CHAPTER 2  LIGHT AND RADIOMETRIC PROPERTIES – THEORY, MEASUREMENTS, AND INVERSIONS –30PP  EB  (JAN 2007)

2.1 Introduction

This chapter is concerned with how we quantify light, and its directionality. Light is a particular part of the electromagnetic spectrum that is perceived by the human eye. Electromagnetic waves carry energy which interacts with matter.  These interactions affect the materials as well as the propagation and character of the propagating electromagnetic wave. The electromagnetic radiation reaching the oceans emanates continuously from the sun and interacts with materials in the ocean where most of this electromagnetic energy is converted to other forms of energy. This radiation is comprised of energetic elementary wave trains called photons. The energy of a single photon is a function of its frequency,  sec-1 or hertz, Hz), and is given by:



=(h (J), 







(2-1) 

where h is Plank’s constant, h=6.63 X 10-34Js. In terms of numbers of photon this energy is referred to as a quanta. The energy of a photon, and therefore its frequency, is conserved when it crosses across different media (e.g. air-sea, water-particle). The speed of light, c (m sec-1), is a function of the medium in which the light propagates. In vacuum its value is c0 = 2.997 X 108m s-1. In water the speed of light is slower, and varies slightly with wavelengths.  The wavelength of light, its frequency and the speed of light are related:

c








(2-2)
where  is the wavelength. Since the energy of a photon is conserved while its speed changes when crossing between media, it follows that its wavelength also changes. By convention, it is the wavelength in vacuum that is reported. Depending on the application, scientists use either frequency or wavelength to describe the ‘color’ of light; in spectroscopy the frequency description is the norm as absorption depends on the resonance frequency of chemical bonds. Scattering, on the other hand, depend strongly on the ratio of the light wavelength to the particles size and thus wavelength description is more prevalent in optics.
The refractive index of a material, n, is the factor by which electromagnetic radiation speed is changed after crossing to the another media:


nmedium 2 relative to medium 1=cmedium 1 /cmedium 2,



(2-3)

It follows that when vacuum is used as a reference, the index of refraction relative to vacuum is: 



nmaterial relative to vacuum= c0/cin medium.




(2-4)

While in much of the physics literature the index of refraction is given with respect to vacuum in ocean optics the reference material is most often the water itself. The index of refraction of pure and seawater relative to vacuum has been tabulated by Austin and Halikas (1976) as function of temperature, salinity, and pressure and revisited by Quan and Fry (1995). It is approximately 1.34.
2.2 Radiometric quantities.

Several radiometric quantities (terminologies and units given in Table 2-x) are defined next.  Radiant energy, Q [J], is defined is the amount electromagnetic energy in a certain wavelength band, 12, emanating in a given direction and for a given amount of time. 
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Where p represents the number of photons at a given frequency or wavelength per unit of frequency or wavelength respectively.

Radiant flux, , is defined as:
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(2-5)

The amount of radiant energy in a certain wavelength band, emanating in a given direction per unit of time. 
The radiant intensity in a certain wavelength band propagating in a solid angle () around a given direction (
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, a unit vector in the direction of light propagation, Fig. 2-1) is given by:
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(2-6)
Assuming no interaction with matter, light emanating from a point source spreads while maintaining its intensity. Light can also be collimated, e.g. spread with little spreading (also called plane-parallel, e.g. laser and sun light). 
The light intensity at a point in a certain wavelength band impinging on a surface 
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 per unit area is the radiance is the same as that on the projection of the area in the direction perpendicular to the direction of light propagation (
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). Denoting the unit vector normal to 
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(2-7)

Similar to the analysis above, the sun radiance impinging on the surface of the ocean varies as function of the solar zenith angle. It is maximal when the sun is straight over head (the ocean surface being perpendicular to the rays) and decreases as the cosine of the zenith angle as the sun angle changes (neglecting atmospheric effects). This effect can be easily illustrated using a laser pointer and a globe where this ‘cosine effect’ results in the spread of the footprint (
[image: image11.wmf]n

dA

) over which the same intensity is spread with increasing zenith angle.
Irradiance (W m-2) is the integrated radiance over a given solid angle. Two different irradiances are defined related to two different illumination geometries. 1. When we are interested in the irradiance reaching a flat surface (e.g. the ocean surface), the cosine effect needs to be taken into account. Denoting by 
[image: image12.wmf]surf
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the unit vector perpendicular to the flat surface, by  the zenith angle relative to it and by  the azimuthal angle (Fig. 2-2), 
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2. When we are interested in the irradiance reaching a point in space (e.g. a phytoplankton), no cosine-effect exist and:
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(2-9)

So far we have not anchored our coordinate system in space. In oceanography we are used to relate properties to the vertical dimension (z).

For certain biological applications (such as photosynthesis) the number of photon within a waveband is the quantity of interest. In that case the irradiance unit used is the Einstein (1 Einstein= 1 Mol (6.023 X 1023)  of photons m-2 s-1). 

An illustrative thought experiment linking irradiance and radiance and which illustrates the important concept of reciprocity in optics is as follows (Jerlov, 1968, following Gershun, 1939, Fig. 2-3). Consider two surface elements, dA1 and dA2 located at points O and P at a distance r from each other. A radiative flux  is emitted from dA1. The solid angle emanating from O and encompassing dA2 is:
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The irradiance at P is therefore
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(2-11)
This equation illustrates the inverse-square law of attenuation of light as it spreads from a point source. It also includes the cosine-effect discussed above.

The radiance leaving O is:
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The symmetry in this expression for source and detector is a realization of the law of reciprocity. For every ray path form O to P there is an equivalent ray path from P to O. For modeling purposes and instrumental design this law means that we can switch detector and source and be able to model/measure the same effect.
In geophysical applications the (local) coordinate system is oriented such that the normal to the (sea-) surface is the z-axis direction, and the angle on a plane perpendicular to it is the azimuthal angle and the angle between the z-axis and a point is the zenith angle (Fig. 2-4). 
While radiometric quantities could very in all spatial directions, given that the most noticeable gradients are in the vertical, and that most radiometric instrumentation profile that direction, we will keep in the notation only the vertical coordinate. 
The downwelling irradiance within a given wavelength interval,  centered around a reference wavelength , vertical position, z, is defined as the radiance impinging on a flat surface from the whole upper hemisphere (Fig. 2-5): 
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Similarly, the upwelling irradiance can be computed by integrating over the lower hemisphere
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The net downward irradiance, or vector irradiance: 
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(2-15)
The Scalar irradiance is the integrated radiance impinging on a point:
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Similarly the downward and upward scalar irradiances are defined:
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Photosynthetically available (or active) radiation (PAR), is the irradiance that could potentially fuel photosynthesis, the light mediated chemical transformation of inorganic material into energy rich organic molecules:
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Cautionary note: In many branches of physics radiometric quantities are normalized wrt the wavelength range, . They therefore appear with units of W m-2 nm-1. The convention in ocean optics, however, is to omit the nm notation. Thus we end with the paradoxical situation that wavelength integrated irradiance (e.g. PAR) and spectral irradiance have the same units. Here we solve this paradox by explicitly defining the range as  =1nm when a radiometric quantity is discussed (see, 2-18).
2.3 Incident solar radiation

Electromagnetic radiation originating at the Sun and arriving to the top of the Earth’s atmosphere on a collector facing the sun is nearly constant (variation are less than 3.5% over time scale of sunspot cycles and seasons). The solar constant, 1367 W m2 integrated over all wavelengths (see Fig-x for its distribution). The solar spectra display several sharp dips associated with absorption bands by different substances in the Sun’s atmosphere (Franhofer bands). The PAR constant, the amount of PAR radiation reaching the top of the atmosphere 
2.4 Polarization and reflection from a flat surface

Electromagnetic waves are transverse waves (as opposed to longitudinal waves such as sound waves).  That is, the directions of  the electromagnetic waves’ vibrating electric and magnetic vectors are at right angles to their direction of propagation.  

Light waves can vibrate in any directions in the plane perpendicular to the direction of propagation. The vibration direction can be decomposed into the parts vibrating in two perpendicular axes of this plane called the polarization axes. Light where the electric field is vibrating along a single axis is said to be ‘linearly’ polarized. The axis of polarization can also change as function of time in the direction of propagation. The rotation along the propagation axis defines a ‘circular’ polarization. Unscattered light emanating from the sun is unploarized, i.e. every polarization has the same probability. 

Consider the beam of light incident on the interface between two substances, for example water with refractive index n=1.34 and air with refractive index n=1 (Fig 2-6). One part of light will reflect from interface and other part will pass through it being refracted. The total energy in the reflected and refracted rays is equal to the energy of the incident light, but the proportion of the intensities in these two rays will depend upon the refractive index difference, the angle of incidence, the light polarization and direction in which the light is passing the interface (from water to air or from air to water). The polarization is defined as parallel to the interface when the vector of electric field lies in the plane constructed by the direction of the incident ray and the normal to the interface. In other case the polarization is called perpendicular. According to Snell’s law the angles I of the incident wave, refl of the reflected wave and refr of the refracted wave in Fig 2-6 are related:
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Where n1,2 are the index of refraction of the medium where the light has emanated and that to which it propagates respectively. We decompose the radiance approaching the interface
The intensity reflection coefficients R|| and R┴ and transmission coefficients T|| and T┴ (for the parallel and perpendicular polarization respectively) are described by the equations:
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(2-X1)

For the ray incident normally to the interface there is no difference between the parallel and perpendicular components. In this case we can write:

[image: image26.png]



(2-X2)

For the light incident from water to air there is an angle where total internal reflection (TIR) is observed (Fig YY-the different R’s from water to air as function of angle). This means that any ray propagating in water at angles bigger than a critical angle (48.2° for air-water interface) will be totally reflected and will not pass into the air. 

    



TIR = arcsin(n2/n1), n1 > n2

A diver or camera looking upwards towards the interface will see a circle within which the image of everything above the interface is contained. Beyond that circle the observer sees the reflection of light coming from below. This circle is called Snell’s circle.

For the light propagating from the air into the water there is an angle at which the light with parallel polarization will not reflect (Fig ZZ-the different R’s from air to water as function of angle), while the intensity of the perpendicularly polarized light is not zero. This angle is called Brewster's angle (53.3° for the air-water interface). 

BR = arctg(n2/n1), n1 < n2 

Because the reflected light is polarized, using polarizers on remote sensors is a method to reject the reflected light in order to obtain the light that emanate from within the ocean.

2.3 Crossing the interface.

Immersion coefficients.

For remote sensing of ocean color, a useful quantity is the water-leaving radiance, computed (after Austin, 1974) as:
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where () is the Fresnel reflectance (see 2-X above) and nw() is the refractive index of seawater. Austin (1974, 1980) notes the (1-())nw-2() expression can be replaced by the constant 0.544, since the wavelength (and wind speed) dependence of the variables is very weak.  
LWN
A broad range of wavelengths of the electromagnetic energy spectrum is of direct importance for oceanography (see Figure 2-2), for example: the visible waveband for heating of the upper ocean and life on our planet (i.e., through photosynthetic processes); the infrared band (i.e., wavelengths longer than red; sometimes called longwave radiation) for ocean and atmospheric heat budgets; and the ultraviolet band (shorter wavelengths than visible blue) because of photochemical reactions and radiation damage to marine organisms.   Also, remote sensing of the ocean from satellites and aircraft capitalizes on wavelengths generally ranging from the visible to the microwave wavebands (e.g., Stewart, 1985; Martin, 2004; Robinson, 2004), and data communication utilizes microwave to radio wavelengths.

Radiometry

The science of measuring electromagnetic energy. 

Detectors:

Thermal-instrument response is proportional to energy (absorbed and converted to heat) 

Quatum-response is proportional to number of photons. 

Calibration of radiometric instrument is non trivial (~2% accuracy, precision ~0.1%). 

Geometry- solid vs. planar angle. Coordinate system and relation between a solid angle, the zenith angle and the azimuthal angle.

Irradiance and radiance. Theory and measurement.

Downward, upward, vector and scalar irradiance.

Extraterestrial solar radiation. The solar constant.

The atmosphere effect on light reaching the Earth’s surface.

Changes in skylight and direct light impinging on the Earth in different seasons.

Transmission through the atmosphere depends on:

  Solar zenith angle (latitude, season, time of day)

  Cloud cover

  Atmospheric pressure (air mass)

  Water vapor

  Atmospheric turbidity 

  Column ozone (important for UV-B)

 Ground albedo (how much light is reflected from the ground) also affects the incident irradiance.

Midsummer Solar irradiance at 45°N (midday)

  about 400 W m-2  (PAR, energy units)

  1900 µmol m-2 s-1  (PAR, quanta)

Midwinter Solar Irradiance at 45°N

  about 130 W m-2;  600 µmol m-2 s-1

The spectrum of light (UVA, UVB UVC, visible, NIR, IR).

PAR and PUR.

Measurement issues: Cosine responsivity.

2.2  The Nature of Light 

The wave nature of light is used to describe the electromagnetic energy spectrum.   The definitions of amplitude, wavelength, period, frequency, and phase for simple sinusoidal waves (i.e., simple harmonic motion) are illustrated in Figure 2-1 (also see Halliday et al., 2001).  Light energy comprises a relatively small, but very important fractional range of energy of the electromagnetic spectrum as indicated in Figure 2-2.    Light is sensed by the human eye, as well as by many marine organisms that use a variety of sensory schemes.  Not surprisingly, light comprises the most studied and best understood portion of the electromagnetic spectrum.  Importantly, the availability of light and its effective use by marine organisms is central to life on earth and absorption of light energy in the upper ocean is key to heating of the oceans and climate variability.   

Light can be described as particles as well as waves.  In fact, it is possible, and often convenient, to use either light wave or light particle descriptions as indicated below.  A light particle is called a photon or quantum of light energy.  The energy of a single photon is a function of its frequency, sec-1 or hertz, Hz), and is given by:





E=(h 





(2-1) 

Where h is Plank’s constant, h=6.626176x10-34J·s. The energy of a photon, and therefore its frequency, is conserved when it crosses across different media (e.g. air-sea, water-particle).

Before characterizing the nature of light, we consider the speed of light waves, c (m sec-1), which is of fundamental importance to both classical and quantum mechanical studies of light.  The speed of light is a function of the medium in which the light propagates and in vacuum (also called in vacuo) is given by:
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where 0 and 0 are the permittivity and permeability in vacuum (see REF for their definition). 



The measurement of the speed of light has involved several creative approaches (see Table II.1 in Fowles, 1975; Halliday et al., 2001) and its presently accepted value in vacuo is very nearly and almost always taken to be constant and given by

 c = 2.997 X 108          (m sec-1)



(2-2)

In water the speed of light is slower, and varies slightly with wavelengths (see below). 

The refractive index of a material, n, is the factor by which electromagnetic radiation is slowed down (relative to the medium in which it is embedded or from which the beam originated) after crossing to the other media.




nmedium 2 relative to medium 1=v medium 1 /v medium 2

(2-3)

 It follows that when vacuum is used as a reference, the index of refraction relative to vacuum is: 




nmaterial relative to vaccum=c/v in medium


(2-4)

while in much of the physics literature the index of refraction is given with respect to vacuum in Ocean Optics the reference material is most often the water itself.

A broad range of wavelengths of the electromagnetic energy spectrum is of direct importance for oceanography (see Figure 2-2), for example: the visible waveband for heating of the upper ocean and life on our planet (i.e., through photosynthetic processes); the infrared band (i.e., wavelengths longer than red; sometimes called longwave radiation) for ocean and atmospheric heat budgets; and the ultraviolet band (shorter wavelengths than visible blue) because of photochemical reactions and radiation damage to marine organisms.   Also, remote sensing of the ocean from satellites and aircraft capitalizes on wavelengths generally ranging from the visible to the microwave wavebands (e.g., Stewart, 1985; Martin, 2004; Robinson, 2004), and data communication utilizes microwave to radio wavelengths.

Polarization and reflection from a flat surface

Electromagnetic waves are classified as transverse waves (as opposed to longitudinal waves such as sound waves).  That is, directions of  electromagnetic waves’ vibrating electric and magnetic vectors (amplitudes of the electromagnetic signal) are at right angles to their direction of propagation as illustrated in Figure 2-5 (i.e., Halliday et al., 2001), rather than in the same direction as propagation (the case for longitudinal waves).  

Light waves can vibrate in any directions in the plane perpendicular to the direction of propagation. The vibration direction can be decomposed to the parts vibrating in two perpendicular axes of this plane called the polarization axes. Light vibrating along a single axis is said to be ‘linearly’ polarized. The axis of polarization can also change as function of time in the direction of propagation. The rotation along the propagation axis defines a ‘circular’ polarization. Unscattered light propagated from the sun to the ocean is unploarized, i.e. every polarization has the same probability. 

Consider the beam of light incident on the interface between two substances, for example water with refractive index n=1.34 and air with refractive index n=1 (Fig XX). One part of light will reflect from interface and other part will pass through it being refracted. The total energy in the reflected and refracted rays is equal to the energy of the incident light, but the proportion of the intensities in these two rays will depend upon the refractive index difference, the angle of incidence, the light polarization and direction in which the light is passing the interface (from water to air or from air to water). The polarization is defined as parallel to the interface when the vector of electric field E lies in the plane constructed by the direction of the incident ray and the normal to the interface. In other case the polarization is called perpendicular. According to Snell’s law the angles 1of the incident wave, 2 of the reflected wave and 3 of the refracted wave in Fig XX are given by:

1 = 2, 
n1sin 1 = n2sin 3



(2-X)

The intensity reflection coefficients R|| and R┴ and transmission coefficients T|| and T┴ (for the parallel and perpendicular polarization respectively) are described by the equations:
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(2-X1)

For the ray incident normally to the interface there is no difference between the parallel and perpendicular components. In this case we can write:

[image: image30.png]



(2-X2)

For the light incident from water to air there is an angle where total internal reflection (TIR) is observed (Fig YY-the different R’s from water to air as function of angle). This means that any ray propagating in water at angles bigger than a critical angle (48.2° for air-water interface) will be totally reflected and will not pass into the air. 

    



TIR = arcsin(n2/n1), n1 > n2

A diver or camera looking upwards towards the interface will see a circle within which the image of everything above the interface is contained. Beyond that circle the observer sees the reflection of light coming from below. This circle is called Snell’s circle.

For the light propagating from the air into the water there is an angle at which the light with parallel polarization will not reflect (Fig ZZ-the different R’s from air to water as function of angle), while the intensity of the perpendicularly polarized light is not zero. This angle is called Brewster's angle (53.3° for the air-water interface). 

BR = arctg(n2/n1), n1 < n2 

Because the reflected light is polarized, using polarizers on remote sensors is a method to reject the reflected light in order to obtain the light that emanate from within the ocean.

2.3  Sources of Light in the Ocean

2.3.1  The Sun

The Sun is by far the most important source of light for the ocean as well as the Earth (see Figure 2-7).   It is sunlight and the color of the sunlight that impinges on the sea surface that will be of primary interest in this book.  However, small amounts of sunlight also reach the ocean after reflection from the Moon and some marine organisms produce light via the process of bioluminescence.  Bioluminescence refers to the emission of visible light by organisms through the conversion of chemical energy into light and will be discussed in Chapter 6.  Other sources of light are discussed in the next subsection.  We begin by outlining the physics of light emission from the Sun.

Proton-proton and higher order nuclear fusion reactions deep in the Sun's core have been responsible for producing solar radiant energy for several billion years (e.g., Halliday et al., 2001).  The Sun’s radiant energy flux output is estimated to have increased by about 30% since the accretion of the Earth and has been accompanied by small changes in the spectral quality of emitted light.  The overall energy budget of the Earth is a balance between the input of solar radiation at the top of the atmosphere and its re-radiation back into space.  The total solar energy flux incident at the top of the atmosphere of the Earth per unit area perpendicular to the direction of the flux is called the "solar constant”, denoted as S0.  S0 is not truly constant, a fact that has climatic implications, but its rate of change is negligible for the time scales of interest for most topics discussed here (long-term climate change being a notable exception).  The solar energy flux is approximately S0 = 1368 W m-2 or joule sec-1 m-2 with about 25%, or a value of S0/4, being intercepted by the Earth.  The fraction of solar radiation impinging on the Earth that is reflected back into space is called the albedo of the Earth, , which is approximately 0.31 on average.  Note that  has significant variability in space and time and is lower by about an order of magnitude for the world’s ocean.  Blackbody radiation or radiant energy flux, R in W m-2, emitted by the Earth is given by the Stefan-Boltzmann equation (e.g., Halliday et al., 2001)

R =  T4

(W m-2)
(2-5)


where T is temperature in degrees Kelvin or oK (where oK = oC + 273) and  is the Stefan-Boltzmann constant with a value of  

= 2 2 kB 4/(15c2h3) = 5.67 X 10-8 W m-2 °K-4 
(2-6)

where  is 3.14 and kB is Boltzmann’s constant with a value of 1.38 X 10-23 joule/oK.  The values of Planck’s constant, h, and the speed of light, c, were given earlier.    When Earth is in thermal equilibrium with space, the following balance can be shown to hold (e.g., Wells, 1997)

(S0/4 ) (1 - )  =   T4

(W m-2)
(2-7)

Based upon this relation, the average surface temperature of Earth should be approximately 255°K; however, the actual temperature is about 286 °K.  The difference is attributed to the absorption and re-radiation of long wavelength radiation by gases in the atmosphere: the so-called "greenhouse" effect (e.g., Philander, 1998).

The Sun’s radiation spectrum is dictated to first order by its core temperature and mass.  The spectral distribution of solar energy roughly follows what is known as a blackbody curve (Fig. 2-8). About 40% of the Sun’s radiant flux lies in the visible.  The theory of blackbody radiation was developed over several decades (late 1800’s to early 1900’s), and culminated in Planck’s radiation law (e.g., Hecht, 2002).   Planck’s law predicts the wavelength dependence of blackbody radiation R (in joules m-3 sec-1 or W m-3) to be




R = 2hc2/5 [exp[(hc)/(kBT)] – 1]-1     (W m-3)
(2-8) 

where values of , h, c, and kB were given earlier,  is the wavelength of the emitted radiation (in units of meters for this particular formula), and T is the temperature of the blackbody radiant energy source in oK.  Planck’s law is especially noteworthy as it not only fits experimental blackbody data so well (note the best fit to experimental data required the value of h = 6.63 X 10-34 joule-sec), but also because it represents a major transition from classical physics to quantum mechanics.  Interestingly, Planck stated “That energy is forced, at the outset, to remain together in certain quanta was purely a formal assumption and I really did not give it much thought.”  Einstein later took this “assumption” more seriously, leading to many of his later theories including the photoelectric effect. 

Another important aspect of blackbody radiation is that for a given material, the wavelength of the peak of the Planck spectrum shifts to lower wavelengths for increasing temperature according to Wien’s Displacement Law or





max = const/T

(m)


(2-9)

where max is in units of m, T is in oK, and the experimentally determined constant (const) is 2.898 X 10–3 m oK .  For illustration, note that the surface of the Sun has a temperature of about 5900 oK and the mean temperature of the earth’s surface is about 286 oK. Substituting these values for temperature in equation 2-9 results in peaks for these two bodies to be at max = 507 nm and max = 10.5 m, respectively.  The radiation emitted from the Sun is thus commonly called “shortwave” radiation while the radiation emitted from the Earth’s surface is called “longwave”radiation.  We will return to these radiational effects when we discuss the heat budget of the ocean in Chapter 6  

2.3.2  Non-solar Light Sources

The moon is an indirect source of light as sunlight reflects from the moon, which has an albedo of about 0.11 (opposed to a value of  0.31 for Earth).  At full moon, the light energy flux from the moon is about 1 million times less than that of sunlight and thus relatively insignificant to heat budgets. Although moonlight is a relatively weak contributor to the light budget, it plays an important role for particular marine organisms (Lalli and Parsons, 1997).  For example, some organisms use moonlight as a cue for vertical migration based on the lunar cycle (28.5 days) and eclipses can affect migration.  

Reynolds and Lutz (2001) consider ocean depths greater than about 1000 m to be the “dark” zone (limit of the mesopelagic zone shown in Figure 2-9) where only a small number of animals are still capable of detecting the very low levels of solar illumination reaching these depths.  Interestingly, it was long assumed that the ocean was lifeless at such depths.  However, it is now known that a variety of organisms live at these depths with some being bioluminescent and others actually possessing eyes capable of sensing light.  In fact, the pilots of the bathyscaphe Trieste, Jacques Piccard and Don Walsh, observed a flounder  and a shrimp on the ocean floor at the very deepest depth of the ocean (Mariana Trench, 10,912 m where pressure reached about 1.1 X 108 Nt/m2 or about 1089 atmospheres!) on January 23, 1960.  Interestingly, they also heard a loud sound during the dive.  The sound was produced by cracking plexiglass; fortunately, both pilots were unharmed.  They remain the only two humans to have explored the deepest depths of the ocean (an account of this adventure is given in Ocean News and Technology, December 2002).  This important expedition confirmed that life does in fact exist even in one of the most adverse environments on earth and furthermore that organisms with light sensors live there.   

The following summaries of non-solar, deep ocean light sources draw upon a recent review paper by Reynolds and Lutz (2001).  Deep light sources include: 1) extraterrestrial (cosmic) radiation, 2) seismic activity, 3) crystalloluminescence, and 4) triboluminescence.  The first of these light sources, extraterrestrial radiation, is produced in the deep ocean because of the passage of ionizing cosmic rays and ions resulting from the decay of naturally occurring radioactive elements, especially an isotope of potassium, 40K.   Seawater is not considered to be a good emitter of light by ionizing particles (i.e., seawater is a poor scintillator); however, the Cerenkov effect can occur.  The Cerenkov effect involves a process by which charged particles emit light when they move through the medium (seawater here) at a speed greater than the speed of light in the medium (though not greater than in vacuo).  In the ocean, it is likely that Cerenkov radiation is produced with the decay of an electron from 40K.  Presently, there appears to be no obvious oceanographic implication of the small flux of photons (about 90000 quanta m-2 sec-1) produced in this way.  However, photons produced by Cerenkov radiation and bioluminescence are of major concern for experimenters studying elementary particles using deep-sea detectors (i.e., Deep Underwater Muon and Neutrino Detection Experiment, DUMAND; see Learned, 1981; Ohashi, 1986).  

Reynolds and Lutz (2001) speculate that seismic or volcanic activity may cause light displays, called earthquake light, in the ocean.   Although this phenomenon has yet to be observed in the ocean, they refer to several accounts of atmospheric light phenomena that may have been related to seismic activity.  They note that observers have described what may be earthquake light as “flashes of light like lightning, luminous spots, and narrow bands of light; globes, columns, and beams of fire; flames, numerous sparks, and luminous vapors; and diffuse light in the air and luminous clouds.”  They qualify the ocean relevance of seismic light noting that some of these atmospheric displays may have no oceanic analogs.  Explanations for production of the seismic light include electric and magnetic fields generated through seismic and volcanic activity.  

The discovery of hydrothermal vents has led to many new discoveries concerning life that is based on chemosynthesis opposed to photosynthesis [discussed below] and ocean ecology under seemingly inhospitable conditions (high temperature, unusual ocean chemistry, and no sunlight).  Light, which is not produced by thermal sources (i.e., blackbody radiation), has been detected in the vicinity of hydrothermal vents (e.g., Van Dover et al., 1996; Reynolds and Lutz, 2001).   Special optical instrumentation has been critical to these studies (e.g., White et al., 2000).  Possible hydrothermal light sources include crystalloluminescence with light scattering from the vent plume by small particle precipitates and triboluminescence resulting from collisions among particles.  Crystalloluminescence involves the emission of light when crystals form (e.g., Reynolds, 1987).  Many relevant minerals have been recovered from hydrothermal vent plumes suggesting this as a possible light producing mechanism.  Solid triboluminescence is luminescence that is produced by the distortion or fracture of crystals via mechanical actions like scraping, crushing, and compression or alternatively via thermal shock or particle collisions.   Since some solid constituents of plumes are triboluminscent, this appears to be a feasible mechanism.  Finally, liquid tribolumiscence may explain some of the light emission.  The scenario is that very hot water is discharged at high speed into much cooler seawater under high pressure causing high shear interfaces and charge separations or excited states - a variant of frictional electricity.  The importance and roles of this form of light for the life and ecology observed in hydrothermal vents remain to be determined (Lutz and Kennish, 1993).   Finally, bioluminescence is an especially fascinating light source topic that will be discussed in Chapter 6.
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