any light source with the integra-

tion interval of a detector at times t1 and t2. It demonstrates that the integration time 

must be long enough with respected to the frequency of the fluctuations. In the case 

of the figure, the integration time would be much too short. 
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Fig. 5.3. Fluctuation of the output signal of the plasma lamp for 2 hours (left) and 

for 3 sec (right). It was measured with a silicon photodiode. The period of 2 hours 

comprises a dataset of 7,033 measurements.  
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Fig. 5.4. Spectral power distribution of the plasma lamp (after LUXIM HP). 

 

The lamp unit is a 230-Watts focused type plasma lamp, LUXIM Corporation, LIFI TM instru-

mentation 30 series, LIFI-INT-30-02, which has a high energy spectrum over the visible spectral 

range as shown in Fig. 5.4. The lamp is composed of a condenser lens with a reflector to focus the 

light on a small area. 

 

Monochromator and Collimator 

The monochromator, SPG-120S, SHIMADZU, is mounted between the plasma lamp and the col-

limator to provide a monochromatic light in the visible range with an average spectral resolution of 

around 15 nm FWHM (Full Width at Half Maximum) (see Fig. 5.5).  

The diverging light from the monochromator is collimated to a beam with a diameter of 5 mm. 

The collimator consists of an off-focused condenser lens, an achromatic lens (focal length = 100 

mm), a pinhole of 3 mm diameter, and some field stops to block light, which is reflected at the wall 

inside the collimator. The divergence of the beam is 1˚. Furthermore, an absorptive black sheet is 

attached on the inside of the collimator wall to reduce reflections. 

 

Reflector and Slit 

The cone-reflector is made of 99.9% reflecting aluminum, the inside surface of which is polished 

to function as a mirror. For anti-oxidation the polished surface is coated with silica. There are two 

holes (15 mm diameter): One is for mounting the collimator, and the other is the transmission hole 

for the primary beam (see Fig. 5.1). 



 29

The slit is made of aluminum with an anti-reflection black coating. It has a semicircular shape of 

180˚with a width of 7 mm. The slit is placed between the cone-reflector and the telescope. The light, 

which is scattered at the center of the sample flask, passes through the slit and enters the telescope. 

Any other scattered light in the primary beam is blocked by the slit. 
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Fig. 5.5. Spectral resolution of the monochromator from a) 400 to 480 nm,  

b) 500 to 580 nm, and c) 600 to 700 nm wavelength, respectively. 



 30

The VSF of natural sea water has a typical scattering range of 5 to 6 orders of magnitude, so that 

the sensor has to handle an extremely large dynamic range. Although a silicon photodiode can han-

dle such a large dynamic range in principle, it does not have sufficient sensitivity for detecting the 

low level of the scattered light. The cooled CCD camera, which has been used, has the required high 

sensitivity and the possibility to get sufficient signal by increasing the integration time. However, the 

cooled CCD cannot directly deal with the large dynamic range together with the required sensitivity. 

In order to solve this problem, a thin neutral density (ND) filter with a 1.5% transmission (FUJI-Film 

Corp. ND1.8, TF007M) was placed over the slit between 0˚ and 25˚. With this extension, it was pos-

sible to image the VSF from 8˚ to 172˚ with a single shot (see Fig. 5.6). The method to compute the 

VSF from the obtained image will be explained in Chapter 6. In addition, a magnetic stirrer is 

mounted just below the slit plate to keep the particles in suspension. The sample is stirred only gen-

tly to avoid the generation of any bubbles; because their contribution to the backscattering would be 

significant; it may account for 40% of total backscattering (Zhang et al: 1998, 2002). 
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Fig. 5.6 Example of the attenuation by the ND filter for the forward scattering range 

8º – 25º. 

 

Sample Container and sample flask 

A cylindrical DURAN glass, SCHOTT Adjutant General, is utilized for the sample container (see 

Fig. 5.7). Its dimensions are 110 mm outer diameter, 3 mm thickness and 100 mm height. The bot-
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tom is closed by a glass plate (thickness: 3 mm). The optical flat quartz glass window (10 mm diam-

eter), which is used as input of the parallel beam, is fixed on the wall by an optical bond. A serious 

problem of any laboratory type VSF meter is the reflection of the primary beam at the glass wall of 

the sample container. This reflected light may re-irradiate the sample volume or may directly enter 

the optical sensor. This problem may cause a significant scattering measurement error, in particular 

for backward scattering measurements. In order to avoid this problem, a quartz glass window is at-

tached at the opposite side of the flat window. It has a slope of 5.0˚ and is mounted by an optical ad-

hesive onto a ND (neutral density) window with 99% absorption. With this construction, the slope 

window reflects approximately only 0.4% of the primary beam, which penetrates through the scat-

tering volume in upward direction. The primary beam, which passes through the slope window, is 

attenuated by the ND filter. The beam, which is transmitted through the ND filter (10% of primary 

beam), leaves the reflector through the hole, while the other part of the beam is reflected backwards 

towards the container and is attenuated again by the ND filter. Finally, according to the calculation, 

only 0.01% of the primary beam returns into the inside of the sample container (Shibata: 1974). A 

triangle flask, which is placed on the center of the sample container, is used as a sample bottle. The 

slope of the sample flask also helps to avoid that reflected light enters the sensor by diverting the 

reflection of the primary beam off-axis. Figure 5.7 presents the state of affair how the light traps of 

the sample container and the triangle flask prevent that specularly reflected light re-irradiates the 

scattering volume. Consequently, re-irradiation of the sample is efficiently excluded. 

The scattered light is also reflected at glass walls. In particular, the reflection of forward scattering 

may spoil the backward scattering function because forward scattering is extremely huge compared 

with backward scattering. To prevent this problem, a plain black tape is attached on the sidewall of 

the container opposite to the scattering-observing window. 

 

Astronomical Telescope 

The astronomical telescope used in this study is a MEADE LX-90 series, LX-90-20SC 

(Schmidt-Cassegrain). The telescope has an effective aperture of 203 mm and a focal length of 2034 

mm. The Schmidt-Cassegrain type telescope adapts a combination of two spherical mirrors and a 

transmission plate with an UV cutoff filter, which is coated with so called UHTC (Ultra-High 

Transmission Coatings). Figure 5.8 shows the spectral transmission of UHTC over the visible range, 

which is quoted from the MEADE website HP. Unfortunately, the transmission declines steadily 

from 450 to 400 nm as shown in the figure. The decrement of light transmission makes it difficult to 

measure VSF in this spectral region with sufficient accuracy because the signal-to-noise ratio be-

comes small. 
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Cooled CCD Camera 

The high sensitive cooled CCD camera made by Finger Lakes Instrumentation, MaxCam CM1-1, 

without anti-blooming function, is used as an image detector of the VSF. The backside-illumination 

CCD chip is manufactured by Marconi, CCD77, class 1, and has 512*512 pixels with a size of 24 

μm. The CCD image sensor of the MaxCam CM1-1 can be cooled down to –20˚C without wa-

ter-cooling assistant. The dark current is at a level of about 4,340 counts. The signal from each pixel 

is digitized with 16 bits, so that the maximum number of counts is 62,500. Table 5.1 and Fig. 5.9 

present specification of the CCD camera and of the spectral response. 

 

 
Fig. 5.7. A schematic diagram of the sample container with the light trap and the 

triangle flask to prevent a re-irradiation of the scattering volume. 
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Fig. 5.8. Spectral Transmission of UHTC coating (after MEADE HP). 

 

To achieve a sharp image of high quality, a C-Mount type lens (TAMRON corp.) is attached on 

the CCD camera. It has a focal length of 75 mm and an aperture range (or F value) of 3.9 to 32. It is 

designed for CCTV (Closed-circuit Television) series, 1A1HB. An Image Expander, Edmund Opt., 

NT54-357, designed for C-Mount type, 1.5X magnitude, is mounted between the fixed focal lens 

and the CCD camera. 

During scattering measurements, the temperature of the CCD camera is set to -20˚C in order to 

reduce the thermally generated noise. 
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Table 5.1. Specification of the cooled CCD camera, Marconi, CCD77  

(quoted from Finger Lakes Instrumentation Quality Assurance Test Report) 

 note that the term “.fts” is an output file extension of the CCD camera,  

see e.g. “1610 04bias -17.fts” in the table below 

 

MaxCam Series Camera

Camera Serial Number :1610 04
Sensor Serial Number :9322-10-10
Sensor Type :CCD77
Ambient temperature :25 C

Setup Measurements
Temperature sensor ok :ok
Shutter opens fully :ok
Shutter closes fully :ok
Window clean on both surfaces :ok
Cover slip :no

Image Qality C
CCD test temperature :-17 C
Camera achieves T gerater than :42 C
Mean bias level of dark frame :4,340 counts
Standard deviation at test temp, small area :4.0
Mean saturation level :62,500 counts
Noise distribution is random :ok
Dark frame histogram is Gaussian :ok
Standard test target appearance :ok
Bias frame saved as "1610 04bias -17.fts" :ok
Light frame saved as "1610 lgt.fts" :ok

Purging
0.2 torr rise time > 90 seconds :ok
Fresh desiccant :ok
Argon filled :ok

Mechanical / Cosmetics
No scratches or marks on case :ok
Shutter tests properly :ok
Serial number label is present :ok

Software
A/D USB Firmware :USB_M77_0311
A/D CCD Firmware :CCD_311
A/D Serial Number :3128
Power Supply Firmware :2.2

Final Check, no frost visible @ :-17 C

o

o

o

o
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Fig 5.9. Spectral sensitivity of the CCD chip. 

X- and Y-axis are wavelength in nm and quantum efficiency in %, respectively. 

The figure is quoted from bitran HP (http://www.bitran.co.jp). 
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Chapter 6 

Image Processing 
 

This chapter describes how the scattering function is retrieved and computed from the image of 

the CCD. 

 

6.1 Image data conversion 

The cooled CCD camera, which is used in this study, stores the image of the scattering function 

with a size of 512 by 512 pixels in the form of a FITS file (Flexible Image Transport System) in bi-

nary format, which is the standard digital format commonly used for astronomy. It contains implic-

itly the scattering angle in the form of XY coordinates with the scattering intensity as Z values. Since 

the functionality of the software to manage FITS data is limited, all FITS data were converted into 

plain text data files. This process is done in batch mode by using ImageJ, which is a free public do-

main Image analysis software developed at NIH (National Institute of Health, USA). After that, the 

graphical development programming language, LabVIEW (Laboratory Virtual Instrumentation En-

gineering Workbench, National Instruments) is used to extract the scattering intensity as a function 

of scattering angle from the text file. 

 

6.2 Dark correction 

In order to yield a dark corrected scattering image, first, the dark noise, recorded in total darkness, 

is subtracted from the raw scattering image. Note that the integration time of the dark frame must 

correspond to that of the raw signal frame. In addition a mean signal offset was recorded during 

measurement of a sample from an area of 100-pixels outside the slit and additionally subtracted from 

the dark corrected image. When the resulting values after subtraction of the offset became negative, 

the final signal was treated as zero. 

 

6.3 Extraction of scattering function 

For the extraction of the scattering function from the slit area of the CCD, the coordinate of the 

circle grid having the radius, Ri, at a given angle σ (see Fig. 6.1) were obtained by: 

 
  Yii

Xii

ORRY

ORRX







sin,

cos,
  (6.1) 
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where Ox and Oy represents the origin of the circle grid, O(Ox,Oy). In this study, the address for a Z 

value (scattering value) can be picked up from the data file by: 

  YXRZ i 512,    (6.2) 

 

 

Fig. 6.1. Image processing using LabVIEW for the extraction of the scattering func-

tion, which is projected on a circular mask (white circle). Sample image is from a 

phytoplankton culture. 

 

6.4 Scattering angle correction 

Due to the alignment error (e.g. an assembly error), the angle of the circle grid, σ, differs from the 

actual scattering angle, θ (see Fig. 6.2). The angle difference between σ(90) and θ(90), γ, can be cal-

culated by: 

YY

XX

UO

UO
Arc




 tan   (6.3) 

in which Ux and Uy are the XY coordinates of the scattering angle indicator, U(Ux,Uy), which in turn 

indicates the exact scattering angle at 90˚. The correct scattering angle on the image is given by: 

    (6.4) 
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Fig. 6.2. Schematic diagram of scattering angle correction. 

 

6.5 Binning method for increasing the signal-to-noise ratio 

Most CCD cameras have an ability to sum up the output counts for a region of interest, the so 

called binning. For instance, 3 by 3 binning means that the adjacent 9 pixels are combined into 1 

pixel. The sensitivity of the signal will then be 9 times larger, while the signal-to-noise ratio increas-

es by a factor of 3, but the image resolution will be only one third. In this study, in order to keep the 

angular resolution, the scattering angle binning was employed only across the slit (along the radius) 

for each angle, using a circular mask with an appropriate size (see Fig. 6.3). 

The scattering function using the scattering binning method at a certain scattering angle, Zbin(θ), is 

expressed by: 

   i

R

Ri
jbin RZZ ,

max

min

 


   (6.5) 

The total angular Z value, Ztot, is calculated by summation of Zbin values of adjacent scattering an-

gles, θ1 and θ2 (± 0.5° from the mean scattering angle θ): 

       21  binbinbintot ZZZZ    (6.6) 
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Fig. 6.3. Schematic diagram of scattering binning. 

 

 

6.6 Adjustment of attenuated forward scattering 
Based on the fact that the forward scattering by natural water or phytoplankton with a broad size 

distribution is a relative smooth function (e.g. Petzold, 1972; Kullenberg, 1968; Oishi, 1987; Morel, 

1973), the whole scattering function is obtained by connecting that part of the function, which is at-

tenuated by the ND-filter, with the non-ND filtered one by multiplying a constant factor to the ND 

filtered part. The coefficient is derived from the ratio of the attenuated and not attenuated signal at a 

scattering angle of 25°. Because there is no measurement of the non-attenuated signal at this angle, it 

is calculated by extrapolation from the range from 26° to 172° on logarithmic scale (see Fig.6.4). 
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Fig. 6.4. Example of the determination of the whole scattering function from the angle range 26° 

-172° and from the attenuated signal of the angle range 8°-25°. The gap between 25° and 26° is first 

extrapolated from the angle range 26°-172° on log-scale and the ratio at 25° is used to adjust the at-

tenuated signal. 
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Chapter 7 

Corrections and Calibration 
 

7.1 Integration time correction 

The CCD has to handle an extremely large dynamic range of scattering together with the wide 

spectral distribution of the incident light and the wide spectral sensitivity of the CCD. By using the 

thin-film neutral density filter method (see Chap. 4), the scattering meter can determine the VSF 

with a single integration time of the CCD camera. For instance, in case of highly purified water, the 

scattering power will be small, so that a long integration time of the CCD is required, i.e. maximum 

of 120 seconds in this study. By contrast, the integration time for a sample with a large number of 

particles is short, in the range 0.1 to 60 seconds in this study. For this reason, the linearity between 

the integration time of the CCD and the output signal was tested and confirmed by the following 

procedure: from a distance of 650 mm, the CCD was oriented onto a white board that was uniformly 

illuminated by a 100-watts halogen lamp. The output signal was approximately 55,000 counts for the 

integration time of 120 seconds, and then the integration time was stepwise reduced down to 0.1 

seconds. A 100 by 100 pixels square at the center of the images was chosen for reading the mean 

output values. As shown in Fig. 7.1, the camera has a very good linearity of the signal over this 

range of integration times, implying that the shutter speed corresponded well to the integration time 

of the camera. Therefore, to correct for variations in the applied integration time for different types 

of samples, the output signal was scaled to an integration time of 120 seconds by multiplying a pro-

portionality coefficient of τ (= 120/T), in which T is the integration time for a given VSF measure-

ment in seconds. 

 

7.2 Scattering volume correction 

Measurements of the angular dependence of scattering require a constant scattering volume for all 

scattering angles, but the volume of the intersection between the incident beam and the observation 

sight of the detector changes with the scattering angle. For instance, let us suppose that the incident 

light beam and the one projected to the receiver have perfect parallel viewing geometries. In this 

case, the angular variation of the effective scattering volume relative to 90˚ is simply expressed as 

the inverse of the sine function, 1/sin(θ). However this assumption is not satisfied in reality. Reason 

for this is the divergence of the incidence beam and the acceptance angle of the detector. This im-

plies that an empirical function for correction of the angular dependence of the effective scattering 

volume has to be found. In this study, the scattering volume correction factor is determined by the 
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fluorescence method: The angular distribution of fluorescence of a solution is isotropic over all scat-

tering angles (Aas, 1979). Therefore, the angular distribution of the output signal of the fluorescent 

matter can be used to determine the instrument-specific scattering volume variation against the scat-

tering angles. 
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Fig. 7.1. Relationship between the integration time of the CCD and the correspond-

ing mean output signal. 

 

The scattering function of Fluorescein (a fluorescent dye, maximum excitation: 494 nm, maxi-

mum emission: 521 nm) dissolved in purified water was excited using the monochromator at 490 nm 

and observed at 580 nm using an interference filter to be far from the excitation wavelength. This 

interference filter (see Fig. 7.2) was mounted in front of the CCD camera to detect the fluorescence 

emission only. Note that the angular output signal is not only a function of the scattering volume but 

also of the reflectance of the reflectors of the instrument over the scattering angles. The scattering 

function of fluorescein relative to 90˚ is shown in Fig. 7.3. The scattering volume for forward angles 

is slightly larger than that for backward directions, i.e., it is not a symmetrical function relative to 

90˚, which is due to the spreading of the incident beam and that of the detector. The scattering vol-

ume was therefore corrected by multiplying the measurements with the inverse of the angular func-

tion of fluorescein for each scattering angle. 
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Fig. 7.2. Spectral response of the interference filter. 

Central waveband is 580 nm. 
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Fig. 7.3. Normalized inelastic scattering function of fluoroscein at 580 nm using the 

interference filter. 
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7.3 Attenuation correction 

Although the VSF is defined as a function of intensity, it is impossible to measure the intensity 

according to its precise definition, i.e. I(θ)=F(θ)/dω. Here, Eq. (2.6) is rewritten alternatively as: 

   
 

1

0
sF

dzd F


 

 



  (7.1) 

Since the scattering meter must have a finite scattering volume, a sensor detects the radiant flux 

emitted from the scattering volume of the projection area, dH within a solid angle of the detector, 

dω’.  The radiance is then L(θ)=F(θ)/dHdω’. Equation (7.1) can then be rewritten as a function of 

L(θ): 
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  (7.2) 

where Ls(θ) is the scattered radiance (leaving the scattering volume) within a solid angle of dω’, and 

L(θ=0) is the radiance at θ=0. 

L(θ=0) can be replaced by L’(θ=0), which is the radiance observed far from the scattering volume 

at θ=0. If the scattering volume is surrounded by air, i.e. with the small attenuation by air, then 

L(θ=0) ≈ L’(θ=0). By contrast, in case of measuring the scattering function of water, the attenuation 

of light by surrounding water has to be taken into account in and outside the scattering volume: 

    000 cleLL     (7.3) 

where c is the beam attenuation coefficient of the sample and l0 is the path length of the transmitted 

light. 

Eq. (7.2) is transformed into: 
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  (7.4) 

where l1 is path length between the light emitter and the surface of the scattering volume, and l2 is 

the path length between the center of the scattering volume and the light sensor at θ, respectively, i.e. 

l0 = (l1 + l2) when dz is infinitesimally small. Fig. 7.3 depicts the schematic diagram of light attenua-

tion for a scattering measurement. 
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Fig. 7.3. Visualization of Eq. (7.4) 

(after Højerslev:1984) 

 

 

Finally, the output signal by the sample, Ps, which is given at a certain scattering angle θ and a 

certain wavelength λ might be formulated as: 

           , , s fc D
s i rP E vS T M e            (7.5) 

where β(θ,λ) is the scattering coefficient at θ and at λ. Ei(λ) is the incoming spectral irradiance and v 

is the scattering volume. S(λ) and Tr(λ) are the spectral sensitivity of the CCD camera and the spec-

tral transmittance of the system, respectively. M is the mechanical constant including the electrical 

and geometrical constants, e.g. the area of the CCD pixel, which corresponds to the solid angle. τ is 

the coefficient for the correction of the integration time relative to 120 seconds. cs(λ) is the total 

beam attenuation coefficient of the sample at λ. Df is the diameter of the triangular flask where the 

incident beam penetrates the flask. Because of the triangular shape of the flask, also the height of the 

beam has to be considered for correcting the effect of attenuation. Practically speaking, however, the 

different path lengths through the triangle flask have a negligible effect on the VSF (see Fig. 7.4), so 

that the center value Df = 0.0775 m can be used for the correction of the attenuation by multiplying 

the output signal by 
 (1/ )s fc De 
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Fig. 7.4. Effect of the beam height on the attenuation correction. Sample: Nanno-

chloropsis measured at 500 nm. Particle beam attenuation coefficient = 19.2 [1/m]. 

 

 

7.4 Calibration formula 

The output signal that is recorded in unit of counts has to be transformed into the absolute scatter-

ing unit in m-1sr-1. One of the typical methods is using pure benzene as a scattering standard (e.g. 

Morel, 1966). However, benzene contains fluorescing matter, so that it requires the re-purification. 

Besides, benzene has a refractive index of 1.5011, which is higher than that of water. This means 

that a scattering volume correction is required due to the difference between the refractive indices. 

Also the effect of different reflectivities of the sample container on scattering measurements when 

filled with benzene or with the water sample has to be taken into account when benzene is used as 

the standard.  
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Because of these problems, spectroscopic Methanol, WAKO Pure Chemical Industries, Ltd. 

DOJINDO Molecular Technologies, DOTITE, 344-01651, was used as a reference in this study. It 

has the following advantages: 1) The refractive index of methanol is close to that of water, i.e. 

1.3292, and 2) the scattering coefficient of methanol is higher than that of pure water for the entire 

visible spectrum by a factor of two (see Fig. 7.5). The absolute values of scattering by methanol at 

several wavelengths have been investigated in several studies (e.g. Cohen et al, 1965; Pike et al, 

1975), but – in contrast to benzene – only a few studies exist covering the full spectrum. Among 

them, Oishi (1987) examined the scattering coefficient of methanol over the visible spectrum. This 

study adopted his values, which are included in the following expression: 

   
4

436
436,90,90 









 MM   (7.6) 

where βM(90,436) = 6.60*10-4. Figure 7.5 shows the spectral scattering coefficients at 90˚ of metha-

nol and of pure water. 
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Fig. 7.5. Spectral scattering coefficient at methanol and pure water. 
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βM(θ) is then obtained by using Eq. (2.16) with δ=0.059: 
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1

1
1,90, MM   (7.7) 

Likewise Eq. (7.5), the output signal by Methanol, is expressed as: 

            fM Dc
MM eMTVSEP   ,,  (7.8) 

where cM is the beam attenuation coefficient by methanol, which is assumed to be sufficiently small 

so that it can be neglected. 

At last, the calibration formula for the VSF of a sample, βs(θ,λ) is simplified as: 
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in which SP (θ,λ) is the normalized Ps(θ,λ) at the calibration scattering angle, θ’. In this study, 

θ’=135˚ was used to get enough signal and less influence of particle scattering by the remaining 

contamination of suspended matter in methanol. 

For real marine samples the VSF of pure seawater, βsw(θ,λ) has to be subtracted from the sample 

βs(θ,λ) to get the VSF, βp (θ,λ) of the suspended particles: 

      ,,, swsp    (7.10) 

One has to consider in Eq. (2.16) and (2.17) that βsw (salinity 35 to 39‰) is 30% higher than βw at a 

salinity of 0‰ (Morel, 1974). 
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Chapter 8 

Assessment of the instrument 
 

In this chapter, some results of scattering measurements are presented for evaluation of the in-

strument. All measurements are conducted under controlled conditions in order to compare the re-

sults with the scattering functions predicted from theory (see Chapter 2). Note that, as a special case, 

we will take into account the influence of Raman (inelastic) scattering on molecular scattering. 

 

8.1 Comparison with the molecular scattering function 

A first test of the newly developed scattering meter was performed using pure water, of which the 

scattering function is known by theory. However, it requires to solve two problems: (1) to prepare 

optically pure water and (2) to get enough signal, since scattering of a small volume of pure water is 

extremely low especially at longer wavelength (see Fig. 7.5). Note that optically pure water means 

that the water does not contain any traces of dissolved or particulate matter or air bubbles. So, it is 

extremely difficult to prepare pure water for measuring the optical properties including scattering. 

The scattering function of optically pure water can be calculated using the density fluctuation theory 

by Eq. (2.16) with the depolarization factor δ = 0.09. 

The measurement of the scattering function of distilled water (filtered with a pore size of 0.22 μm, 

hereafter purified water) was carried out with a fixed integration time of the CCD of 120 sec, 

through the visible spectrum from 400 to 680 nm. It took 40 minutes to complete all measurements. 

Figures 8.1a and b show the result of βw(θ,λ) of purified water in absolute units and that normalized 

at 90˚, respectively. The results show that, with increasing wavelength, the normalized βw(θ) in-

creases at forward and backward angles. This could be explained by the contamination of the sample 

due to traces of tiny particulate matter and/or bubbles. Generally the absolute values of scattering by 

water rises with shorter wavelengths. Also, particle scattering is much larger than that of water mol-

ecules. Consequently, the influence of particles could pronounce the differences in for- and back-

ward direction with increasing wavelength. 

 

Influence of Raman scattering 

The spectral dependency of the Raman scattering coefficient of pure water can be assumed to fol-

low the power law of wavelength similar to that of elastic scattering (see Eq. (2.17)) (Mobley, 1998): 
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Fig. 8.1. βw(θ,λ) of purified water, (A) absolute value, (B) normalized at 90˚ 
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where bRw(488) is the Raman scattering coefficient at the reference excitation (incident) wavelength 

at 488 nm, of which the value is 2.7*10-4 [1/m] (Bartlett, 1998). 

The phase function of Raman scattered light with a Raman depolarization ratio of δ=0.17 is ex-

pressed as (Mobley, 1994): 

  23 1 3 1
1 cos

16 1 2 1 3Rw

   
  
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   (8.2) 

In consequence, the Raman scattering coefficient of pure water at 90˚, βRw(90,λ), could be given by: 
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  (8.3) 
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βRw(90,488) is estimated iteratively by changing its magnitude until bRw(488), which is calculated 

by integration of βRw(θ,488) using Eq. (8.2), is close to the literature value. As shown in Fig. 8.2, 

βRw(90,λ) raises the scattered radiation by nearly 10% on average as mentioned by Mobley (1994): 

The measured function corresponds qualitatively to the theoretical value except at 650 nm where a 

maximum difference of 20% is found. The difference from the theoretical value at this wavelength 

could be due to the poor signal-to-noise ratio. 
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Fig.8.2. Measured βw(90,λ) of purified water together with the theoretical pure wa-

ter scattering spectra (elastic: Morel 1974, Raman: Mobley 1994). The value in pa-

renthesis is the relative difference in percent between the measured spectral scatter-

ing coefficients (black dots) and the sum of the elastic and Raman scattering coeffi-

cients of pure water (green line). 

 

8.2 Scattering measurement error 

Purified water is an extreme medium possessing the lowest VSF we shall deal with in this paper. 

The accuracy of VSF measurements can be determined by summing up the measurement errors of 

purified water, of methanol, and the uncertainty of the Rayleigh ratio of methanol, βM(90). 20 meas-

urements of purified water and methanol at 550 nm were carried out. Note that the error due to the 

intensity fluctuation of the plasma lamp is involved in these measurements. According to Eq. (7.9) 

the accuracy of βw(90) is estimated from: 
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The calculation yields an error of about 15% for the measurement of pure water.  

 

8.3 Comparison with particulate scattering function 

Latex particles (polymer micro particles) are uniform and non-absorbing spherical particles with a 

refractive index of 1.20 (relative to water) at 589 nm. Various samples with different Gaussian type 

size distributions, i.e. with a mean diameter and a standard deviation, are available on the market. In 

this study, two different types of Latex particles (mean diameter of 10.9 and 14.3 μm, and a standard 

deviation of 1.0 μm for both) were used for checking the performance of the developed VSF meter 

including the reliability of the corrections. The particles were suspended in purified water and then 

the measured βp(θ,λ) values were compared with scattering calculations using the Lorentz-Mie theo-

ry and the refractive indices and size distributions as mentioned above. Figure 8.3 (upper panels, A 

and B) presents the calculated particle scattering function βp(θ,550) of the two types of Latex parti-

cles. Characteristics of these scattering functions are: (1) The straight increase of forward scattering 

(on the logarithmic scale) with increasing angle, (2) a clear maximum at around 120˚ as well as at 

130˚, (3) a gradual escalation after 150˚. The noticeable peak at 120˚ is explained by the rainbow 

phenomenon (Thomas, 1962). Morel (1973a) showed that the angle of that peak shifts to forward 

direction when the refractive index becomes close to 1.0. The measured scattering function βp(θ,550) 

normalized at 90˚ for both Latex particle distributions are shown in Fig. 8.3 (lower panels, C and D) 

and are compared to the theoretically determined functions. The results clearly show the good 

agreement with the Mie computations, including the maxima at around 120˚ in both cases. 
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Fig. 8.3. Normalized scattering functions, βp(θ,550) of Latex particles with different 

mean diameters. (A) and (B) show the theoretically determined βp(θ,550) for 10.9 

μm and for 14.3 μm diameter respectively. Comparisons of βp(θ,550) for both di-

ameters between measured (red dots) and computed (black line) are shown in (C) 

and (D). 
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8.4 Influence of fluorescence on scattering measurement 
Phytoplankton has various pigments. In particular, all species of phytoplankton involve chloro-

phyll-a (Chl-a), which is the key pigment for photosynthesis. One optical property of chlorophyll is 

fluorescence. Chl-a absorbs light at around 450 nm; part of it is used for excitation of the emitted 

light around 685 nm. But also other water constituents such as humic substances show this kind of 

inelastic scattering. These substances are quite abundant, especially in river and coastal waters, such 

as the North Sea and the Elbe River (e.g. Kalle, 1949). Their excitation and corresponding emission 

wavelengths are broadly distributed over the UV and visible spectrum, the efficiency of which de-

creases with increasing wavelength. This fluorescence can cause problems for measuring scattering 

coefficients. In principle, the VSF should be obtained by irradiating the sample with monochromatic 

light and detecting the scattered light only at the same wavelength. Since in practical situations, nat-

ural water involves various fluorescencending matters, any fluorescence should be excluded from 

the detection. This issue becomes very serious for measurements of a VSF at shorter wavelength. To 

overcome this problem, we insert a band path glass filter in front of the CCD camera lens, which 

blocks lights at wavelength > 490 nm. However due to this additional optical device the complexity 

of the instrument and its calibration increases. Because of this problem, most VSF data, which are 

found in literature, have been measured only at longer wavelengths. An example of the influence of 

fluorescence on VSF measurements of natural water samples is shown in Fig. 8.5 (left side). This is 

measured without the band path filter located in front of the camera lens. As shown in the figure, the 

shapes of β(θ,λ) at shorter wavelengths drastically differ from those at longer wavelengths. This is 

due to fluorescence by yellow substance and phytoplankton. The same measurements but with the 

band path filter (Fig. 8.6) is shown in the same figure (Fig. 8.5 right side). The figure demonstrates 

that β(θ,λ) is almost spectrally uniform through the visible spectral range. For blocking the fluores-

cence, we used the color filter, SCHOTT, BG12 for scattering measurement of wavelengths <500 nm. 

Note that the correction of chlorophyll fluorescence at longer wavelength was not taken into account 

in this study. 
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Fig. 8.5. The influence of fluorescence on VSF measurement (normalized at 90˚). 

β(θ,λ) for shorter wavelength from 400 to 460nm is represented in red. All wave-

length measurements were carried out (A) without the color filter, and (B) with the 

color filter for 400 to 460nm. 

 

8.5 Influence of multiple scattering on scattering measurement 

An assessment of the effects of multiple scattering is also important for the determination of the 

VSF. Phenomenologically and theoretically, the modification of the VSF’s shape appears most sig-

nificantly at forward angles when the influence of multiple scattering on the VSF measurement can-

not be neglected (e.g. Vargas and Niklasson, 1997). An investigation for the constancy of the VSF 

shape as a function of particle attenuation, cp, was carried out. The result (see Fig. 8.7) shows that, 

even when the attenuation is higher by almost 2 orders of magnitude, the shapes of the VSF are fair-

ly similar to each other not only in the middle angular range but also at small forward angles. 
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Fig.8.6. Spectral transmittance of color filter, BG12. 
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Fig. 8.7. Influence of multiple scattering on VSF measurement (Sample: Nanno-

chloropsis sp. at 560 nm). The VSF with the maximum cp(560) in this study is indi-

cated as red solid line. 
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Judging from the results it is concluded that 1) the reflections at physical boundaries do not influ-

ence the VSF measurement since suspicious peaks due to any unexpected instrumental specular re-

flections were not observed, 2) the instrument gives a reliable VSF result even when the attenuation 

is high (up to 17.5 [1/m]). This implies that the light traps in the sample container and all corrections 

and the calibration work properly. And 3) the instrument determines the VSF within a few seconds 

from 8° to 172° with sufficient angular resolution of 1° without the need to change the sensitivity of 

the detector. It takes approximately 30 minutes to complete a VSF for all wavelengths from 400 to 

700 nm with 10 nm intervals. 
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Chapter 9 

Phytoplankton and auxiliary data 
 

In this chapter the samples of phytoplankton cultures will be described, which were used to test 

and qualify the scattering meter. To characterize the samples, the following parameters have been 

determined as auxiliary data in order to analyze the scattering properties: absorption, beam attenua-

tion, particle size distribution (PSD) and pigment concentration. 

 

9.1 Phytoplankton cultures 

VSF measurements were carried out for five phytoplankton species, i.e. with cells of the dinoflag-

ellate Prorocentrum minimum, the marine flagellate Rhodomonas balthica, blue-green alga (cyano-

bacteria) Synechococcus sp., the green alga Nannochloropsis sp., and the centric diatom Thalassi-

osira weissflogii. Cultures were provided by the Alfred-Wegener Institute for Polar and Marine Re-

search, and were grown in F/2 medium (filtered seawater) under 12 h of light, and collected during 

their exponential growth phase. F/2 medium was filtered using a membrane filter with a pore size of 

0.22μm (Millipore, NITROCELLULOSE MEMBRAN, TYPE GSWP). According to the encyclo-

pedia of phytoplankton (COASTAL PHYTOPLANKTON, 2010) and that on the web (Alfred We-

gener Institute for Polar and Marine Research: http://planktonnet.awi.de), as shown in Fig. 9.1, these 

species have different size and form parameters: P. minimum has a triaxial ellipsoid (triangular to 

oval and to heart) shape with a diameter of 14-22 μm and a length of 10-15 μm. R. baltica was col-

ored red or red-brown and has a ovoid shape with cell sizes of ca. 10-30 μm. Synechococcus sp. is a 

picoplankton species, its spherical shape varies from ca. 0.8 to 1.5 μm. Nannochloropsis sp. is also 

small and has a spherical shape with a diameter of approximately 2 μm. The microalga T. weissflogii 

has a short cylindrical shape with sizes between 4 and 32 μm. The samples were diluted with F/2 

medium in 7 different concentrations just before measurements.  
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Nannochloropsis sp.            P. minimum           Synechococcus sp. 

 

R. baltica      T. weissflogii 

Fig. 10.9. The images of phytoplankton measured in this study. All pictures are 

quoted from web site (http://planktonnet.awi.de). 

 

9.2 Measurement Procedure 

The experiments were performed by using the following sequence of procedures: 

01) F/2 medium is filtered using a membrane filter with a pore size of 0.22μm for the dilution of the 

phytoplankton culture and purified water is prepared, both 1 day before the experiment to let 

them adapt to room temperature. All bottles including the sample triangular flask are washed 

with purified water to prevent any contamination. 

02) Warm up of all electrical devices. The temperature of the cooled CCD is set to –20˚C. 

03) The samples are prepared in the form of seven different concentrations of phytoplankton by di-

luting the original sample with filtered F/2 medium. 

04) The beam attenuation coefficient of these 7 concentrations of phytoplankton is measured starting 

from the lowest concentration sample up to the highest one. 

05) The sample is divided into two sub-samples: one of 200 ml is used for measuring VSF and PSD 

in the triangular flask, the second one of 500 ml is used for absorption measurement and pig-

ment determination by HPLC. 
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06) The sample is placed in the flask with a stirrer chip in the VSF meter. Note that the flask is sur-

rounded by purified water. 

07) The VSF measurement is carried out. 

08) The particle size distribution (PSD) of the samples used for VSF determination is measured. 

09) The total absorption coefficient of the samples is measured using the PSICAM (see 9.3). 

10) All samples are filtered by GF/2 glass fiber. These filters are used to determine pigment concen-

tration by HPLC. 

11) The filtered sample, which is used for total absorption measurement, is again used for absorption 

measurement to determine the absorption by CDOM. 

12) The F/2 medium is filtered with a 0.22μm pore size filter for the next experiment. 

 

9.3 Absorption measurement 

The absorption coefficient was measured using the PSICAM (Point Source Integration Cavity 

Absorption Meter, Röttgers et al, 2005; Röttgers and Doerffer, 2007) for the wavelength range 400 

to 700 nm. Purified water was used as a reference, so that the absorption coefficient of the sample, as 

(step 9 of the procedure, see above) is due to phytoplankton plus CDOM. Therefore, the absorption 

coefficient of phytoplankton, ap was determined by subtracting that of CDOM, ay from as (step 11 of 

the procedure), i.e. ap = as - ay. 

 

9.4 Beam attenuation measurement 

The beam attenuation coefficient of the sample, cs, was obtained by using a standard transmission 

set up (Jerlov, 1976), which consists of a beam collimator with a beam divergence of 0.11˚ and a 

receiver, the acceptance angle of which (0.85˚) is determined by a lens-pinhole system. The trans-

mittance meter, used in this study, is depicted in Fig. 9.2. The plasma lamp is used as a light source. 

Light emitted from the lamp is introduced to the beam collimator by an optical fiber. The transmitted 

light was spectrally detected by the TriOS irradiance meter, RAMSES 8066. The sample and the 

reference were served in a container made of DURAN Glass (the geometrical path length is 150 

mm). Because purified water was used as a reference, it was not necessary to correct the influence of 

multiple reflections at the physical boundaries due to the refractive index difference between sample 

and reference. Note that cs involves light which is scattered within the acceptance angles of < 0.85˚, 

implying an uncertainty on cs (Kenneth and Roswell, 1993; Piskozub et al, 2000; Piskozub et al, 

2004; Boss et al, 2009). 
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Fig. 9.2. Beam attenuation meter. 

 

 

cs is given by taking the logarithm of the ratio of the output signal of the sample, Vs and that of the 

reference, VR: 











R

s

c
s V

V

l
c ln

1
  (9.1) 

where lc is the path length of the transmission meter. 

Consequently, cs is considered as the sum of absorption and scattering: 

        pyps baac    (9.2) 

Total beam attenuation coefficient ct is calculated by summing up aw and bw to cs. 
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        pyps baac    (9.3) 

aw and bw are refer from Pope and Fry (1997) and Morel (1974). 

 

9.5 Particle Size Distribution (PSD) 

The particle size distribution (PSD) of the cultures was determined by averaging five measure-

ments using a flow-cytometer (Cytobuoy, Cytosense, SN:2002-09). The series of PSD measurements 

was carried out in sequence starting from the lowest concentration. 

 

Adjustment of particle concentration 

We first assume that ap(λ) and ay(λ) at 750nm is almost zero (e.g. Röttgers et al, 2007). Therefore, 

Eq. (9.2) logically explains that a measured beam attenuation coefficient at this wavelength should 

be due solely to scattering by particles: 

   750750 pp bc    (9.4) 

It is also assumed that the shape of the particle size distribution is constant throughout the seven 

concentrations. This assumption implies that the attenuation coefficient at 750 nm is only influenced 

by the particle concentration and that the imaginary part of the complex refractive index is zero and 

the real part is constant. In other words, one can compute the particle attenuation coefficient at 

750nm for a given particle concentration using Eq. (2.41), (2.42) and PSD, c’p (750): The particle 

concentration is determined iteratively by varying it until c’p(750) is close to cp(750). 

 

9.6 Chlorophyll-a Concentration 

Phytoplankton samples were filtered using WHATMAN glass fiber filters, GF/2, and a pressure of 

–100hPa. The glass fiber filters were stored in a deep freezer at –80˚C until the pigment concentra-

tion was determined by HPLC (Jasco). 

Figure 9.3 shows the relationship between the adjusted particle concentration and the measured 

Chl-a concentration. Shapes of PSD for all measured phytoplankton species are presented in Fig. 9.4 

As shown in the figure, relatively large mean diameter of Synechococcus sp. and Nannochloropsis sp. 

were observed, which might be due to the formation of chains of cells. 
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From here on, for convenience, the following legends together with the concentration index (1 to 

7: from the lowest up to the highest) were used to represent the cultures: 

Pro 1 to 7  for P. minimum 

Rhodo 1 to 7 for R. balthica 

Syn 1 to 7 for Synechococcus sp. 

Nanno 1 to 7 for Nannochloropsis sp. 

Thala 1 to 7 for T. weissflogii 
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Fig. 9.3. Particle number versus Chl-a concentration of the phytoplankton cultures. 
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Fig. 9.4. Measured PSD for studied phytoplankton cultures normalized at their 

maximum number. 
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Chapter 10 

Scattering properties of phytoplankton cultures 
 

In this chapter the results of the measurements of the spectral volume scattering functions of the 

phytoplankton cultures are presented. 

 

10.1 Variability of βp(θ,λ) 

For a better comparison the spectral volume scattering functions by particles βp(θ,λ) are normal-

ized at 90˚. Figures 10.1.1 to 10.1.5 show normalized βp(θ,λ) for five different cultures each at four 

different concentrations. Furthermore, Figures 10.1.6 to 10.1.10 present, for better visualization of 

the wavelength dependency, the average shape of βp(θ,λ) throughout all wavelengths with one 

standard deviation for individual cultures. 

 

P. minimum 

As shown in Figure 10.1.1, the shapes of βp(θ,λ) of P. minimum have a relatively large variance in 

the angular range 10˚ to 70˚ as well as between 110˚ to 150˚. Further, a small shoulder appears 

around 60˚, which may be explained by the rainbow phenomenon. βp(θ,λ) has a broad minimum be-

tween 100˚ and 130˚ with a significant increase at angles >160˚. With increasing concentration, the 

forward as well as the backward scattering range become gradually flat, in particular the backward 

range. In addition, the wavelength dependence decreases, which may be due to multiple scattering. 

 

R. balthica 

The wavelength dependence of βp(θ,λ) appears in the angle ranges 30˚ to 60˚ and 130˚ to 170˚ (see 

Fig. 10.1.2). In contrast to P. minimum, the wavelength dependence remains even at high concentra-

tions. The shape of the forward scattering part is almost the same as P. minimum. However, there 

exists a significant difference for angles > 150˚: For R. balthica the scatterance at 170˚ is by a factor 

of 8 larger than that at 90˚, but for P. minimum it is a factor of 2. The shape of the forward angles 

does not change even if the concentration of R. balthica increases. In contrast, the shape of the 

backward angles becomes flat between 90˚ and 150˚. 
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Synechococcus sp. 

The wavelength dependence of βp(θ,λ) exists for lower concentration. However, it is almost the 

same shape for all wavelengths of the visible spectrum at high concentrations (see Fig. 10.1.3). The 

shape of βp(θ,λ) between 15˚ and 160˚ is very similar to that of R. balthica. The shape of the back-

ward angles almost coincides with that of P. minimum, but not for forward angles. 

Nannochloropsis sp. 

Obvious is the large scattering increment for backward angles (see Fig. 10.1.4). The shape and the 

wavelength dependence of βp(θ,λ) are very similar to those of R. balthica for all angles. The shape of 

the forward angles does not change even if the concentration increases. By contrast, the shape of 

βp(θ,λ) of the backward angles becomes flat with increasing concentration. 

 

T. weissflogii 

The shape of βp(θ,λ) of T. weissflogii is almost coincident with P. minimum except for the back-

ward angles (see Fig. 10.1.5). Remarkable feature is that the increment at backward angles is small-

est among the phytoplankton cultures which were measured. 

 

Wavelength dependency of βp(θ,λ) at selected scattering angles 

To confirm clearly the wavelength dependency of βp(θ,λ), the scattering coefficients at relatively 

high concentrations are presented in Fig. 10.1.11.for selected angles (10˚, 30˚, 60˚, 90˚, 120˚ and 

170˚). 

The scatterance at forward angles is similar throughout the visible spectral range for all cultures. The 

coefficients slightly decrease towards the red part of the spectrum without a clear spectral character-

istics except for P. minimum and Synechococcus sp. at 60˚. In contrast, the wavelength dependency 

at the backward angles are more variable: For instance, βp(120˚,λ) of P. minimum and Synechococcus 

sp. have a small maximum around 480 nm which slightly decreases towards longer wavelengths. 

However, R. balthica, Nannochloropsis sp. and T. weissflogii have a broad shoulder between 480 and 

560 nm. As a common feature at all backward angles except for 170°, the scatterance is depressed 

around 460 nm, i.e. at a slightly longer wavelength than that of the strong absorption peak. These 

dependencies may change the color of phytoplankton together with its absorption spectrum. There-

fore, this result suggests that the color of water (ocean) is determined not only by the absorption 

spectrum but also by the backward scattering. Moreover, it should be pointed out that the spectral 

dependency of measured βp(θ,λ) differs from the phase function or backscattering coefficients, which 

we often use in radiative transfer or reflection models. 
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Fig. 10.1.1. βp(θ,λ) normalized at 90˚ for P. minimum 
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Fig. 10.1.2. βp(θ,λ) normalized at 90˚ for R. balthica 
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Fig. 10.1.3. βp(θ,λ) normalized at 90˚ for Synechococcus sp. 
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Fig. 10.1.4. βp(θ,λ) normalized at 90˚ for Nannochloropsis sp. 
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Fig. 10.1.5. βp(θ,λ) normalized at 90˚ for T. weissflogii 
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Fig. 10.1.6. Wavelength dependence of βp(θ) normalized at 90˚ for P. minimum. 

The red solid line represents mean βp(θ) for the corresponding scattering angle with 

one standard deviation (black solid lines). 
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Fig. 10.1.7. Wavelength dependence of βp(θ) normalized at 90˚ for R. balthica. 

The red solid line represents mean βp(θ) for the corresponding scattering angle with 

one standard deviation (black solid lines). 
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Fig. 10.1.8. Wavelength dependence of βp(θ) normalized at 90˚ for Synechococcus 

sp. The red solid line represents mean βp(θ) for the corresponding scattering angle 

with one standard deviation (black solid lines). 
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Fig. 10.1.9. Wavelength dependence of βp(θ) normalized at 90˚ for Nannochloropsis 

sp. The red solid line represents mean βp(θ) for the corresponding scattering angle 

with one standard deviation (black solid lines). 
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Fig. 10.1.10. Wavelength dependence of βp(θ) normalized at 90˚ for T. weissflogii. 

The red solid line represents mean βp(θ) for the corresponding scattering angle with 

one standard deviation (black solid lines). 
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Fig. 10.1.11. Wavelength dependence of βp(θ,λ) at selected angles of 

(A) Pro5, (B) Rhodo5, (C) Syn5, (D) Nanno5, and (E) Thala5. 
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In summary, 

1) The wavelength dependence of VSF of cultured phytoplankton appears at scattering angles 

between 30˚ and 60˚ and at angles > 120˚: It is more important at backward angles than at 

forward angles. 

2) The VSF is likely to depend upon phytoplankton species with respect to shape and scattering 

angle. In particular the backscattering coefficients of the phytoplankton cultures differ 

strongly. Two types of βp(θ,λ) were found for backward angles > 150˚: One with a compara-

bly small increase, the other with a much larger one. The increase in this angle range is sig-

nificantly different: at 172˚ Nannochloropsis sp. shows an increase by a factor of 4 higher 

than P. minimum. These results give us the possibility to develop an algorithm for the de-

termination of different phytoplankton groups from spectral scattering function measure-

ments complementary to measurements of absorption spectra. 

3) The wavelength dependence of βp(θ,λ) decreases and the shape becomes flat with increasing 

concentration; in particular at backscattering angles (see Fig. 10.1.6 to Fig. 10.1.10). This 

might be due to multiple scattering. In other words, it is important to measure βp(θ,λ) at a 

concentration at which multiple scattering can be neglected, since the phytoplankton con-

centrations in natural water samples is much smaller than in the samples of the cultures used 

here. 
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10.2 Spectral Variability of IOPs 

The backscattering coefficients bp(λ) and bbp(λ) are given by integration of βp(θ,λ) over the whole 

sphere and over the backward hemisphere, respectively (see Eq. (2.10) and (2.12)). Because the 

scatterance cannot be measured at extreme angles, one has to extrapolate βp(θ,λ) from 8˚ to 0˚ and 

from 172˚ to 180˚ to compute bp(λ) and bbp(λ).  Normally, it is tricky to make the extrapolation. 

Although the solid angle at near forward and backward angles is small, the extrapolation of the 

missing forward angles (< 8˚) may introduce a large bp estimation error because this range contains a 

major contribution to total scattering (e.g scattering between 0˚ to 8˚ accounts for 65% of total scat-

tering, Petzold, 1972). Contrary, the extrapolation of the backward angles > 172˚ is not to critical 

since, even if the scattering > 172˚ increases, the dynamic range for the backscattering region (90˚ to 

180˚) is much smaller than that for forward angles. Therefore, it does not introduce a large estima-

tion error of bbp(λ). For this reason, we first define the quasi-total scattering coefficient, b’p(λ) as: 

     db pp sin,2
180

8
   (10.1) 

Figures 10.2.1 to 10.2.3 present the spectral variability of b’p(λ), bbp(λ), and ap(λ) at three different 

phytoplankton concentrations. 

bbp(λ) generally decreases from 400 to 440 nm, and then increases having a small peak at around 

480 to 500 nm. This peak seems to be different for the other phytoplankton species. R. balthica has 

another broad shoulder around 550 nm, which gradually decreases from the green to the red part of 

the spectrum with the exception at wavelengths around 670 nm. As far as b’p(λ) is concerned, all 

species, except Synechococcus sp. (and Nannochloropsis sp. in the case of highest concentration), 

show a minimum around 440 and 680 nm, corresponding to the absorption band of Chl-a. Focusing 

on ap(λ), it is apparent that we can easily recognize clear absorption peaks due to Chl-a at wave-

lengths around 440 and 670nm and around 620 nm due to Phycocyanin. Other absorption peaks 

around 460, 500 and 550 nm might be caused by Chl-b,c, carotinoids and phycoerythrins, respec-

tively. Comparing spectral properties of scattering and absorption, it is obvious that they are corre-

lated with each other. We will analyze and discuss it in Chapter 11. 
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Fig. 10.2.1. Spectral optical properties of five phytoplankton species at low concen-

tration, which was measured as the beam attenuation cp [1/m] at 560 nm, (A) bbp(λ), 

(B) b'p(λ), (C) ap(λ), respectively. The values of cp(560) are: Pro3 = 0.56, Rhodo3 = 

0.78, Syn3 = 1.02, Nanno3 = 1.02 and Thala3 = 0.80, respectively. 
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Fig. 10.2.2. Same as Fig. 10.2.1, but slightly higher concentration. cp (560) [1/m] 

are: Pro5 = 1.39, Rhodo5 = 3.39, Syn5 = 2.16, Nanno5 = 4.38 and Thala5 = 2.27, 

respectively. 
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Fig. 10.2.3. Same as Fig. 10.2.1, but at the highest concentration. cp (560) [1/m] are: 

Pro7 = 5.03, Rhodo7 = 13.26, Syn7 = 8.01, Nanno7 = 17.54 and Thala7 = 8.19, re-

spectively. 

 



 83

10.3 Average direction of scattering 

In order to compare the shapes of different VSF, the so called average direction of a VSF is often 

used as a parameter, which is defined as: 

 
 

 




p

p

b b

d

'

sincos,2
180

8


   (10.2) 

 
 

 




bp

p

bb b

d


180

90

sincos,2

  (10.3) 

where χb(λ) and χbb(λ) are average directions of the total VSF and of the backward hemisphere, re-

spectively. As presented, they are defined as the analogy to the average cosine of irradiance. For in-

stance with increasing forward and backward scattering χb(λ) and χbb(λ) will approach 1.0. 

As shown in Fig. 10.3.1, χb(λ) is nearly constant over the visible spectral range for all 5 cultured 

phytoplankton species. By contrast, χbb(λ) is variable, which confirms the spectral dependence of 

measured βp(θ,λ). For example, χbb(λ) of P. minimum and Synechococcus sp. are flatter than those of 

the other species. It indicates that their spectral dependency on βp(θ,λ) in backward direction is 

smaller than that of the other phytoplankton species. 
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Fig. 10.3.1. χb(λ) (dotted lines) and χbb(λ) (solid lines) of the cultured phytoplankton 

species. 
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The highest value of χb(λ) and χbb(λ) were observed for Nannochloropsis sp., and the lowest for P. 

minimum (see Fig. 10.3.2). In the case of Nannochloropsis sp., χb(λ) and χbb(λ) are almost constant 

through all concentrations compared to those of P. minimum. These results help to illustrate that the 

mean shape of βp(θ,λ) of Nannochloropsis sp. has a pronounced forward and backward maximum, 

and is insensitive to the concentration compared to that of P. minimum. 
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Fig. 10.3.2. Concentration dependence of χb(λ) and χbb(λ), (A) P. minimum (B) 

Nannochloropsis sp. The dotted and the solid lines represent χb(λ) and χbb(λ), with 

blue the lowest and red the highest concentration, respectively. 
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10.4 Specific Scattering 

The specific scattering and absorption coefficients, i.e. as a function of concentration, can be use-

ful not only as input parameters for radiative transfer computations but also for the analysis of re-

motely sensed ocean color data. The specific VSF, βp
*(θ,λ), i.e. the VSF per unit concentration, for 

individual phytoplankton cultures, can be decomposed into: 

      ,, 0
  ppp   (10.4) 

where 
__

,βp(θ) = βp(θ)/βp(θ0), and θ0 is a reference angle. In this study, θ0 = 30˚ was selected at 

which βp(30,λ) has sufficient output signal. βp
*(30, λ) is the scatterance at 30˚ with the unit of sr-1 m- 

1(μg/l)-1 in case of Chl-a. The slope of the regression line between βp(30,λ) and the concentrations is 

determined by the least square method (see Fig. 10.4.1). Therefore, βp(θ,λ) can be obtained by mul-

tiplying the concentration with βp
*(θ,λ): 

   
    






VolumeAreaChla

conc

pp

pp

,,,30

.,,




 (10.5) 

in which Chla, Area and Volume represent the concentration of phytoplankton chlorophyll-a, cross 

section area, and total volume, respectively. Figure 10.4.2 and 10.4.3 present each β*
p(θ,λ) and 

β*
p(30,λ) for all cultures. 
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Fig. 10.4.1. Example of β*
p(θ,λ) determination, in the case of multiple Chl-a con-

centrations. The slope is obtained via a least squares fit of a linear equation (see 

Figure). 
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Fig. 10.4.2. Specific Chl-a scattering coefficient β*

p(θ,500) (left panel) and β*
p(30,λ) 

(right panel) for all five phytoplankton. 
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Fig. 10.4.3. Same as Fig. 10.4.2, but β*

p(θ, λ) for (B) total particle cross sectional 

area and (C) total particle volume. 
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10.5 Relation between specific angle of βp(θ,λ) and b’p(λ), bbp(λ) 

Relation between βp(θ,λ) in backward direction and bbp(λ) 

Oishi (1990) has presented a proxy method to estimate bb(λ) by measuring β(120,λ). Boss and 

Pegau (2001) have concluded the same as Oishi. Maffione and Dana (1997) showed the good rela-

tion with β(140,λ). On the other hand, Chami (2006b) pointed out that bb(λ)/β(120,λ) depends on the 

type of oceanic waters and algal cultures. Instruments to estimate bb(λ) by observing the scatterance 

at a backward angle, e.g. 120 deg, are available on the market. For such instruments it is important to 

validate whether bb(λ)/β(120,λ) is constant within the required uncertainty range. As presented in Fig. 

10.5.1, bb(λ)/β(120,λ) is almost constant except for Nannochloropsis sp. and R. balthica. Jodai et al. 

(1996) pointed out that some species of phytoplankton do not follow this relation. 

 

Relation between βp(θ,λ) and b’p(λ) at selected angles 

In earlier years, it has been considered that β(45,λ) is approximately proportional to bp(λ) for the 

case of oceanic water (e.g. Jerlov, 1953; Tyler, 1961a). However, after a detailed study, it was found 

that this relation is too variable (Kullenberg, 1968). There are two approaches for obtaining the total 

scattering coefficient. One is the integration of VSF over the full angle range, 0˚ to 180˚, according 

to its definition. This approach is extremely difficult and the measurements are time consuming be-

cause we have to measure scattering at small angles. The other method, which is the most common 

approach for estimating the total scattering coefficient, is to subtract the absorption coefficient from 

the beam attenuation coefficient, b=c-a, e.g. by using a WETLAB AC-9/ACS instrument. This ap-

proach, however, involves the issues that the light beam is measured with a certain acceptance angle 

and thus includes partly the forward scattered light (see Chapter 9). In order to investigate the rela-

tion between βp(θ,λ) and b’p(λ), the correlation between βp(θ,λ) and b’p(λ) has been investigated for 

all phytoplankton cultures at selected scattering angles where a relatively high correlation with the 

particle concentration exists (note that b’p(λ) is based on the incomplete scattering function covering 

the angle range 8˚-180˚): Fig. 10.5.2 shows the correlation between βp(θ,λ) (θ = 10˚,20˚,30˚,45˚) and 

b’p(λ). Further, Fig. 10.5.3 shows the correlation between βp(θ,λ) and b’p(λ) around 10˚. 

Judging from these results, it is difficult to estimate the total scattering coefficient from βp(45,λ) 

as pointed out by Kullenberg (1968), but measurements at an angle of 10 or 11 deg., βp(10 or 11,λ), 

have a good correlation with b’p(λ) independent of the phytoplankton species, Chl-a concentrations, 

particle concentrations, PSDs, and wavelength. Morel (1973) mentioned that VSF at 10˚ and total 

scattering coefficient become numerically similar values. We found that the ratio βp(θ,λ) to b’p(λ) is 

almost constant with a mean value of 0.172 at a standard deviation of only 0.031 for 630 data sets. 

From these results, a new simplification for determining the total scattering coefficient from a meas-

urement of scattering coefficient at or near 10˚ could be proposed. 
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Fig. 10.5.1. Relation between βp(110,120,130,140:λ) and bbp(λ). The corresponding 

regressions derived from 378 data sets (except Nannochloropsis sp. and R. balthica) 

are expressed as: 

θ=110˚ : bbp(λ)=7.3563βp(λ)+0.0007, R2=0.99 

θ=120˚ : bbp(λ)=7.4073βp(λ)+0.0008, R2=0.99 

θ=130˚ : bbp(λ)=7.5197βp(λ)+0.0007, R2=0.99 

θ=140˚ : bbp(λ)=6.9601βp(λ)+0.0006, R2=0.99 
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Fig. 10.5.2. Relation between βp(θ,λ) and b’p(λ) at different θ (10˚, 20˚, 30˚ and 45˚). 

The corresponding regressions derived from 630 data sets are expressed as 

θ=10˚ : b’p(λ)=0.1380βp(λ)+0.1544, R2=0.99 

θ=20˚ : b’p(λ)=2.6058βp(λ)-0.1622, R2=0.97 

θ=30˚ : b’p(λ)=13.270βp(λ)-0.3261, R2=0.90 

θ=45˚ : b’p(λ)=60.853βp(λ)-0.4899, R2=0.80 
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Fig. 10.5.3. Same as Fig.13.2, but θ is 8˚, 9˚, 11˚ and 12˚, respectively. 

The corresponding regressions derived from 630 data sets are expressed as 

θ=8˚ : b’p(λ)=0.0532βp(λ)+0.2469, R2=0.96 

θ=9˚ : b’p(λ)=0.0879βp(λ)+0.1992, R2=0.98 

θ=11˚ : b’p(λ)=0.2125βp(λ)+0.1172, R2=0.99 

θ=12˚ : b’p(λ)=0.3019βp(λ)+0.0913, R2=0.99 
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10.6 Spectral backscattering ratio 

The spectral particulate backscattering ratio (sometime called the backscattering probability or 

backscattering factor) is defined as: 

      pbpbp bbb 
~

  (10.6) 

From the viewpoint of ocean color remote sensing algorithms, the backscattering ratio plays an 

important role in determining bb(λ): As mentioned in Chapter.3, irradiance reflectance as well as 

remote sensing reflectance is proportional to bb(λ)/a(λ) in simplified form. While a(λ) is well studied 

through in situ and in vitro measurements, we have poor knowledge of bb(λ) for suspended matter in 

the sea. In recent works, due to the poor knowledge, the spectral model of the backscattering ratio is 

often assumed as 1) constant with wavelength (Gordon et al, 1988; Morel, 1988), 2) decreasing with 

increasing Chl-a concentration (Gordon et al, 1988; Morel, 1988; Ulloa et al, 1994), and 3) increas-

ing with increasing proportion of the small size particles (Ulloa et al, 1994). 

In order to compute bp(λ) by integration of βp(θ,λ), the values at the missing angles in the range 0 - 

8 and 172 - 180 degrees have to be determined by extrapolation. For this task the following method 

was used: The measured βp(θ,λ) is connected with βp(θ,λ) from 0˚ to 8˚ using measurements of water 

samples at San Diego Harbor by Petzold (1972) (see Fig. 4.1). He used a special instruments, which 

was designed for measuring scattering only at the extreme forward angles. The backward scattering, 

θ = 172˚ to 180˚, is linearly extrapolated on logarithmic scale using βp(θ,λ) from 90˚ to 172˚. The 

total scattering coefficient, bp(λ), was then calculated from the connected VSF. Fig. 10.6.1 shows an 

example of this composite VSF. 

Fig. 10.6.3 and Table 10.6.1 present two mean particulate backscattering ratios using the scatter-

ing coefficients bp(λ) and b'p(λ) for different concentrations and wavelengths and for each studied 

phytoplankton species, respectively, where bp(λ) is based on the full βp(θ,λ) and b'p(λ) is based on the 

incomplete βp(θ,λ) covering the range 8˚-180˚, i.e. the ratios are bbp(λ)/bp(λ) and bbp(λ)/b'p(λ). While 

the spectral variability of the backscattering ratios are similar to each other (except for Synechococ-

cus sp. with respect to its magnitude), bbp(λ)/b’p(λ) is larger compared to bbp(λ)/bp(λ) by the factor of 

4.3 on average due to the missing values between 0 and 8 degrees. Morel and Bricaud (1981) have 

shown that the backscattering ratio (bbp/bp) of phytoplankton is less than 0.01. Ahn et al. (1992) 

found that the backscattering ratio ranges from 0.0004 to 0.0045 at 550 nm for laboratory cultures of 

phytoplankton. And Sathyendranath et al. (1989) assumed the constant backscattering ratio of 0.005 

in their model. In this study a range of bbp(λ)/bp(λ) of 0.0004 to 0.0113 was observed. However, the 

question remains whether the method presented here to obtain bp(λ) from the incomplete VSF by 

extrapolation at the forward angles can be applied to cultures and other natural suspended matter. 
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Fig. 10.6.1. State of βp(θ,λ) composition. The dotted line represents the measured 

βp(θ,λ). The solid lines are extrapolated: βp(θ,λ) is connected with β(θ,λ) measured 

by Petzold (1972) at San Diego Harbor over θ = 0˚ to 8˚, while the backward scat-

tering, θ = 172˚ to 180˚, is linearly extrapolated on logarithmic scale using βp(θ,λ) 

from 90˚ to 172˚. 
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Fig. 10.6.2. Mean backscattering ratios, (A) bbp(λ)/b’p(λ) and (B) bbp(λ)/bp(λ), for 

each phytoplankton culture. 
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Table 10.6.1. Average values of bbp(λ)/bp(λ) and bbp(λ)/b’p(λ), standard deviation (sigma) and percent 

variability (sigma as %) over all concentrations and wavelengths. bp(λ) was calculated by the as-

sumption that missing forward angles of 0˚ to 8˚ follow the VSF of San Diego Harbor measured by 

Petzold (1972). 

 bbp(λ)/bp(λ) bbp(λ)/b’p(λ) 

Sample Average sigma % Average sigma % 

P. minimum 0.0068 0.0023 35 0.0301 0.0076 25 

R. balthica 0.0018 0.0007 38 0.0111 0.0029 26 

Synechococcus sp. 0.0037 0.0010 26 0.0134 0.0025 19 

Nannochloropsis sp. 0.0012 0.0008 65 0.0085 0.0035 41 

T. weissflogii 0.0036 0.0011 31 0.0192 0.0045 23 

All cultures 0.0034 0.0012 69 0.0169 0.0089 54 

 

Although bbp(λ)/b’p(λ) is based on the incomplete total scattering coefficient, this quantity was 

used to analyse the range of the backscattering ratios for the different cultures, because it does not 

include any assumptions. The lowest backscattering ratios were observed for Nannochloropsis sp. 

and R. balthica, with values around 0.004. On the other hand, P. minimum yielded the highest 

backscattering ratio of nearly 0.045, which is 10 times larger than the lowest. Furthermore, it is ob-

vious that the backscattering ratio depends not only on wavelength but also on the phytoplankton 

species. For example, the backscattering ratios, except for Synechococcus sp., decrease towards the 

red part of the spectrum, but increase with increasing wavelength in the case of Synechococcus sp. 

Further, it is variable at the wavelengths of the absorption peaks, especially at the Chl-a absorption 

bands at 440 and 680 nm, e.g. for P. minimum and T. weissflogii. In particular, P. minimum shows a 

sharp increase just after 440 nm. 

The wide dynamic range of the backscattering ratios (0.004 – 0.045) can be explained by proper-

ties of the phytoplankton cultures, which are expressed in βp(θ,λ). The backscattering ratio becomes 

small when βp(θ,λ) has enhanced forward scattering coefficients such as for R. balthica and Nanno-

chloropsis sp. (see Fig. 10.1.2 and 10.1.4). By contrast, when βp(θ,λ) is less developed in forward 

direction as for P. minimum, the backscattering ratios will be high (see Fig. 10.1.1 and 10.3.1). In 

other words, as shown in Fig. 10.6.3, χb(λ) and χbb(λ) values have negative correlations with the 

backscattering ratios. 
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Fig. 10.6.3. Relation between mean scattering direction and backscattering ratio. 

 

The backscattering ratio is considered to be a function of Chl-a concentration; it slightly decreases 

with increasing Chl-a. Figure 10.6.4 to 10.6.7 present bbp(λ)/b’p(λ) as a function of concentration. 

The results show that bbp(λ)/b’p(λ) is constant or has a slight positive relation with concentration ex-

cept for Nannochloropsis sp. which have a significant negative relation with increasing concentra-

tion. Based on numerical computation using the Monte Carlo method and assuming non-absorptive 

particles, Ura (2001) concluded that the error of the total scattering coefficient is due to multiple 

scattering in VSF measurements. Especially, multiple scattering pronounces the forward scattering 

first, then - with increasing particle concentration - gradually gains the side and the backward scat-

tering. His conclusion, might explain the decrease of the backscattering ratio of Nannochloropsis sp. 

towards high concentrations. E. Boss et al (2004) have pointed out that the particle population with 

regard to constituents, their shapes and size distributions affects the backscattering ratio. The con-

sensus regarding what causes a different backscattering ratio with Chl-a concentration is still open 

question. 
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Fig. 10.6.4. Relation between bbp(λ)/b’p(λ), and Chl-a Concentration. 
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Fig. 10.6.5. Same as Fig. 10.6.4, but versus total number of particles. 
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Fig. 10.6.6. Same as Fig. 10.6.4, but versus total cross sectional area. 
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Fig. 10.6.7. Same as Fig. 10.6.4, but versus total volume. 
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Chapter 11 

Analysis of the spectral dependence of backscattering
 

Spectral backscattering coefficient bbp of suspended matter is often modeled (e.g. Tanaka, 2001) 

as: 

  
















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
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02.0002.03.0 62.0

ccbp PPb  (11.1) 

or 

   
sY

bpbp bb 












 0
0   (11.2) 

in which Pc is the corresponding pigment concentration in [mg/m3], exponent Ys is an empirically 

determined constant (IOCCG report.5) and λ0 is the reference wavelength. bbp(λ) is therefore simply 

modeled using power-law of concentration and wavelength, i.e. it decreases exponentially with in-

creasing wavelength. However, measured bbp(λ) is significantly different from modeled (see Chapter 

10.2). In particular, it is evident that bbp(λ) varies with wavelength with corresponding absorption 

peaks around 440 and 670 nm. 

 

Normal dispersion of the refractive index 

When a particle is transparent, the refractive index normally declines monotonously towards 

longer wavelengths. This property is called normal dispersion of the refractive index; it is expressed 

as an empirical formula as a function of wavelength (Cauchy’s equation). 

  
6
4

4
3

2
2

1 


CCC
Cn   (11.3) 

where Cj are characteristic constants, which have to be determined experimentally for the material. 

In general, the terms after the third terms might be neglected for the visible region of the spectrum 

since they are extremely small. The dispersion formula of Eq. (11.3) may then simply be rewritten 

as: 

 
2
2

1 


C
Cn    (11.4) 

If the wavelength λ is sufficiently long, the coefficient C1 approaches n(λ): 
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  1lim Cn 





  (11.5) 

Let us suppose that the mean refractive index of algae relative to water is 1.06 at 589 nm, and that it 

varies in the range of 1.03 to 1.05 in the near infrared region (Aas, 1996). In this case the normal 

dispersion of the refractive index for the assumed alga, C2 could be estimated from Eq. (11.4) and 

(11.5). The results are shown in Fig. 11.1. 
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Fig. 11.1. Wavelength dispersion of the refractive index for alga with different C1. 

Δn is obtained by subtraction of n(400) and n(700). 
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Fig. 11.2. Spectral behavior of bb(λ), in the case of n(λ) of a normal dispersion and 

n(λ) is constant. 

 

 

However, normal dispersion may not cause a complex spectral dependence of bb because, as shown 

in Fig. 2.4, Qb ultimately converges towards 2.0 for large non-absorbing particles, and converges to 

1.0 for large absorbing particles even for different refractive indices. For this reason, spectral bb is 

almost constant for the visible spectrum or slightly decreases with increasing wavelength (see Fig. 

11.2). Aas (1996) has pointed out that Δn over the visible spectrum will be less than 0.005 even if 

phytoplankton is composed of <80% of water. Taking into account his conclusion and the result of 

the calculation, the influence of the normal dispersion of the refractive index on spectral bb(λ) might 

be small. 
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Anomalous dispersion of the refractive index 

As mentioned in Chapter 2, the complex refractive index of particles relative to water, m(λ) must 

be used when particles have absorption bands (see Eq. (2.18)). In this case, the real part of the re-

fractive index is related to the scattering magnitude, and the imaginary part to absorption (see Eq. 

(2.26)). Furthermore, according to the Ketteler-Helmholtz theory, n(λ) varies with the wavelength of 

the absorption peak concomitantly. This behavior is called anomalous dispersion of the refractive 

index. According to the Ketteler-Helmholtz theory of anomalous dispersion, if n(λ) is close to 1.0, 

the synchronized variation of n(λ) and κ(λ) over the absorption bands is simply expressed by (van de 

Hulst, 1957): 

   
2

2

1
1





 pn   (11.6) 

 
21

1





 p   (11.7) 

where the constant ε must be small and υ = 2(λ-λp)/G. κp is the peak value of the absorption index at 

λp, and G is the full width at half maximum of κp. The above equations suggest that κ(λ) is a sym-

metric function around λp and extreme values of n, np appear at λ = λp + (G/2). Figure 11.3 depicts an 

example of concomitant variation between n(λ) and κ(λ) around the absorption peak. 
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Fig. 11.3. Schematic variation of n(λ) and κ(λ) near an absorption band. 
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11.1 Calculating the anomalous dispersion of the refractive index 
 

Determination of the κ(λ) amplitude 

Using the PSD and assuming an arbitrary value of κ at the reference wavelength, i.e. κ0(λ0), the 

theoretically determined absorption coefficient of particles, a’p(λ0) is computed using Eq. (2.41) and 

(2.42). κ0(λ0) is finally obtained by iterations until a’p(λ0) is close to ap(λ0). Once κ0(λ0) is deter-

mined, the amplitude of κ(λ0) is adjusted to that of κ0(λ0) (see Fig. 11.3). 

 

Determination of the n(λ) amplitude 

In order to estimate the spectral shape of n(λ), let us suppose that ap(λ) is the sum of gaussian os-

cillators of the main absorbing pigments. Therefore, κ(λ) can also be decomposed into several 

Gaussian oscillators with the peak centered at the absorption bands of the main pigments, i.e. j in eq. 

(11.8) and (11.9). Literature values (Hoepffner and Sathyendranath, 1993; Kobayashi, 1998) of the 

central absorption wavelengths are employed in this study as the approximate initial parameters for 

the waveform deconvolution (curve fitting). The Gaussian deconvolution is carried out using the 

Levenberg-Marquardt method as a non-linear curve fitting function. Eq. (11.6) and (11.7) could then 

be re-formulated using the summation forms: 

        
 


1

2

2

1 1
11

j j

j
pj

j
jnn




  (11.8) 

    
 


1

2
1 1

1

j j
pj

j
j


   (11.9) 

κpj and Gj are adjusted by searching the best fit between the experimental and theoretical spectrum of 

κ(λ) using the optimization method. In the case of the phytoplankton cultures, which were analyzed 

in this study, j = 8-10 components with a Gaussian shape were necessary to reconstruct the absorp-

tion spectra. 

With already fixed (1+ε) as 1.06 at 589 nm, the recomposed n(589) is finally adjusted to achieve 

an amplitude of 1.06. Figure 11.4 shows an example of the theoretically computed n(λ), which is 

estimated from κ(λ) for P. minimum. The calculated n(λ) as well as the recomposed κ(λ) for all phy-

toplankton cultures are summarized in Fig. 11.5. Figure 11.6 gives the flow chart for the reproduc-

tion of IOPs. With PSD and calculated m(λ), IOPs are theoretically determined via Mie computation 

for a polydisperse system (see Chapter 2). Figure 11.7 presents the comparison between measured 

IOPs and theoretically determined ones for the studied cultures of phytoplankton (except for T. 

weissflogii). Further, a comparison of the different bbp values is shown in Fig. 11.8. 
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Fig. 11.4. Decomposition and recomposition of n(λ) and κ(λ) for P. minimum. The 

distinct Gaussian oscillators and the corresponding n(λ) are denoted as dashed lines. 

The black dots represent the recomposed n(λ) and κ(λ), the sum of the decomposed 

spectra. κ(λ) directly calculated from measured a(λ) is plotted as the red solid line 

(partly hidden by the black dotted line). 

 

 



 106

 

 

400 450 500 550 600 650 700

1.0598

1.0599

1.0600

1.0601

1.0602

0.0000

0.0001

0.0002

0.0003

n
(
)

(
)

Pro

Syn

Rhodo

Nanno

Rhodo

Pro

Syn

Nanno

A

B

 [nm]
 

Fig. 11.5. Spectral variation of (A) κ(λ) and (B) n(λ). 

Symbols are listed in Chapter 9. 
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Fig. 11.6. Flow chart for the calculation of IOPs 
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11.2 Comparison of theoretically determined IOPs with experimental 
results 

The IOPs of P. minimum and R. balthica are quantitatively similar to the theoretically determined 

IOPs. In particular, the scattering minimum at the strong absorption bands of Chl-a, at 440nm and 

680nm are well expressed for P. minimum. As far as R. balthica is concerned, measured cp(λ) and 

theoretically determined bp agree well not only with respect to the spectral shape but also to their 

magnitude. This result implies that κ(λ) of R. balthica must be small (see Fig. 11.5). Focusing on 

Synechococcus sp. and Nannochloropsis sp., a good agreement for ap(λ) was found between meas-

ured and calculated values. In contrast, b'p(λ) and cp(λ) obviously differ from the theoretical ones. 

This dissimilarity may be attributed due to the difference between the measured and the modeled 

cp(λ). 

Mie calculations could not reproduce the spectral dependency of bbp(λ) for any of the cultured 

phytoplankton species even when taking the anomalous dispersion of the refractive index into ac-

count. As discussed previously in Chapter 2, Mie scattering theory is based on the assumption of 

simple spherical homogeneous transparent particles. The complex composition, the internal structure 

and the inhomogeneity of phytoplankton cells affect the backscattering behavior (e.g. van de Hulst, 

1957; Mishchenko et al, 2000; Stramski et al, 2004). Especially, the variability of the particle shape 

leads to critical differences of VSF in particular for the backward direction. For example, Gibbs 

(1978) has examined that the VSF from 90˚ to 140˚ is sensitive to the shape of particles but not for 

the angle range 0˚ to 90˚ (see Fig. 11.9-a). Based on the T-Matrix method, Smith (2008) computed 

the phase function for different absorptive spheroid particles assuming that particles have a random 

motion and are distributed according to the log-normal particle size distribution (see Fig. 11.9-b). 

According to their results, the particle shape induces the increase in backscattering for angles >150˚. 

Figure 11.10 presents a comparison between a measured VSF and a VSF of a polydisperse particle 

suspension, which is based on Mie theory using a measured PSD and taking the anomalous disper-

sion of the refractive index into account. As shown in the figure, the measured and calculated VSF 

are quite similar, but a significant difference appears in backscattering (> 90˚) as well as around 30˚. 

This result shows that Mie computation might be unable to reproduce the backscattering properties 

in particular the increment of backscattering for angles > 170˚. As a conclusion, the variety of VSF 

in backward direction is surmised mainly due to the difference of particle shapes. Note that the peaks 

around 70˚ and 110˚ of the calculated VSF are explained by the PSD’ and m(λ) used for this compu-

tation: relatively large transparent particles produce the same rainbow phenomenon as Latex parti-

cles (see Chapter 8). 
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Fig. 11.7. Spectral dependence of IOPs (cp: blue, bp(b’p): red, ap: green). Theoretical 

values are indicated as dashed lines. The experimental IOPs are shown in solid lines 

for comparison. (A) P. minimum (B) R. balthica (C) Synechococcus sp. (D) Nanno-

chloropsis sp. 
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Fig. 11.8. bbp(λ) using Mie theory for all phytoplankton species except for T. weiss-

flogii. In addition, experimental bbp(λ) as well as theoretically determined mean 

Qb(λ) (x 10-2) are shown. red: measured, black: computed, dahed: mean Qb. 
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Fig. 11.9-a. β(θ) for (A) Spheres, (B) Irregular cubes, and (C) Plates (after 

Gibbs:1978) 
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Fig. 11.9-b. Phase function of different spherical ellipticity assuming a log-normal 

particle size distribution and absorptive particles (m=1.53+i0.0055) at λ=863 nm. 

Mean particle size is 0.2 μm (after A.Smith, 2008). 

 

 

 

 



 112

0 60 120 180

100

102

104

0 60 120 180

100

102

104

 [deg]

p(,500) p(,500)

 [deg]

Mie computation Measured

 

Fig. 11.10. Comparison of measured and calculated VSF. Left: βp(θ,λ) using Eq. 

(2.35). Right: measured βp(θ,λ); note that for angles > 172˚ the measured VSF was 

linearly extrapolated on logarithmic scale. 

 

 

Fig. 11.11 shows the variations of the gradient of bbp(λ) and n(λ) with respect to λ. In the case of 

only normal dispersion the gradient of n(λ) would be almost constant. By contrast the variations of 

the gradient of n(λ) is similar to that of bbp(λ): This result indicates that the anomalous dispersion of 

the refractive index is necessary to understand the spectral scattering properties of phytoplankton, in 

particular the spectral backscattering. 
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Fig. 11.11. The gradient of bbp(λ) (red, left hand Y-axis) and n(λ) (black, right hand 

Y-axis). Spectral bbp(λ) was linearly interpolated with 1nm steps. 
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11.3 Spectral variation of R(λ) for individually cultured phytoplankton 

In order to interpret the spectral distribution of R(λ) for different concentrations, we carried out 

computations of R(λ) based on measured IOPs, i.e. R=bb/a in simplified form. The result is shown in 

Fig. 11.12. 
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Fig. 11.12. R(λ) of four cultured phytoplankton species for different concentrations. 

Symbols with corresponding concentrations are explained in Chapter 9, wave-

lengths of the reflectance maxima are listed in the table of each panel. 
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As the particle concentration increases, the magnitude of R(λ) is generally elevated over the entire 

spectrum, but its rate of increase depends on the wavelength: The increase of R(λ) in the blue part of 

the spectrum is low especially around the strong Chl-a absorption band at 440 nm., e.g. P. minimum 

in the figure. Contrary, a steep increase of R(λ) appears around 550 to 600 nm and it is shifted to-

wards the red spectral range. As for the red part of the spectrum, the other strong absorption peak at 

670 nm induces a deep minimum of R(λ) (see R(λ) for the case of the highest concentration). As a 

result, these features produce the transition from blue water to the specific color of phytoplankton, 

which can be green or red-brown: For example, Synechococcus sp. and Nannochloropsis sp. at the 

highest concentration have a clear reflectance maximum around 545 nm, and produce a green color. 

P. minimum has a peak at 570nm, R. balthica at 590 nm. Both produce a red-brown water color. 

Therefore, on the basis of their color we classify R(λ) into 2 categories. Figure 11.13 shows R(λ) 

normalized at the peak wavelength. Besides, for reference, Fig. 11.14 presents the color of phyto-

plankton after filtration. As we can see in the figure, there are positive peaks around 485 

(blue-green), 530 (green) and 590 nm (orange) for R. balthica. Further, R. balthica reflects more in 

the red part of spectrum than P. minimum. These peaks are related to the color of R. balthica, which 

is dark red-brown. By contrast, P. minimum has an outstanding peak at 570 nm and a positive 

shoulder around 485 and 520 nm, but it is much broader than that of R. balthica. The pronounced 

peak at 570 nm together with less reflection around the blue and red parts of the spectrum might 

cause the color of P. minimum to be light red-brown relative to R. balthica. The main color of Syn-

echococcus sp. and Nannochloropsis sp., is due to the enhanced peak around 550 nm. With less re-

flectance in the blue and red spectrum, the color of Nannochloropsis sp. is greener than that of Syn-

echococcus. 
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Fig. 11.13. R(λ) normalized at each peak wavelength, for the highest concentration. 

Left: P. minimum and R. balthica, Right: Synechococcus sp. and Nannochloropsis 

sp. 

 

 

 

 

Fig. 11.14. Color of the filtrated cultured phytoplankton, upper-left: P. minimum, 

upper-right: R. balthica, lower-left: Synechococcus sp., lower-right: Nannochlo-

ropsis sp. Note that their concentrations differ from each other. 
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11.4 Influence of the anomalous dispersion of the refractive index on 
R(λ) 

In the simplified reflectance model R=bb/a, the spectral variations of bb(λ) and a(λ) determine the 

magnitude of R(λ) over the entire spectrum). In these models the spectral shape of bb(λ) is described 

by a power function, i.e. bb(λ) = bb(λ0)(λ0/ λ)^Ys (see also eq. 11.2) where Ys describes the spectral 

dependency. In this case the contribution of the anomalous dispersion to the spectral variation is ne-

glected. Thus, in this final chapter the influence of the anomalous dispersion, which in reality is part 

of bb(λ), shall be analyzed and assessed. For this purpose calculations were performed with modelled 

bb(λ) with 3 different exponents (Y= 0, 1, 2) and with the measured bb(λ) of each culture, which im-

plicitly includes the anomalous dispersion. The measured absorption spectrum a(λ) of each culture 

was fixed for all 4 cases of bb(λ). The molecular backscattering has been neglected in all cases be-

cause of the high particle concentration. 

Fig 11.15 shows the 4 different spectral bb(λ) for each culture (left column) and the corresponding 

computed reflectance spectra R(λ) on the right side. The results show for all cultures a strong varia-

bility of R(λ) in the blue part of the spectrum because of large deviation of bb(λ), which appears in 

this spectral region. Contrary the variations of R(λ) are small at wavelengths > 600 nm due to the 

small deviation of bb(λ) and the strong absorption by water. 

The measured bb(λ) leads to a reduction of R(λ) in the red part of the spectrum for all phytoplank-

ton species. R(λ) of P. minimum and R. balthica, which have a red-brown color, is more declined 

than the R(λ) of green algae. The decrease of R(λ) near 440 nm commonly creates the sharp incre-

ment of R(λ) around 480 nm. The maximum peak of R(λ) at the middle-wavelength is shifted slight-

ly to short wavelengths with increasing R(λ) except for R. balthica. In case of R. balthica, R(λ) near 

530 nm as well as around 480 nm rapidly increases with concentration. The results show that the 

anomalous dispersion of the refractive index have an important impact on ocean color by accentuat-

ing the minima in reflection spectra due to a reduction of bbp(λ), in particular near strong absorption 

peaks. 

The figure demonstrates the large error in R(λ), which is introduced when modelled backscattering 

spectra are used instead of measured bb(λ). It can be for the blue part of the spectrum even in the or-

der of 2. 
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Fig. 11.15. Influence of bb(λ) on R(λ) for different cultured phytoplankton. 

 



 119

Chapter 12 

Summary and Conclusion 
 

In this thesis a new approach and an instrument for measuring the spectral volume scattering func-

tion, VSF, are presented as well as measurements and calculations of the total, the backward and the 

forward scattering coefficients of water and their constituents. The newly designed instrument is 

based upon the combination of multiple reflectors with a high sensitive CCD camera, to determine 

the volume scattering function from the projected image. The characteristics of the instrument are: 

 

1. The new measurement principle allows the rapid - within a few seconds - and simultaneous de-

termination of a scattering function covering the angle range from 8° to 172°with an interval of 

1° without changing the sensitivity of the detector and without any moving optical parts. 

2. The optical design enables the user to determine the spectral property of scattering over the full 

visible spectrum, i.e. he can obtain the VSF at a specific wavelength with an optional wave-

length-resolution. 

3. The newly constructed light trap with the absorptive ND filter, the tilted glass window, and the 

triangular sample flask can efficiently prevent the re-irradiation of the scattering volume by re-

flections of the primary beam at physical boundaries (walls). Furthermore, even for backscat-

tering angles, the VSF is negligibly affected by any artificial reflections. Therefore no addition-

al corrections are necessary. 

4. The validation of the instrument shows that - under controlled conditions using scattering of 

standard liquids and particle suspensions - the results coincident well with theoretically pre-

dicted functions for both molecular and particulate scattering cases. 

5. The VSF meter facilitates the routinely measurement of scattering functions of marine particles 

including their spectral properties. 

The spectral scattering properties of different species of cultured phytoplankton are presented. The 

results reveal a strong variability of the VSFs in terms of shape and spectral behavior at forward and 

backward directions. Furthermore, it is demonstrated that the wavelength-dependency appears fre-

quently in backward scattering at angles> 120˚rather than at forward angles. Some specific cultures 

show the wavelength dependence at an angle of 60˚ in addition to backscattering (e.g. P. minimum in 

this study). With increasing particle concentration the wavelength dependence of scattering decreas-

es and the shape of the VSF in the backscattering range becomes broader, which is assumed to be 

due to multiple scattering. A common feature of all cultures is a significant minimum in the 

backscattering spectrum around 460 nm, with sometimes a similar reduction at 670 nm. It demon-
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strates that the spectral property of the backscattering coefficient strongly covaries with the absorp-

tion spectrum through anomalous dispersion of the complex refractive index. The spectral behavior 

of the backscattering coefficient observed in this study can be qualitatively explained by the anoma-

lous dispersion of the refractive index. This anomalous dispersion has a significant impact on ocean 

color by accentuating the minima in reflection spectra near strong absorption peaks. 

 

However, with advancing technology also improvements of the instrument are possible: 

 Better CCD camera regarding its spectral sensitivity and its full well-depth (maximum number 

of electrons accumulation in each pixel), 

 Stronger light source with high irradiation stability, 

 Measurement of the polarization components of a VSF, 

 Correction of the fluorescence caused by chlorophyll and other organic matter at longer wave-

length, 

 A way to determine the total scattering coefficient with sufficient accuracy without the extrapo-

lation at the extreme forward angles. For this purpose a combination with beam attenuation 

measurements must be used to get exact bp(λ) values. 

More VSF measurements of oceanic and coastal waters are necessary with different phytoplankton 

species and natural populations, including some special particle types as calcareous coccoliths. 

For phytoplankton cells it will be interesting to examine to what degree the growth conditions (e.g. 

light, temperature, salinity and nutrition) influence the VSF characteristics. Furthermore it must be 

investigated at which particle concentration multiple scattering leads to errors in determining the 

VSF. The following complementary properties with sufficient accuracy are required for these inves-

tigations: absorption, attenuation, particle shape and particle size distribution, pigments concentra-

tion, and the refractive index. 

It is expected that the presented instrument and procedures will improve radiative transfer compu-

tations using full radiance models and/or two-flow models, and by this will advance ocean color re-

mote sensing applications especially for coastal regions. 
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Appendix 

 

Notations 

Symbol Description 

A Absorbance 

a Absorption coefficient 

ad Absorption coefficient by detritus 

aj Mie coefficient 

ap Absorption coefficient by particles 

aphy Absorption coefficient by phytoplankton 

as Measured absorption coefficient by sample 

at Total absorption coefficient 

ay Absorption coefficient by yellow substance (CDOM) 

B scatterance 

b Scattering coefficient 

bRw Pure water Raman scattering coefficient 

bb Backward scattering coefficient 

bbp Backward scattering coefficient by particles 

bbw Backward scattering coefficient by water itself 

bf Forward scattering coefficient 

bj Mie coefficient 

bt Total scattering coefficient 

b’ Measured quasi-total scattering coefficient 

C Attenuance 

CCD Charge Coupled Device 

CDOM Colored Dissolved Organic Matter 
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Cj Characteristic constants for Cauchy equation 

c Total beam attenuation coefficient 

cM Beam attenuation coefficient by methanol 

cp Beam attenuation coefficient by particles 

cs Beam attenuation coefficient by sample 

D Diameter of particle 

Dm Diameter of triangle frask 

E Irradiance 

Ed Downward vector irradiance 

Ei Incident irradiance 

Eu Upward vector irradiance 

E’ Electric field vector 

E’
i Incident electric field vector 

FITS Flexible Image Transport System 

FWHM Full Width at Half of Maximum 

Fa Absorbed flux 

Fb Scattered flux 

Fc Attenuated flux 

Fi Incident flux 

f Proportional constant for irradiance reflectance 

G Wavelength band-width 

g Proportional constant for remote sensing reflectance 

H Unit surface of scattering volume 

I Intensity 

I1 Perpendicular components of intensity 

I2 Parallel components of intensity 
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IOCCG International Ocean color Coordinating Group 

IOPs Inherent Optical Properties 

Ii Incident intensity 

Is Scattered intensity 

K Frequency of electromagnetic wave 

L Radiance 

Lu Upward radiance 

L’ Attenuated radiance 

l Distance 

lc Geometrical path length for attenuation measurement 

M Mechanical constant 

m Complex refractive index 

N Total amount of particles 

ND Neutral Density 

n Real part of complex refractive index 

np Peak value of real part of complex refractive index 

O Origin of analysis circle, (Ox,Oy) 

__

,PS Output signal of sample normalized at calibration angle 

P Output signal of optical sensor on scattering measurement 

PM Output signal of methanol 

PMT Photo-Multiplier Tube 

PS Output signal of sample 

PSD Particle Size Distribution 

Pc Corresponding pigments concentration 

p Polarizability 

Qa Efficiency factor for absorptoin 
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Qb Efficiency factor for scattering 

___

,Qb Mean efficiency factor for scattering 

Qc Efficiency factor for attenuation 

___

,Qc Mean efficiency factor for attenuation 

R Irradiance reflectance 

Rrs Remote sensing reflectance 

r Radius of particle 

S Spectral sensitivity of CCD camera 

T Oscillation period of wave 

t Time 

Tr Spectral transmittance of system 

UHTC Ultra-High Transmission Coatings 

VSF Volume Scattering Function 

VS Output signal by sample on attenuation measurement 

VR Output signal by reference on attenuation measurement 

v Scattering volume 

X X coordinate of image 

Y Y coordinate of image 

Ys Exponent for total particle backscattering coefficient model 

Z Depth value at (X,Y) coordinate 

z Medium distance 

Zbin Z value with binning 

Zj Z value at j column in the text file 

Ztot Total amount of Z value 

 Size parameter 

 VSF 
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Rw Raman VSF by water 

p VSF by particles 

s VSF by sample 

sw VSF by seawater 

w VSF by water 

 Depolarization ratio 

 Azimuth scattering angle 

 Angle miss aliment 

 Angular velocity 

 Imaginary part of compex refractive index (absorption index) 

p Peak value of absorption index 

 Wavelength 

p Wavelength at peak value of absorption index 

 Scattering angle 

' Calibration scattering angle 

 Analysis angle 

 Integration time coefficient 

 Solid angle 

' Solid angle of optical sensor 

 Speed of light 
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