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LIST OF DEFINITIONS, SYMBOLS, AND ACRONYMS 

Radiance (L) (W m-2 sr-1 nm-1) 

Power of light per unit area per solid angle per wavelength interval, including 

upwelling (Lu) and downwelling (Ld) radiance, etc. L is function of depth z, light 

wavelength λ, zenith angle θ, and azimuth angle φ. 

Irradiance (E) (W m-2 nm-1) 

Power of light per unit area per wavelength, including upward scalar (Eou), downward 

scalar (Eod), upward plane (Eu), and downward plane (Ed) irradiance, etc. Scalar 

irradiances are measured using a sphere collector and plane irradiances are measured 

using a plane collector. E is function of z and λ. 

Water-leaving Radiance (Lw) (W m-2 sr-1 nm-1) 

The upwelling radiance that goes through the water-air interface and enters the 

atmosphere. It is a function of λ only. 

Inherent Optical Property (IOP) 

Optical property that is determined by the medium itself, including absorption (a), 

scattering (b), and beam attenuation (c) coefficients (m-1) as well as volume scattering 

function (β) (m-1 sr-1). a, b, and c (= a + b) are function of z and λ. β describes how 

scattered/emitted photons spatially distributed after interaction with the medium and 

is a function of scattering angle ψ as well as z and λ. 

Apparent Optical Property (AOP) 

Optical property that depends on IOPs and ambient light conditions and is derived 

from radiometric quantities L and E, including Rrs, R, K, and µ  (see below) 

Remote sensing reflectance (Rrs) (sr-1) 

Ratio of Lw and Ed above the water surface, i.e. Lw/Ed, which is a function of λ. 
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Irradiance reflectance (R) (dimensionless) 

Ratio of two irradiances at two opposite directions, for example, Eu/Ed, depending on 

both z and λ. 

Diffuse attenuation coefficient (Kcoef) (m-1) 

Rate that describes how fast radiometric quantities (L and E) are attenuated with 

depth. Typical Kcoef include KLu for Lu, Kd for Ed, Ku for Eu, and Ko for Eo. They all are 

function of z and λ. 

Average cosine (µ ) (dimensionless) 

A value that describes the overall directionality of the light field. Average cosine can 

be determined for whole (µ ), upward ( uµ ), and downward ( dµ ) light field. They are 

function of z and λ. 

Elastic radiative process 

Radiative process within which the radiation does not change light wavelength 

Inelastic radiative process 

Radiative process within which the radiation changes light wavelength 
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ABSTRACT OF THE DISSERTATION 

 

Characterization of distinctive features of oceanic light fields associated with inelastic 
radiative processes in the near-surface, euphotic, and mesopelagic layers 

 

by 

 

Linhai Li 

 

Doctor of Philosophy in Oceanography 

 

University of California, San Diego, 2016 

 

Professor Dariusz Stramski, Chair 

 

A thorough understanding of the oceanic light fields is required to support studies 

of various biological, chemical, and physical processes and phenomena in the ocean. The 

interaction of light with seawater and its constituents involves absorption (change of 

radiant energy into another form of energy), elastic scattering (change in light 

propagation direction but not wavelength), and inelastic radiative processes (change in  



 

xix 

light wavelength and propagation direction). The absorption and elastic scattering have 

been the primary research focus for decades. The inelastic processes have been less 

investigated and often ignored in oceanographic studies or applications. The inelastic 

processes, including Raman scattering and fluorescence, have been demonstrated to 

significantly affect the oceanic light fields. However, a systematic examination of these 

influences within different ocean layers is lacking. I studied the effects of inelastic 

processes on oceanic light fields in the near-surface (0-10 m), euphotic (0-200 m), and 

mesopelagic (200-1000 m) layers. 

I modeled the upwelling radiance within the top 10 m of the ocean surface layer. 

The inelastic processes dramatically affect the upwelling radiance and its attenuation 

coefficient in the red and near-infrared spectral regions, indicating that common 

approaches for estimating water-leaving radiance from extrapolating measurements of 

upwelling radiance are inadequate. A new strategy is proposed for more accurate in-situ 

determinations of water-leaving radiance, which is critical for ocean color applications. 

Using both a unique field dataset and radiative transfer modeling I examined the effects 

of inelastic processes in the euphotic layer. I demonstrate distinctive features caused by 

inelastic processes in the irradiance and radiance fields as well as apparent optical 

properties for realistic scenarios of optically non-uniform water column. I also 

demonstrate the role of inelastic processes in photosynthetically available radiation and 

heating within the upper ocean. Finally, I modeled the mesopelagic light field to 

comprehensively characterize its magnitude, spectral composition, and angular 

distribution, which is important for understanding the habitat of deep-sea animals. In 

contrast to common assumptions, my results show much higher magnitude of green and 

red light at mesopelagic depths primarily owing to Raman scattering. The results also 

show a nearly-asymptotic regime of light field below ~400 m. 

 



 
 

1 

Introduction 

 

Solar light plays a significant role in various biological, chemical, and physical 

processes and phenomena within the ocean such as photosynthesis in phytoplankton 

(Platt et al., 1988; Gattuso et al., 2006), camouflage and vision of pelagic and benthic 

animals (Clarke and Denton, 1962; Warrant and Locket, 2004), photo-oxidation of 

dissolved organic matter (Kieber et al., 1990; Helms et al., 2013), and heating of the 

upper ocean (Lewis et al., 1990; Lee et al., 2005). A thorough understanding of the 

oceanic light field throughout the water column is essential to accurately interpret these 

processes and phenomena. 

The oceanic light field can be characterized in terms of magnitude, spectral 

composition, and directional distriburtion using the basic radiometric quantity of radiance 

L, from which various irradiances E and the apparent optical properties (AOPs) can be 

derived. The instantaneous underwater light field is governed by the radiative transfer 

equation (Mobley, 1994): 

 
),,()'(')',',()',',(                              

)'(),',(),',(),,(),(),,(cos

'
λξ+ξΩλλλξξλξ+

ξΩλξξλξ+λξλ−=
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∫

Ω λ

Ω

→→

→






zSddzβzL

dzβzLzLzc
dz
zdL

I

E

 (1) 

where θ is the angle between the propagation direction of radiance, ξ


, and nadir, z stands 

for depth (positive downward), λ is the light wavelength in vacuum, Ω is the solid angle, 

c is the beam attenuation coefficient of seawater, βE and βI are the volume scattering 

functions for elastic and inelastic radiative processes respectively, and finally S represents 

the internal sources such as bioluminescence. Among these quantities, c, βE, and βI are 
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inherent optical properties (IOPs), which describe the optical properties of the medium 

itself. The beam attenuation coefficient c is the sum of absorption and scattering 

coefficients of seawater. βE and βI respectively describe how elastically and inelastically 

scattered photons are distributed spatially after interaction with a substance in the ocean. 

Thus the underwater light field at an instant of time in the ocean solely depends on the 

IOPs of seawater and ocean boundary conditions including incident light on the water 

surface, the sate of wate surface, and the properties of the bottom if it is not too deep. 

Note that the dependence on z, ξ


, and λ will hereafter be omitted unless causing 

ambiguity. The four terms on the right hand side of Eq. 1 indicate that there exist four 

corresponding radiance components that contribute to the light field in the ocean, 

 L = LT + LE + LI + LS, (2) 

where L, LT, LE, LI, and LS represent total radiance, radiance due to direct transmission of 

photons, radiance due to elastic scattering of photons, radiance due to inelastic radiative 

processes, and radiance due to true internal sources (e.g., bioluminescence), respectively. 

The component LS is typically insignificant under natural conditions (Mobley, 1994) and 

the directly transmitted LT and elastic components LE have been quite extensively studied. 

However, the inelastic component LI has been generally less studied despite its 

importance (e.g., Berwald et al., 1998; Li et al., 2014). 

Inelastic radiative processes that make a contribution to the oceanic light field 

include Raman scattering of water molecules, fluorescence of chlorophyll-a, and 

fluorescence of colored dissolved organic matter (CDOM). The key difference between 

inelastic and elastic processes in the ocean is that inelastic processes change the 

wavelength (from short to long wavelength) of re-emitted radiance LI, while the radiance 

undergoing elastic scattering (e.g., LT and LE) stays at the same wavelength. For example, 
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chlorophyll-a fluorescence is characterized by absorbing photons with sufficient energy 

(e.g., photons with λ < ~650 nm) and re-emitting photons within the red band centered 

around 683 nm. Raman scattering of water molecules and CDOM fluorescence are 

spectrally continuous processes that generally transfer shorter wavelength photons to 

longer wavelength photons. The strength of each inelastic process is determined by the 

absorption of each substance and quantum efficiency of the inelastic process. These three 

inelastic processes are mathematically well modeled; thus can be found in the book by 

Mobley (1994). A distinctive outcome of inelastic processes is to redistribute the spectral 

solar radiation within the water column, which may in turn affect important 

oceanographic and ecological processes and applications. In fact, the potential impacts of 

inelastic processes on the oceanic light field have long been recognized (Kalle, 1966; 

Gordon, 1979; Sugihara et al., 1984). However, the effects of inelastic processes on 

oceanic light fields are still not systematically investigated and thus not well appreciated 

in many applications related to the solar light field within different oceanic depth layers. 

Depending on the turbidity of the seawater, the top several tens of meters near the 

surface can be "seen" by satellite ocean color sensors and thus are very important for 

satellite optical applications. Satellite ocean color measurements are widely used to study 

the biogeochemical and ecological dynamics of the world's ocean over extended spatial 

and temporal scales that are not achievable by conventional oceanographic observations. 

The routinely generated satellite data products of ocean biogeochemistry and ecology 

include chlorophyll-a concentration (Chl; O'Reilley et al., 2000; Hu et al., 2012), 

particulate organic carbon (Stramski, et al., 1999, 2008), particulate inorganic carbon 

(Balch et al., 2005, 2011), primary productivity (Behrenfeld et al., 1997, 2005), optical 

properties (Werdell et al., 2013, and references therein), and others. These satellite 

products are valuable to understanding biogeochemical and ecological processes within 
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the ocean at global scale, helping to better predict the effects of climate change and other 

global events. 

The quality of these products depends upon two assumptions: (1) the satellite 

sensors are accurately calibrated and validated; and (2) the ocean color algorithms used to 

generate the products are reliable. Both of these assumptions require accurately measured 

in-situ water-leaving radiance, Lw(λ), which is used to develop ocean color algorithms as 

well as calibration and validation of satellite sensors. With regard to in situ 

determinations of water-leaving radiance is most commonly obtained by extrapolating the 

near-surface underwater measurements of upwelling radiance Lu(z, λ) (Mueller et al., 

2003). There are typically three approaches to determining water-leaving radiance from 

underwater measurements of Lu(z, λ): (i) a surface float system that takes time-series 

measurements at a single depth close to the surface (~20 cm), (ii) a profiling system that 

takes non-simultaneous measurements at different depths as the instrument falls through 

the water column, and (iii) a multi-depth system capable of taking simultaneous time-

series measurements at a few depths (e.g., < 10 m). All three approaches require 

assumptions about the diffuse attenuation coefficient of upwelling radiance, KLu(z, λ). 

The approach (i) does not measure KLu(z, λ) at all and a speculative and constant value of 

KLu(z, λ) has to be assumed for the entire extrapolation layer (e.g., top ~20 cm or so). 

Both approaches (ii) and (iii) determine KLu(z, λ) in the measurement layer, typically 

below 1 m, and assume the same KLu(z, λ) in the entire extrapolation layer, the layer 

above the measurement layer. However, it has been demonstrated that KLu(z, λ) in the red 

and near-infrared (NIR) portion of the solar spectrum becomes depth-dependent even in a 

perfectly homogeneous water column in the real ocean where inelastic processes are 

always present (Berwald et al., 1998; Li et al., 2014). The depth-dependent KLu(z, λ) 

violates the assumptions of constant KLu(z, λ) within the extrapolation and measurement 

layer and thus causes errors in Lw(λ) determined from underwater extrapolation. In 
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practice, a big discrepancy between in situ determined Lw(λ) and satellite Lw(λ) in the red, 

for example 670 nm, has been found in several studies (e.g., Franz et al., 2007; Antoine et 

al., 2008; Bailey et al., 2008). Such errors were often attributed to the low signal of Lw(λ) 

in the red but not to the effects of inelastic processes. Without acknowledging and 

understanding the effects of inelastic processes on Lw(λ) determined from underwater 

extrapolation, the current and future scientific goals of ocean color satellite missions may 

not be achieved. For example, the longstanding goal of achieving Lw(λ) with an accuracy 

better than 5%, which is required to derive high quality satellite products such as Chl 

(Hooker et al., 1996; Clark et al., 2003), may be jeopardized if current underwater 

systems to calibrate satellite ocean color sensors are used without taking into account the 

effects caused by inelastic processes. As a result, it is crucial to assess how inelastic 

processes cause changes in Lu(z, λ) and KLu(z, λ) within the ocean near-surface layer and 

thereafter errors in extrapolated Lw(λ), which is the focus in Chapter 1 of this dissertation. 

The layer that can be seen by satellite ocean color sensors is only a portion of the 

ocean epipelagic zone. This zone extends to ~200 m, is still well lit by solar light, and 

includes or is more or less equivalent to the euphotic zone. The entire epipelagic zone 

plays a critical role in buffering global climate change and supporting the ecological 

processes crucial to life on land and in the ocean. Almost all phytoplankton, which 

contribute nearly half of the world's total primary productivity, dwell in this layer. These 

processes are all affected by the solar light that enters and propagates in the layer as solar 

radiation is the major energy source in the ocean. Thus, extensive effort has been made to 

investigate the solar light field within this layer since the early 1930s. Pioneering work is 

summarized in the book by Jerlov (1976). More recent studies are found on developing 

in-water algorithms between spectral AOPs and Chl (e.g., Morel, 1988; Morel and 

Maritorena, 2001), closure analysis between radiometric measurements and modeling 

(e.g., Bulgarelli et al., 2003), measuring the angular distribution of radiance at a single 
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wavelength (Lewis et al., 2011; Wei et al., 2012; Antoine et al., 2013) and hyperspectral 

radiance and irradiance (e.g., Cunningham and McKee, 2013), among others. In 

particular, Morel and Gentili (2004), based on radiative transfer simulations, found that 

Raman scattering of water molecules imposes significant effects on many AOPs within 

the epipelagic layer. Nevertheless, their study did not investigate how inelastic processes 

may contribute to the availability of solar energy in the water column as inelastic 

processes redistribute solar radiation both spectrally and with depth. Mobley (2011) 

implied that Raman scattering may result in a 5% increase of photosynthetically available 

radiation (PAR) in a hypothetical pure water ocean consisting of only water molecules. 

These studies suggest that, in general, it may not be wise to neglect the effects of 

inelastic processes within the epipelagic ocean, in addition to those effects on satellite 

ocean color applications discussed above. However, our understanding of the effects of 

inelastic processes in the real ocean is limited due to limitations in measurements and 

simulations. For example, Morel (1988) and Morel and Maritorena (2001) mainly 

measured downwelling plane irradiance in the layer around 20 – 30 m for the purpose of 

determining its diffuse attenuation coefficient within this layer and did not address 

inelastic effects on the relationship between diffuse attenuation coefficients and Chl; 

Lewis et al. (2011), Wei et al. (2012), and Antoine et al. (2013) only measured the 

angular distribution of radiance at around 555 nm where inelastic effects are not strong, 

at least within the top 100 m or so; Morel and Gentili (2004) and Mobley (2011) drew 

their conclusions based on simulations of an unrealistic and hypothetical homogeneous 

ocean. Thus, the effects of inelastic processes are yet to be examined throughout the 

entire epipelagic layer under realistic distributions of Chl and other constituents. It is 

anticipated that inelastic effects in the real ocean will affect spectral composition and 

magnitude of available solar light, development of in-water algorithms involving AOPs, 

and estimation of photosynthesis and heating of seawater. These are all scientific 
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questions that are addressed in Chapter 2 using both field measurements and radiative 

transfer simulations. 

Below the ocean epipelagic zone is the mesopelagic zone, which generally spans 

a depth range of 200 – 1000 m. The mesopelagic layer provides a large worldwide habitat 

for a diverse community of deep-sea animals with unique adaptations, including the 

ability to gather low levels of ambient light with large eyes (Denton, 1990; Warrant and 

Locket, 2004), produce light from bioluminescent organs (Boden and Kampa, 1974; 

Widder, 2010), or undergo diel vertical migrations to the surface layer to feed at night 

(Hays, 2003; Cohen and Forward, 2009). These adaptations, behavioral patterns, and 

activities are affected by the ambient solar light field that undergoes large vertical 

changes within this layer. However, in contrast to the efforts made in studying the 

epipelagic light field, the mesopelagic light field has been much less investigated. It is 

much more difficult to measure ambient light field at mesopelagic depths and only a few 

such measurements have been made (e.g., Clarke and Wertheim, 1956; Boden et al., 1960; 

Clarke and Kelly, 1965; Kampa, 1970; Myslinski et al., 2005). These field measurements 

were limited to one or two specific types of irradiance (for example, downward plane 

irradiance) made with a broad spectral resolution at several discrete depths, which 

provides limited knowledge on the magnitude, spectral composition, and angular 

distribution of the light field within the entire mesopelagic layer. A limited amount of 

work was also done on which the mesopelagic light field was examined based on 

radiative transfer simulations. These modeling studies were limited in research scope 

(e.g., only average cosines and diffuse attenuation coefficients in Berwald et al. (1998), 

reflectance in Johnsen et al. (2004) and Johnsen (2005)), depth range (e.g., 0–600 m in 

Berwald (1998), 0–450 m in Johnsen (2005)), and incomplete inclusion of inelastic 

radiative processes (e.g., no inelastic scattering in Preisendorfer (1959), no CDOM 

fluorescence in Berwald et al. (1998), Johnsen et al. (2004), and Jonhsen (2005)). 
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Therefore, no comprehensive understanding of the mesopelagic light field has been 

achieved regarding the effects of inelastic processes throughout the full depth range. 

Regardless of these limitations, a comprehensive understanding of the 

mesopelagic light field is needed to better understand the optical responses of deep-sea 

animals. For example, it was suggested that many pelagic animals make vertical 

migration in the ocean because of the changing light intensity and its effects on predation 

(Widder and Frank, 2001; Warrant and Locket, 2004); Warrant and Locket (2004) found 

that the eyes of pelagic organisms have different orientation at mesopelagic depths, 

which may result from the changing angular distribution of light field at different depths. 

Finally, Sweeney et al. (2013) suggested that the high red reflectance of the squid Loligo 

may relate to Raman scattering by water molecules, suggesting that the inelastic 

processes have influences on the vision and camouflage of animals in the deep ocean. As 

a result, systematic exploration of the oceanic light field including the magnitude, 

spectral composition, and angular distribution under the influences of inelastic processes 

is critical to improve an understanding of mesopelagic ecosystems. Chapter 3 of this 

dissertation attempts to answer these questions. 

It has been articulated that inelastic processes play significant roles in different 

depth layers in the ocean. It benefits satellite ocean color applications, in-water algorithm 

development, and pelagic ecosystem investigations if a systematic understanding of the 

effects of inelastic radiative processes on the oceanic light field between surface and 

1000 meters is achieved. This dissertation is aimed at advancing our knowledge and to 

promote the appreciation of the effects of inelastic processes in the ocean. Chapter 1 uses 

radiative transfer simulations to examine the high-depth resolution vertical profiles of 

upwelling radiance, Lu(z, λ), and its diffuse attenuation coefficient, KLu(z, λ), within the 

top 10 m of the ocean surface layer. It was found that inelastic processes generally 

increase Lu(z, λ) and decrease KLu(z, λ) in the red and NIR portion of the spectrum. 
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Therefore, the assumption of a depth-constant KLu(z, λ), which is the key assumption of 

current extrapolation methods, is not valid and causes significant errors in the estimate of 

water-leaving radiance at different wavelengths. The uncertainties in the extrapolated 

values of water-leaving radiance were subsequently assessed. It is remarkable that a 

typical underwater radiometric system that measures upwelling radiance at 1, 5, and 9 m 

causes extrapolation errors in water-leaving radiance up to 98% within the spectral range 

of 650 – 900 nm. It is apparent that the longstanding goal of achieving water-leaving 

radiance with accuracy better than 5% cannot be accomplished by current underwater 

radiometric systems. Based on our results, a new strategy and design for future 

underwater systems at this long-wavelength portion of the spectrum are suggested for the 

purpose of achieving water-leaving radiance with the desired accuracy, which is critical 

for the success of future satellite missions such as NASA's Pre-Aerosol, Clouds, and 

ocean Ecosystem (PACE) mission. 

Chapter 2 is focused on how inelastic processes affect the light field itself and its 

related in-water applications in the entire epipelagic layer based on both field 

measurements and radiative transfer simulations. In particular, a unique and 

comprehensive dataset, which consists of hyperspectral spectra of four irradiances 

(downwelling scalar and planar irradiances and upwelling scalar and planar irradiances) 

and one upwelling radiance, was acquired from surface to ~80 m in the Gulf of California 

where dramatic variations were observed in Chl and IOPs both in the vertical and 

spatially from sattion to station. This enabled the radiometric quantities and AOPs within 

the upper ocean to be systematically investigated for various scenarios, which is not the 

case of past studies because there was no available comprehensive suite of radiometric 

measurements including both scalar and plane irradiances in both downward and upward 

directions. It is documented that inelastic processes make significant contributions to the 

light field in the red even within the top 80 m from the surface, and they alter the spectral 
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and vertical patterns of AOPs (e.g., irradiance reflectance, diffuse attenuation coefficients, 

and average cosines). Radiative transfer simulations using IOPs determined in situ 

confirm the influences of inelastic processes, as radiative transfer simulations can 

separate the contribution of each inelastic process. In addition to inelastic effects, the 

non-uniformly distributed Chl within the epipelagic layer also exhibits impacts on the 

irradiances and AOPs. As a result, many current in-water algorithms and theories are 

limited or invalid. For example, the relationship between the diffuse attenuation 

coefficient of downwelling irradiance and Chl does not work in the red because of 

inelastic processes when including data from the entire water column; the algorithms that 

derive absorption coefficients from diffuse attenuation coefficients and average cosine, 

for example Gershun's equation (Gershun, 1939), fail at wavelengths longer than about 

580 nm due to effects of inelastic processes and around depths of the Chl maximum. 

Additionally, because of inelastic processes (primarily fluorescence of CDOM) PAR and 

heating rates of seawater decrease by up to 22% in the turbid ocean where the 

concentration of CDOM is high. These results are an indication that the effects of 

inelastic processes should be taken into account for future light field applications within 

the epipelagic ocean. 

Finally, Chapter 3 examines the magnitude, spectral composition, angular 

distribution, and approach to the asymptotic regime of the light field across the visible 

spectrum within the entire mesopelagic zone. The solar light field within the ocean from 

the sea surface to the bottom of the mesopelagic zone was simulated with a radiative 

transfer model that accounts for the presence of inelastic radiative processes associated 

with Raman scattering by water molecules, fluorescence of CDOM, and fluorescence of 

chlorophyll-a contained in phytoplankton. The simulation results provide a 

comprehensive characterization of the ambient light field and AOPs across the entire 

visible spectral range within the depth range 200–1000 m of the entire mesopelagic zone 
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for varying chlorophyll-a concentration and seawater optical properties. Our results show 

good agreement with some measurements such as Kampa (1970) and Myslinski et al. 

(2005), who determined downwelling irradiance at one or a few wavelengths within the 

top portion of mesopelagic layer. With increasing depth in the mesopelagic zone, the 

solar irradiance is reduced by ~9–10 orders of magnitude and exhibits a major spectral 

maximum in the blue, typically centered around a light wavelength of 475 nm. In the 

green and red spectral regions, the light levels are significantly lower but still important 

owing to local generation of photons via inelastic processes, mostly Raman scattering and 

to a lesser extent CDOM fluorescence. The Raman scattering produces a distinct 

secondary maximum in irradiance spectra centered around 565 nm. Therefore, for the 

first time, this study provides a fairly complete description of mesopelagic optical 

environment beyond the overly simplified description of the mesopelagic light in terms of 

blue light only. The angular distribution of radiance indicates the dominance of 

downward propagation of light in the blue and an approach to uniform distribution in the 

red throughout the mesopelagic zone. Our findings of the magnitude, spectral 

composition, and angular distribution of light field provide implications to animal vision 

and behavior in the mesopelagic ocean. The characterization of a nearly-asymptotic light 

field below ~400 m will additionally benefit the future design of radiometers for 

obtaining deep-sea light field measurements. According to our results, radiometers are 

required to be sensitive only to the light levels observed at about 400 m for the purpose of 

obtaining the light field within the deeper portion of mesopelagic zone by extrapolation 

method, which is much more feasible than building radiometers sensitive to light levels 

down to 1000 m. 

In summary, the light fields in both the epipelagic and mesopelagic oceanic layers 

have been comprehensively investigated in this dissertation with emphasis on the 

distinctive features caused by inelastic radiative processes. Such investigations of the 
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light field in the ocean, while improving an understanding of the effects of inelastic 

processes, will not only fill several gaps in knowledge but will also lead to practical 

significance. As inelastic processes are generally neglected or suggested to be not 

important, it is hoped that after this research the contribution of inelastic processes will 

be more appreciated in oceanic applications related to the solar light field. It will improve 

the quality of satellite ocean color measurements and applications, benefit the 

development of in-water algorithms pertinent to AOPs or IOPs, and provide a more 

accurate optical background in the ocean for studying pelagic ecosystems. Consequently 

the improved understanding of the solar light field provided in this research will result in 

more accurate prediction and modeling of biogeochemical processes, heating of seawater, 

and optical behaviors of pelagic organisms in the ocean. 
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Chapter 1. Effects of Inelastic Radiative Processes on the Determination of Water-

leaving Spectral Radiance from Extrapolation of Underwater Near-surface 

Measurements 

 

1.0. Abstract 

Extrapolation of near-surface underwater measurements is the most common 

method to estimate the water-leaving spectral radiance, Lw(λ) (where λ is the light 

wavelength in vacuum), and remote-sensing reflectance, Rrs(λ), for validation and 

vicarious calibration of satellite sensors, as well as for ocean color algorithm 

development. However, uncertainties in Lw(λ) arising from the extrapolation process have 

not been investigated in detail with regards to the potential influence of inelastic radiative 

processes such as Raman scattering and fluorescence. Using radiative transfer 

simulations, we examine high-depth resolution vertical profiles of the upwelling radiance, 

Lu(λ), and its diffuse attenuation coefficient, KLu(λ) within the top 10 m of the ocean 

surface layer and assess the uncertainties in extrapolated values of Lw(λ). The inelastic 

processes generally increase Lu and decrease KLu in the red and near-infrared (NIR) 

portion of the spectrum. Unlike KLu in the blue and green spectral bands, KLu in the red 

and NIR is strongly variable within the near-surface layer even in a perfectly 

homogeneous water column. The assumption of a constant KLu with depth which is 

typically employed in the extrapolation method can lead to significant errors in the 

estimate of Lw(λ). These errors approach ~100% at 900 nm, and the desired threshold of 5% 

accuracy or less cannot be achieved at wavelengths greater than 650 nm for common 

underwater radiometric systems which typically take measurements at depths below 1 m. 

These errors can only be reduced by measuring Lu within a much shallower surface layer 

of tens of centimeters thick or even less at near-infrared wavelengths longer than 800 nm, 
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which imposes a requirement for developing appropriate radiometric instrumentation and 

deployment strategies. 

 

1.1. Introduction 

Satellite ocean color measurements provide a means for studying the 

biogeochemical and ecological dynamics of the world's ocean over extended spatial and 

temporal scales that are not achievable by conventional oceanographic observations. 

Satellite images of ocean color have been used to produce regional and global maps of 

several data products of interest to the study of ocean biogeochemistry and ecology such 

as chlorophyll-a concentration (Chl; O'Reilly et al., 2000; Hu et al., 2012), particulate 

organic carbon (POC; Stramski et al., 1999, 2008), particulate inorganic carbon (PIC; 

Balch et al., 2005, 2011), primary productivity (Behrenfeld et al., 1997, 2005), and 

optical properties of the upper ocean (Werdell et al., 2013, and references therein). The 

accuracy of spectral water-leaving radiance Lw(λ) (λ stands for light wavelength in a 

vacuum) or remote-sensing reflectance Rrs(λ) derived from spaceborne ocean color 

sensors is critical for the success of these applications. Lw(λ) is defined as the spectral 

upwelling radiance just above the water surface (i.e., at z = 0+ where z is a symbol for 

depth), which is associated with light emerging from below the surface. Rrs(λ) is defined 

as a ratio of Lw(λ) to the spectral downward plane irradiance incident on the water surface, 

Ed(z = 0+, λ) ≡ Es(λ). Rrs(λ) is typically used as an ocean color quantity from which 

various data products characterizing water constituents or optical properties are derived 

through appropriate algorithms. In this paper we focus primarily on Lw(λ) which is a 

component of Rrs(λ) dependent on water constituents and optical properties. 

A longstanding goal in ocean color radiometry is to determine Lw(λ) with an 

accuracy better than 5% (Hooker et al., 1996; Clark et al., 2003). Whereas such accuracy 

is very difficult to achieve from satellite measurements which are influenced by 
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atmospheric effects and light reflection from the sea surface, in situ determinations of 

Lw(λ) with such high accuracy are also difficult to achieve. Accurate in situ 

determinations of these quantities are important for ocean color algorithm development 

(Werdell and Bailey, 2005; and references therein), validation of satellite-derived values 

of Lw(λ) and Rrs(λ) (Werdell and Bailey, 2005; Antoine et al., 2008), and post-launch on-

orbit vicarious calibration of satellite ocean color sensors (Wang and Gordon, 2002; 

Clark et al., 2003; Franz et al., 2007; Bailey et al., 2008). The most common approach for 

in situ determinations of Lw(λ) is based on the extrapolation of near-surface underwater 

measurements of upwelling radiance up to the sea surface (Mueller et al., 2003). The 

underlying assumption of this approach is that the unknown spectral diffuse attenuation 

coefficient for upwelling radiance, KLu(z, λ), within the near-surface extrapolation layer is 

constant with depth and has the same value as the measured attenuation coefficient within 

some depth interval below the extrapolation layer. Whereas this assumption has been 

generally recognized as a source of uncertainty in Lw(λ), this problem and its potentially 

large quantitative consequences have not been investigated in detail. 

For the purpose of determining Lw(λ), the underwater measurements of upwelling 

radiance are typically accomplished using one of the following approaches: (i) a surface 

float system that takes time-series measurements at just a single depth relatively close to 

the surface (~20 cm or so), (ii) a profiling system that takes non-simultaneous 

measurements at different depths as the instrument falls down through the water column, 

and (iii) a multi-depth system capable of taking simultaneous time-series measurements 

at a few discrete depths. Each of these approaches has limitations and drawbacks. In the 

first approach the extrapolation layer is relatively thin (~20 cm) but there is no 

measurement of KLu(λ) at all, so speculative assumptions about the values of the 

attenuation coefficient are needed to extrapolate the measured data to the surface. In the 

second profiling approach, the near-surface extrapolation layer is typically thicker, a few 
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meters or more depending on environmental conditions during the measurement. In 

addition, the values of KLu(λ) at depths below the extrapolation layer are obtained from 

non-simultaneous measurements at different depths. In the third multi-depth approach, 

the issue of non-simultaneity of measurements is eliminated but in practice the available 

systems have a relatively thick extrapolation layer (1 m or more) and the values of  

KLu(z, λ) below the extrapolation layer are obtained within a depth interval that is also 

relatively thick, at least a few meters. Thus, when using these approaches significant 

uncertainties in the estimates of Lw(λ) can arise in situations when KLu(z, λ) varies 

significantly with depth within the near-surface layer including the extrapolation layer. 

The water-leaving radiance Lw(λ) is normally calculated as (t/n2) ),0( λ= −zLu , 

where t is the transmittance for upwelling radiance across the water-air interface, n is the 

refractive index of water, and Lu(z = 0-, λ) is the upwelling radiance just below the water 

surface at z = 0-. The factor t/n2 is typically assumed to be a known constant and  

Lu(z = 0-, λ) is estimated from underwater radiance measurements using the extrapolation 

method. Therefore, for the purpose of our discussion Lu(z = 0-, λ) and Lw(λ) can be used 

interchangeably. Assuming that the underwater upwelling radiance, Lu(z, λ), is measured 

at least at two discrete depths, z1 and z2, Lu(z = 0-, λ) is estimated from 

 [ ]1211  ),(exp ),(),0( zzzKzLzL Luuu λλ=λ= −−  (1.1) 

where Lu(z1, λ) is the measured upwelling radiance at depth z1 and KLu(z1–z2, λ) is the 

effective diffuse attenuation coefficient of upwelling radiance within depth layer between 

z1 and z2. The depth z is positive downward so z1 < z2. We note that in situ measurements 

of Lu(z, λ) are typically made with a sensor pointing directly downward. In this case  

Lu(z, λ) is referred to as zenith radiance according to the direction of light propagation 

(Mobley, 1994). As our interest is in the extrapolation of Lu(z, λ) measured at deeper 

depths to a shallower depth, we note that there is not the usual negative sign before the 
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term KLu(z, λ) in Eq. 1.1. The effective diffuse attenuation coefficient within the layer 

between z1 and z2 is determined from 
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The main assumption underlying the application of Eq. 1.1 is that KLu(z1–z2, λ) is equal to 

the attenuation coefficient, KLu(0-–z1, λ), within the extrapolation layer between z = 0- and 

z1. This assumption is not necessarily valid for all environmental situations and 

measurement scenarios. In addition, the extent to which this assumption is violated can 

depend strongly on light wavelength. 

Representative examples of multi-depth systems providing measurements at 

discrete depths are the Marine Optical BuoY (MOBY; Clark et al., 2002, 2003) and the 

Bouée pour l'acquisition de Séries Optiques à Long Terme (BOUSSOLE; Antoine et al., 

2008) which have been used for vicarious calibration of satellite ocean colors such as 

SeaWiFS, MODIS, and MERIS. Although the requirement for very high accuracy of 

vicarious calibration systems is particularly important, the depth configuration of these 

measurements has not been optimized to ensure the highest possible accuracy across the 

entire spectral range of interest to ocean color applications. Specifically, MOBY has used 

three discrete depths of measurements, 1, 5, and 9 m, and BOUSSOLE two depths, 4 and 

9 m. Accordingly, MOBY data can be used to estimate Lu(z = 0-, λ) and Lw(λ) from 

measurements taken at one of the three pairs of depths: z1 = 1 m and z2 = 5 m, z1 = 5 m 

and z2 = 9 m, or z1 = 1 m and z2 = 9 m. Thus, in the best case scenario the extrapolation 

layer is the top 1 m of the water column and KLu(z1–z2, λ) is obtained within the layer 

between 1 and 5 m. For BOUSSOLE, the extrapolation layer is the top 4 m of the water 

column and KLu(z1–z2, λ) is obtained within the layer between 4 and 9 m. 

It has been reported that whereas the satellite-derived data of Lw(λ) are generally 

in good agreement with in situ determinations of Lw(λ) from several data sources 
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including MOBY and BOUSSOLE measurements in the blue and green spectral region 

(≤ 555 nm), the satellite estimates are significantly higher in the red spectral band (e.g., 

~670 nm) (e.g., Franz et al., 2007; Antoine et al., 2008; Bailey et al., 2008). The potential 

for large error in Lw(670) has been frequently explained by the relatively low signal in the 

red compared to that in the blue and green. However, such explanation does not provide a 

good reason for why satellite-derived Lw(670) is often much higher than its in situ 

counterpart obtained from the underwater extrapolation method while no significant 

discrepancy is observed in the blue and green. Antoine et al. (2008) suggested that large 

error can occur in the in situ determinations of Lw(670) from the extrapolation method. 

This error can be caused by the effects of inelastic radiative processes, in particular 

Raman scattering by water molecules. These investigators reported that inelastic effects 

may produce an error in Lw(670) of up to 50% when extrapolation to the surface is made 

from a depth of 4 m, and up to 30% when extrapolating from 2 m depth. As such errors 

greatly exceed the accuracy goal of 5%, further investigation is needed to address this 

issue. 

The effects of inelastic processes on the vertical changes in underwater light-field 

characteristics and apparent optical properties including the diffuse attenuation 

coefficients have been demonstrated in the past (Gordon and Xu, 1993; Berwald et al., 

1998; Morel and Gentili, 2004; Li et al. 2014). For example, in the spectral regions where 

the effects of Raman scattering on the light field are significant, which is generally at 

light wavelengths longer than about 550 nm, the diffuse attenuation coefficients for 

radiance or irradiance can vary strongly with depth even within an optically uniform 

water column where the inherent optical properties (IOPs) are constant with depth. 

Specifically, the diffuse attenuation coefficients in the red spectral region and at longer 

near-infrared (NIR) wavelengths will typically decrease considerably with depth until 

reaching an asymptotic regime (Gordon and Xu, 1993; Berwald et al., 1998; Li et al. 
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2014). This is because the contribution of Raman scattering to the light field in these 

spectral regions increases with depth, which generally acts to reduce the rate at which 

radiometric quantities are attenuated with depth. Such non-constancy with depth, even for 

a perfectly homogeneous water column, is also expected for KLu(z, λ) within the top layer 

of about 10 m which is most relevant to the extrapolation method (Antoine et al., 2008). 

Naturally, the assumption that KLu(z1–z2, λ) = KLu(0
-–z1, λ), which is involved in Eq. 1.1, 

does not hold under such circumstances. The extrapolation from Lu(z1, λ) to just beneath 

water surface using KLu(z1–z2, λ), which is smaller than KLu(0
-–z1, λ), will result in an 

underestimation of Lu(z = 0-, λ), and therefore also an underestimation of Lw(λ) and Rrs(λ). 

Such extrapolation errors caused by inelastic effects can be large, especially in the red 

and NIR spectral regions, limiting substantially the development and performance of 

ocean color algorithms, validation of satellite retrievals, as well as vicarious calibration of 

satellite sensors. A systematic investigation of this problem for the entire spectral range 

of relevance to ocean color applications from ultraviolet (UV) to NIR is needed. This is 

particularly important in view of planning future satellite ocean color missions, such as 

the NASA's Pre-Aerosol, Clouds, and ocean Ecosystem (PACE) mission that is expected 

to provide high spectral resolution measurements of water-leaving radiance from about 

350 nm to 900 nm. Improved capabilities for in situ determinations of water-leaving 

radiance with consistently high accuracy across the entire spectral range is critical for 

pursuing scientific goals of missions such as PACE. 

In this study, we conducted radiative transfer simulations to demonstrate the 

effects of inelastic radiative processes of Raman scattering by water molecules and 

fluorescence by chlorophyll-a and colored dissolved organic matter (CDOM) on Lu(z, λ) 

and KLu(z, λ) within the top 10 m layer of the ocean. Based on simulation results we 

assess the errors in Lu(z = 0-, λ) which result from the use of the extrapolation method 

within the near-surface layer. The emphasis of this analysis is placed on errors caused by 
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non-constancy of KLu(z, λ) within the long-wavelength portion of the spectrum in the 

near-surface extrapolation layer, which is associated with the effects of inelastic 

processes. Finally, we provide recommendations for improved depth configuration of 

radiance sensors in the measurements of Lu(z, λ) to ensure the desired accuracy of in situ 

determinations of Lu(z = 0-, λ), Lw(λ), and Rrs(λ) from the underwater extrapolation 

method. 

 

1.2. Methods 

1.2.1. Radiative Transfer Simulations 

The underwater light field in the ocean was simulated using the scalar radiative 

transfer model Hydrolight 5.1.4 from Sequoia Scientific, Inc. (Mobley, 1994; Mobley and 

Sundman, 2008). This model computes the full angular distribution of spectral radiance at 

each preselected output depth, from which other radiometric quantities (i.e., irradiances) 

and apparent optical properties are also derived. In this study, we focus on underwater 

upwelling zenith radiance Lu(z, λ) and the diffuse attenuation coefficient of this radiance 

KLu(z, λ). In Hydrolight, KLu(z, λ) at depth z is computed based on a 1 cm depth layer and 

thus considered representative of that depth. 

The primary inputs required by Hydrolight are the vertical profiles of spectral 

inherent optical properties (IOPs) of seawater, which include the spectral absorption 

coefficient, a(z, λ), spectral scattering coefficient, b(z, λ), and spectral scattering phase 

function )ψ,(~ zβ , where ψ is the scattering angle (see Mobley, 1994 for definitions of 

IOPs and other quantities used in hydrologic optics). In this study, we examined three 

scenarios with IOPs associated with three different concentrations of chlorophyll-a, Chl, 

within the surface oceanic layer and one additional scenario with IOPs determined solely 

by pure seawater (see Table 1.1). Chlorophyll-a is a major pigment in phytoplankton and 

serves as a proxy for phytoplankton biomass. To cover the typical range of phytoplankton 
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biomass in the open ocean, surface Chl values of 0.02 mg m-3, 0.2 mg m-3, and 2 mg m-3 

were assumed. For each Chl value two sets of radiative transfer simulations were 

performed, one with uniform vertical profiles of Chl within the top 10 m based on Li et al. 

(2014) and the other with nearly uniform profiles within the top 10 m based on Uitz et al. 

(2006). The nearly-uniform profiles of Chl within the surface layer are referred to as 

profiles S1, S4, and S8 in Uitz et al. (2006). We rescaled these profiles to obtain the 

values of Chl just below the surface of 0.02, 0.2, and 2 mg m-3 respectively (Fig. 1.1). 

Although the uniform and nearly-uniform Chl profiles are very similar within the top 10 

m of the water column, these two scenarios of simulations differ significantly in terms of 

Chl profiles below the 10 m depth. Specifically, whereas the profiles based on the study 

of Li et al (2014) consist of three layers, i.e., the top uniform layer, the transition layer 

with Chl decreasing to zero, and the deep layer with no chlorophyll-a, the S1, S4, and S8 

profiles from Uitz et al. (2006) are described by Gaussian functions with a subsurface Chl 

maximum (see these references for more details). 

Based on the profiles of Chl, the input IOPs of seawater were specified within the 

spectral range from 300 to 900 nm at 5 nm intervals. The total absorption coefficient a(z, 

λ) was modeled as a sum of three component coefficients representing the molecular 

absorption of pure water, aw(λ), suspended particles, ap(z, λ), and colored dissolved 

organic matter (CDOM), ag(z, λ), 

 a(z, λ) = aw(λ) + ap(z, λ) + ag(z, λ), (1.3) 

Values of aw(λ) within the spectral ranges of 300–380 nm and 380–750 nm were obtained 

from the measurements of Sogandares and Fry (1997) and Pope and Fry (1997), 

respectively. These values were assumed to be independent of depth. The coefficients 

ap(z, λ) and ag(z, λ) were calculated from Chl using the “New Case 1” bio-optical model 

embedded within Hydrolight (Mobley and Sundman, 2008). In brief, the particulate 
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absorption coefficient was determined from a power function of chlorophyll-a 

concentration 

 )λ()( )λ()λ,( E
p zChlAza = , (1.4) 

where A(λ) and E(λ) are wavelength-dependent parameters determined from field studies 

(Bricaud et al., 1998; Vasilkov et al., 2005). The value of ag(z, λ) was calculated from the 

relationship 

 )440( )440(   )440 ,(  2.0  )440 ,()λ,( −λ−−λ− == S
p

S
gg ezaezaza , (1.5) 

where the spectral slope parameter S was set to 0.014 nm-1. 

The total spectral scattering coefficient, b(z, λ), was calculated as the sum of 

component coefficients associated with pure seawater, bw(λ), and suspended particles, 

bp(z, λ), 

 b(z, λ) = bw(λ) + bp(z, λ). (1.6) 

Values of bw(λ) were obtained from Morel (1974) and were assumed to be independent of 

depth. The values of bp(z, λ) were calculated as the difference between the particulate 

beam attenuation coefficient, cp(z, λ), and ap(z, λ). Values of cp(z, λ) were calculated 

according to Loisel and Morel (1998) 

 [ ]
v

p zChlzc 






 λ
=

660
  )(  407.0)λ,( 795.0 , (1.7a) 

where the exponent ν was parameterized as 

 )3.0(log  5.0 10 −= Chlv . (1.7b) 

The final IOP required as input to radiative transfer simulations is the spectral 

scattering phase function characterizing the angular shape of the spectral volume 

scattering function (Mobley, 1994). The phase function of pure seawater, )ψ(~
wβ , and the 

Fournier-Forand phase function of particles (Fournier and Forand, 1994), )ψ,(~ zpβ , were 

used. The Fournier-Forand phase function was parameterized in terms of the particulate 

backscattering fraction )(~ zbbp  (i.e., the ratio of particulate backscattering to total 
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particulate scattering). Values of )(~ zbbp  were assumed to be related to Chl (Morel et al. 

2002) and hence )ψ,(~ zpβ  for different Chl cases are slightly different. Note, however, 

that for any given Chl we used a single value of )(~ zbbp  which is independent of light 

wavelength. Hence, for a given Chl we also used a single function )ψ,(~ zpβ  independent 

of wavelength. As an example of input IOPs, Fig. 1.2 depicts the spectra and vertical 

profiles of a(z, λ), b(z, λ), and backscattering coefficient bb(z, λ) for the nearly-uniform 

profile of Chl = 0.2 mg m-3 within the top 10 m. 

In addition to IOPs, ancillary information about solar zenith angle, sky conditions, 

wind speed, and ocean bottom depth is required as input to the Hyrolight code. For each 

Chl scenario we performed the simulations for three solar zenith angles (0o, 30o, and 60o), 

clear sky conditions, wind speed of 5 m s-1, and an infinitely deep ocean. We considered 

clear skies and relatively high positions of the sun because of the particular relevance of 

such conditions for applications of ocean color remote sensing. 

For each simulation scenario representing a specific Chl profile (hence IOPs 

within the water column) and solar zenith angle, three different Hydrolight runs were 

performed with different combination of the presence or absence of inelastic radiative 

processes. These processes include Raman scattering by water molecules, fluorescence of 

chlorophyll-a, and fluorescence of CDOM. The three scenarios of simulations related to 

inelastic processes were: (i) no inelastic processes, (ii) the presence of Raman scattering 

only, and (iii) the presence of Raman scattering, fluorescence of chlorophyll-a, and 

fluorescence of CDOM. The description of how inelastic processes are computed in 

Hydrolight code can be found in Mobley (1994). 

All scenarios of radiative transfer simulations included in this study are 

summarized in Table 1.1. Overall we obtained results from 60 simulations. Specifically 

we ran 54 simulations representing three Chl scenarios, each with two profile types, three 

solar zenith angles, and three scenarios of inelastic processes. For pure seawater we ran 6 
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simulations as we have three solar zenith angles and two scenarios of inelastic processes 

(i.e., no inelastic processes and Raman scattering only) for each solar zenith angle. On the 

basis of these simulations our analysis is focused on Lu(z, λ) and KLu(z, λ) within the top 

10 m of the water column. Importantly, as our primary interest is in this near-surface 

layer, we examine the behavior of these quantities with depth using results calculated 

with high depth resolution, i.e., 1 cm intervals between the surface and 0.1 m depth, 5 cm 

intervals between 0.1 m and 1 m depth, and 10 cm intervals between 1 m and 10 m depth. 

The chosen scheme for output depths of Hydrolight simulations is also listed in Table 1.1. 

We also note that we restrict the presentation of simulation results to the spectral range 

350–900 nm, although the simulations included the range 300–350 nm to properly 

account for the contributions of inelastic processes at wavelengths longer than 350 nm. 

All results will be presented for Chl profiles that are nearly uniform within the top 10 m 

and have a subsurface Chl maximum. This is because the results for Lu(z, λ) and KLu(z, λ) 

within the top 10 m from these simulations were very similar to those obtained for the 

scenario of the three-layer Chl profiles with uniform top layer. This similarity indicates 

that the differences in the vertical profiles of IOPs below 10 m depth have little influence 

on the near-surface values of Lu(z, λ) and KLu(z, λ). 

 

1.2.2. Analysis of Uncertainties in Extrapolated Values of Lu(z = 0-, λ) 

As our primary interest in this study is to evaluate the reduced accuracy of the 

extrapolation method owing to depth variations in KLu(z, λ) within the near-surface layer, 

it is instructive to provide an analytical framework for the sources of uncertainty in 

extrapolated values of Lu(z = 0-, λ). The total error of Lu(z = 0-, λ), ),0( λ=∂ −zLu , can be 

defined as 

 ),0(),0(),0( λ=−λ==λ=∂ −−− zLzLzL true
u

extr
uu  (1.8) 
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where ),0( λ= −zLextr
u  is the upwelling zenith radiance just below the water surface 

derived from underwater radiance measurements using the extrapolation method, and 

),0( λ= −zLtrue
u  is the actual true value of this zenith radiance. The error sources that 

contribute to ),0( λ=∂ −zLu  can be analyzed using Eq. 1.9 

 ] ),0(exp[ ),(),0( 111 zzKzLzL Lu
meas
u

extr
u λλ=λ= −−−  (1.9) 

where ),( 1 λzLmeas
u  is the measured radiance at the shallowest available depth of 

measurement z1 and ),0( 1 λ−− zKLu  is the assumed attenuation coefficient for radiance 

within the extrapolation layer between the surface z = 0- and z1. 

By differentiating Eq. 1.9 we obtain 
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The first term on the right-hand side of Eq. 1.10 represents the contribution from errors in 

measured ),( 1 λzLmeas
u  which will be propagated to ),0( λ= −zLmeas

u  (Brown et al., 2007). 

This source of uncertainty is beyond the interest of our study, so for the sake of the 

following discussion we assume that ),( 1 λzLmeas
u  is accurately measured and the first term 

can be dropped from Eq. 1.10. We will focus only on the second term on the right-hand 

side of Eq. 1.10. Upon differentiating of the second term Eq. 1.10 becomes 
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u
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The source of uncertainty that includes the term with ∂z1 is related to the 

uncertainty in depth z1. For the sake of our discussion we assume that a radiance sensor 

takes the measurement at a fixed depth z1 that was accurately determined, so 01 =∂z . 

Therefore, the only term in Eq. 1.11 containing the uncertainty is the term that includes 

),0( 1 λ∂ −− zKLu  

 ),0(  ] ),0(exp[ ),(),0( 11111 λ∂λλ=λ=∂ −− −−− zKzzzKzLzL LuLu
meas
uu  (1.12) 
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This term indicates that the error ),( 10 λ∂ −− zKLu  in the assumed values of ),0( 1 λ−− zKLu  

within the extrapolation layer will be propagated to ),0( λ= −zLextr
u  via the extrapolation 

method. 

The constancy of KLu(z, λ) with depth is often assumed in the application of the 

extrapolation method, which requires that ),( 21 λ− zzKLu  within the layer where 

measurements are made equals to ),0( 1 λ−− zK Lu  within the extrapolation layer (Eq. 1.1). 

However, in the spectral regions affected by inelastic radiative processes, KLu(z, λ) 

decreases with depth (Berwald et al., 1998; Morel and Gentili, 2004; Li et al., 2014). As a 

result, ),( 21 λ− zzKLu  will be smaller than the true value of attenuation within the 

extrapolation layer, and the error ),0( 1 λ∂ −− zK Lu  will be negative. Therefore, 

),0( λ= −zLextr
u  will be smaller than ),0( λ= −zLtrue

u . 

In practice when field measurements are made, ),0( 1 λ∂ −− zK Lu  is difficult to 

determine because no measurements are taken within the extrapolation layer and the true 

attenuation coefficient within this layer is unknown. However, as the present study is 

based on radiative transfer simulations the relative error in extrapolated values of  

Lu(z = 0-,λ) caused by uncertainty associated with ),0( 1 λ∂ −− zK Lu  can be determined 

from 
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where ),0( λ= −zLtrue
u  represents the values computed with Hydrolight simulations and 

),0( λ= −zLextr
u  represents the extrapolated values of Lu(z = 0-, λ) determined from Eq. 1.1 

using Lu(z1, λ) and KLu(z1–z2, λ) from Hydrolight simulations. 
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1.3. Results and Discussion 

1.3.1. Lu and KLu within the Near-surface Layer 

For the sake of simplicity in presentation of results, hereafter the dependence of 

optical quantities on depth z and light wavelength λ will be dropped unless full symbols 

are required to avoid ambiguity. Figure 1.3 shows the near-surface vertical profiles of Lu 

at selected wavelengths (450, 550, 650, and 850 nm) for a hypothetical pure seawater 

ocean, different Chl cases, and different scenarios of inelastic processes. These results are 

for the nearly-uniform Chl profiles within the top 10 m as shown in Fig. 1.1 and the solar 

zenith angle of 0o. With no inelastic processes included in the simulations, the vertical 

profiles of Lu are nearly straight lines on the semi-logarithmic graphs regardless of light 

wavelength and IOPs within the water column. This indicates that KLu is nearly constant 

with depth. However, this scenario is unrealistic in aquatic environments because 

inelastic processes are always present. When inelastic processes were included in the 

simulations, the semi-logarithmic plots of Lu profiles exhibit significant curvature in the 

near-surface layer for wavelengths from the red and NIR spectral regions (e.g., 650 and 

850 nm). This curvature indicates that KLu varies with depth owing to inelastic processes, 

with the highest values close to the surface. This result is observed for all Chl cases as 

well as for the hypothetical case of a perfectly homogeneous ocean consisting of pure 

seawater. In the latter case the only inelastic process is Raman scattering. In the three Chl 

cases, fluorescence of chlorophyll-a and CDOM are also present in addition to Raman 

scattering. However, our simulations show that the strong effects of inelastic processes on 

the Lu profiles in the red and NIR are associated primarily with Raman scattering as the 

curves with only Raman scattering included in the simulations are virtually 

indistinguishable from those with Raman scattering and fluorescence. We note, however, 

that chlorophyll-a fluorescence can have an important effect around 685 nm where 

fluorescence is maximum (not shown). The results in Fig. 1.3 also indicate the inelastic 
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processes generally lead to an increased magnitude of near-surface Lu when compared to 

the hypothetical case without inelastic processes, the relative difference in Lu between 

cases with and without inelastic processes becomes smaller at the same wavelength and 

depth for higher Chl, and the effects of inelastic processes are small within the short-

wavelength portion of the spectrum. 

Figure 1.4 illustrates how the vertical changes in the attenuation of Lu within the 

top 10 m layer affect the extrapolation to obtain the upwelling radiance just below the 

surface. These results are from the same simulations as shown in Fig. 1.3, but solely for 

example wavelengths from the red and NIR spectral regions (650 nm and 850 nm) and 

one intermediate case of Chl = 0.2 mg m-3. The depicted vertical profiles of Lu (solid lines) 

represent a realistic situation with the presence of Raman scattering and fluorescence. As 

indicated earlier these inelastic processes, mainly Raman scattering, are responsible for 

the curvature of the semi-logarithmic plot of Lu, which reflects vertical changes in KLu. 

Two cases of extrapolation are illustrated by dotted lines in Fig. 1.4. In one case the 

extrapolated value of surface radiance Lu(z = 0-, λ) is obtained from measurements taken 

at 1 and 5 m. In the other case the extrapolation is based on measurements taken at 5 and 

9 m. This illustration demonstrates that the extrapolated values of ),0( λ= −zLextr
u  can 

differ significantly from the true value of ),0( λ= −zLtrue
u  obtained from simulations. At 

650 nm )650,0( −=zLextr
u  is underestimated by 3.4% and 33.4% for the measurement 

scenarios of 1–5 m and 5–9 m respectively. At 850 nm the extrapolation errors are much 

larger reaching 88.8% and 91.2% respectively. The extrapolation errors can thus exceed 

greatly an accuracy goal of 5%. The key to avoid or minimize the extrapolation errors is 

to identify the depth range of the near-surface layer within which KLu remains constant or 

nearly constant and make measurements within this layer. 

The spectra of KLu at selected depths and vertical profiles of KLu at selected 

wavelengths within the top 10 m layer are shown in Fig. 1.5 for the same simulation 
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scenarios as in Fig. 1.3. For the scenario of a pure seawater ocean, Raman scattering was 

included in the simulations but there is obviously no fluorescence by chlorophyll-a and 

CDOM in this scenario. For the two Chl cases presented, Raman scattering and 

fluorescence processes were included. For comparison, the simulation results for the 

scenario without inelastic processes are also shown. The most remarkable feature of KLu 

spectra is a considerable decrease of the KLu values in the long-wavelength portion of the 

spectrum, which is caused primarily by Raman scattering and also chlorophyll-a 

fluorescence in the red band around 685 nm [Figs. 1.5(a)-(c)]. In the short-wavelength 

portion of the spectrum, however, the effects of inelastic processes are much weaker so 

the KLu values are quite close to the hypothetical case with no inelastic processes. Owing 

to inelastic processes the values of KLu can be even smaller than the pure water absorption 

coefficient (not shown) and this result can be observed in the long-wavelength portion of 

the spectrum in various water types ranging from very clear to turbid waters with 

relatively high Chl. In a pure seawater ocean, KLu in the red and NIR is clearly smaller 

than pure water absorption already at 1 cm depth. As depth increases, KLu in this spectral 

region continues to decrease and is reduced by up to an order of magnitude at about 10 m 

when compared to the surface value or the case with no inelastic processes [Fig. 1.5(d)-

(f)]. The relative decrease of KLu in the red and NIR with depth is smaller for higher Chl 

cases, similar to results by Morel and Gentili (2004), except around 685 nm where 

chlorophyll-a fluorescence is maximum.  

In contrast to the red and NIR spectral region, KLu in the blue and green (e.g., 450 

and 550 nm) varies weakly with depth in the near-surface layer [Fig. 1.5(d)-(f)]. This is 

also the case in the UV (not shown). However, when Chl is relatively high (e.g., 2 mg  

m-3), KLu in the blue and green exhibits a noticeable increase with depth, especially below 

1 m [Fig. 1.5(f)]. Note that this change is in the opposite direction to the effect caused by 

inelastic processes. It is also worth noting that this increase of KLu cannot be explained by 
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the slightly non-uniform profiles of Chl (and hence the IOPs) within the top 10 m layer 

(see Figs. 1.1 and 1.2), which were used as input to the Hydrolight simulations. This is 

because similar results were also obtained from the simulations with perfectly 

homogeneous profiles of Chl and IOPs within the top 10 m (not shown). Thus, this 

vertical change of KLu in the blue and green is most likely associated with the angular 

redistribution of light field. The consequence for the application of extrapolation method 

is that special caution is required not only in the red and NIR but also in the blue and 

green even though the effects of inelastic processes are very small or negligible in this 

short-wavelength portion of the spectrum. Qualitatively similar features and behavior of 

the diffuse attenuation coefficients of underwater radiometric quantities were reported in 

earlier radiative transfer studies but these studies were not focused specifically on KLu in 

the near-surface layer (Berwald et al., 1998; Liu et al., 2002; Li et al., 2014). 

The example vertical profiles of KLu in Fig. 1.5 provide direct insight into the 

limitations of the extrapolation method. We recall that the extrapolation can be error free 

only when KLu (at a given wavelength) is constant with depth within the near-surface 

extrapolation layer and the same value of KLu remains also constant in the underlying 

layer within which the measurements are done. Figure 1.5 indicates that KLu in the NIR 

spectral region stays nearly constant only within the top 10–20 cm. This layer extends to 

about 1 m depth for the red spectral region and to a few meters or more for shorter 

wavelengths. Thus whenever the measurements used for the extrapolation are not made 

within this near-surface layer of constant KLu, an error will arise in the extrapolated value 

),0( λ= −zLextr
u . For example, the vertical decrease of KLu which is typically observed in 

the red and NIR owing mainly to Raman scattering will result in an underestimation of 

),0( λ= −zLtrue
u  whereas the generally slight vertical increase of KLu in the blue and green 

will lead to slight overestimation of ),0( λ= −zLtrue
u . It is thus not surprising that previous 

studies reported dramatic underestimation of Lw(λ) in the red spectral region in 
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conjunction with the use of common underwater radiometric systems providing 

measurements of upwelling radiance at depths below 1 m (Franz et al., 2007; Antoine et 

al., 2008; Bailey et al., 2008). The extrapolation error is evaluated in greater detail in 

section 1.3.3. 

 

1.3.2. Effects of Solar Zenith Angle on KLu 

As KLu is an apparent optical property of a water body it depends not only on the 

IOPs of water but also the boundary conditions including sky conditions and sun position 

(e.g., Mobley, 1994). Figure 1.6 depicts results from radiative transfer simulations which 

illustrate the effect of solar zenith angle under clear sky conditions on the vertical profile 

of KLu in the near-surface layer. With regard to water IOPs, the same simulation scenarios 

as in Fig. 1.5 are presented, namely a pure seawater ocean, Chl = 0.2 mg m-3, and Chl = 2 

mg m-3, and the inelastic processes were included. The results show that KLu at a given 

light wavelength and depth increases with increasing solar zenith angle (θs) and this 

observation is consistent with earlier studies (e.g., Morel and Gentili, 2004). KLu also 

tends to increase to a lesser extent with increasing θs when the sun is high in the sky (see 

results for θs varying between 0o and 30o in Fig. 1.6) compared with lower positions of 

sun (θs between 30o and 60o). From the point of view of the extrapolation method it is 

important to note that the vertical shapes of KLu profiles are nearly the same within the 

top 10 m layer for the examined range of solar zenith angles. Therefore, the extrapolation 

accuracy is not expected to be affected by the solar position for θs ranging from 0o to at 

least 60o, which was also suggested by Antoine et al. (2008). The discussion below is 

focused on the simulation results obtained with the solar zenith angle of 0o.  
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1.3.3. Evaluation of Extrapolation Errors 

To evaluate the extrapolation errors in greater detail we assume that underwater 

measurements of upwelling radiance are made at three discrete depths; 1, 5, and 9 m. 

This assumption is consistent with the design of an instrument such as MOBY, a 

radiometric system that has been used for vicarious calibration of satellite ocean color 

sensor (Clark et al., 2002, 2003). In the case of MOBY measurements the extrapolation to 

obtain Lu(z = 0-, λ) is typically made starting with measured Lu(z1 = 1, λ) and using 

measured KLu(z1–z2, λ) where z1 = 1 m and z2 = 5 m. Occasionally, when the 

measurement of Lu at 1 m depth is not available, the extrapolation utilizes the measured 

Lu(z1 = 5, λ) and KLu(z1–z2, λ) where z1 = 5 m and z2 = 9 m. We evaluate the extrapolation 

errors for both cases. 

Figures 1.7(a)–(c) compares the spectra of KLu(z1, λ) with the spectra of  

KLu(z1–z2, λ) for the two extrapolation cases, namely the first case with z1 = 1 m and z2 = 

5 m and the second case with z1 = 5 m and z2 = 9 m. These results were obtained from 

radiative transfer simulations for the three scenarios of Chl profiles as shown in Fig. 1.1. 

For low and intermediate Chl, KLu(z1–z2, λ) is smaller than KLu(z1, λ) for light 

wavelengths longer than ~580 nm. For Chl = 2 mg m-3 this result holds for wavelengths 

longer than ~635 nm. We also note that in this long-wavelength portion of the spectrum 

KLu(z1–z2, λ) is also smaller than KLu(z, λ) at other depths z < z1 (not shown), which means 

that it is smaller than KLu(0-–z1, λ) within the near-surface extrapolation layer. 

Because KLu(z1–z2, λ) differs from KLu(0-–z1, λ) the extrapolation error associated 

with ),0( 1 λ−∂ − zK Lu  arises in Eq. 1.12. According to Eq. 1.12, the extrapolated values 

),0( λ= −zLextr
u  are underestimated relative to ),0( λ= −zLtrue

u when using the 

underestimated values of KLu within the extrapolation layer. This underestimation of 

surface radiance in the red and NIR spectral regions is illustrated in Figs. 1.7(d)–(f) for 

the two cases of extrapolation. For both cases the values of ),0( λ= −zLextr
u  are clearly 
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smaller than ),0( λ= −zLtrue
u  in these spectral regions. As expected, the underestimation of 

surface radiance is larger when the extrapolation towards the surface starts at a deeper 

depth. In our example results, this situation occurs when the extrapolation starts at 5 m 

using the values of KLu(z1–z2, λ) representing the layer between z1 = 5 m and z2 = 9 m. 

However, as shown in Figs. 1.7(d)–(f), the surface radiance is also significantly 

underestimated when the extrapolation starts at 1 m using KLu(z1–z2, λ) with z1 = 1 m and 

z2 = 5 m. 

Figures 1.7(g)–(i) depict the percentage error in extrapolated values of Lu(z = 0-,λ) 

caused by uncertainty associated with ),0( 1 λ∂ −− zK Lu , which was calculated from Eq. 

1.13 using data of ),0( λ= −zLextr
u  and ),0( λ= −zLtrue

u  from Figs. 1.7(d)–(f). The error is 

comparatively small in the blue-green spectral region and begins to increase sharply with 

increasing wavelength at the transition from the green to red portion of the spectrum. 

This transition occurs roughly between 580 nm and 630 nm depending on the 

extrapolation case and the Chl scenario. The extrapolation errors are larger when the 

extrapolation begins at 5 m depth compared with 1 m depth. At the longest wavelength 

examined, λ = 900 nm, Lu(z = 0-, λ) is underestimated by as much as 80% for Chl = 0.02 

mg m-3 [Fig. 1.7(g)] and 98% for Chl = 2 mg m-3 [Fig. 1.7(i)]. At shorter NIR 

wavelengths, for example at 750 nm, the errors are also very large, about 67% and 97% 

for the lowest and highest Chl cases, respectively. At an example wavelength from the 

red portion of the spectrum, λ = 670 nm, Lu(z = 0-, λ) is underestimated by ~10% when 

extrapolation starts at 1 m and ~55% when extrapolation starts at 5 m for the cases of 

relatively low Chl ≤ 0.2 mg m-3. We note that the vicarious calibration measurements 

with MOBY have been performed in waters off Hawaii Islands with relatively low Chl. 

Overall, our analysis presented in Fig. 1.7 indicates that the extrapolation errors in the red 

and NIR caused by inelastic processes typically reach the levels of tens of percent. Thus 

these errors exceed significantly the accuracy goal of 5% in the derived values of water-
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leaving radiance (Hooker et al., 1996; Clark et al., 2003). Our results also explain the 

issues in the estimation of Lw(670) observed by Franz et al. (2007), Antoine et al. (2008), 

and Bailey et al. (2008). 

In addition to the issues in the red and NIR, noticeable overestimation of  

Lu(z = 0-, λ) is observed at wavelengths shorter than 600 nm for the case of Chl = 2 mg  

m-3 when extrapolation starts at 5 m using KLu(z1–z2, λ) with z1 = 5 m and z2 = 9 m [Fig. 

1.7(i)]. This overestimation ranges between 2.6% at 370 nm and 5.7% at 585 nm. These 

errors are associated with the increase of KLu with depth in the blue and green spectral 

regions as discussed above in relation to Figs. 1.5(d)–(f). For lower Chl this 

overestimation is, however, small or negligible (within 0.2% for Chl = 0.02 mg m-3 and 1% 

for Chl = 0.2 mg m-3). 

Whereas our results demonstrate that the desired accuracy goal of 5% in the 

derived value of water-leaving radiance is not achievable at wavelengths longer than 

~650 nm with the traditional underwater radiometric measurement systems, the large 

errors in calibration of satellite ocean color sensors within the long-wavelength portion of 

the spectrum can also have detrimental effects on the accuracy of satellite-derived Lw(λ) 

at shorter wavelengths. This is because an accurate calibration of NIR bands is essential 

to atmospheric correction of satellite measurements of ocean color across the entire 

spectrum (Gordon and Wang, 1994). The current standard atmospheric correction for 

ocean color sensors assumes a perfect calibration of the sensor at 865 nm, and that the 

ocean is black in the NIR, i.e., Lw or Lu(z = 0-) is zero at NIR wavelengths. However, the 

latter “black pixel” assumption in the NIR may lead to invalid negative water-leaving 

reflectance in the blue bands (e.g., Siegel et al. 2000; Bailey et al. 2010). These studies 

reported that the accuracy of retrieved water-leaving reflectance from satellite 

measurements was much improved by adopting a non-zero Lw in the NIR derived from 

bio-optical modeling using an iterative process, especially in water bodies with Chl ≥ 0.5 
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mg m-3. In addition, Turpie et al. (2014) suggested that a 0.3% calibration error around 

748 and 869 nm in the satellite sensors could lead to significant errors in the blue and 

green bands and thus more than a 20% change in the satellite-derived Chl. In spite of the 

fact that the magnitude of Lu(z = 0-) in the NIR is small, the black pixel assumption can 

cause significant issues, and assessment of these effects require accurate in situ 

determinations of Lu(z = 0-) in the NIR. Nevertheless, the current underwater radiometric 

measurement systems do not have the capability to accurately determine Lu(z = 0-) in the 

NIR. As indicated in Fig. 1.7, )0( −=zLtrue
u  can be more than one order of magnitude 

larger than )0( −=zLextr
u  at NIR wavelengths which implies that the use of underwater 

radiometric systems with optimal depth configuration is essential to accurately 

extrapolate the water-leaving radiance in the NIR from in situ measurements. 

 

1.3.4. Measurement Requirements for Achieving Desired Extrapolation Accuracy 

The results of extrapolation error analysis based on radiative transfer simulations 

that included the inelastic radiative processes for the three Chl scenarios (as shown in Fig. 

1.1) and the solar zenith angle of 0o are summarized in Fig. 1.8. The primary purpose of 

this figure is to illustrate the various combinations of depth pairs z1 and z2 (where z2 > z1) 

such that the measurements taken at these two depths ensure the desired accuracy of 

extrapolated surface radiance with an error less than 5%. Specifically, Fig. 1.8 illustrates 

the absolute values of the percent error calculated from Eq. 1.13 for all combinations of 

depth pairs z1 and z2 in the range from 0.01 to 10 m, which were included in the output 

results from simulations. These results are presented for five example wavelengths 

between 450 and 850 nm. The intersection of two dotted lines in each panel corresponds 

to the case of z1 = 1 m and z2 = 5 m which is used in the MOBY system. The area in the 

green color (both dark and light green) indicates the domain of depth pairs z1 and z2 

which satisfy the accuracy goal of 5%. The area in the light green color corresponds to 
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the error less than 2%. The areas in the yellow and red colors indicate the domain with 

the error exceeding 5%. 

As illustrated in the figure, in the blue and green spectral regions (450 and 550 nm) 

nearly all combinations of z1 and z2 within the top 10 m layer satisfy the accuracy goal of 

5%. For low Chl cases (0.02 and 0.2 mg m-3) the even higher accuracy of less than 2% 

error is achieved. Only for the high Chl case, and when both the depths z1 and z2 are near 

10 m, is the error somewhat higher than 5% (see a small area in yellow color in the upper 

right corner of relevant graphs for Chl = 2 mg m-3). 

In contrast, with increasing wavelength into the red and NIR portions of the 

spectrum the domain of depth pairs z1 and z2 satisfying the accuracy goal of 5% becomes 

more and more restricted to smaller depths. This is indicated by the yellow-red area in 

Fig. 1.8, which expands from the upper right corner of the graphs towards smaller values 

of z1 and z2. This is naturally accompanied by the corresponding decrease in the size of 

the green area within the range of relatively small values of z1 and z2. For example, it is 

clear that for λ = 750 nm and 850 nm the accuracy goal is not met for the depth pair of z1 

= 1 m and z2 = 5 m regardless of the simulation scenario as the dotted lines intersect 

within the red area of the graphs. In these spectral regions, z1 must be less than 1 m and z2 

less than 5 m or even less than 1 m in certain combinations with z1. We also note that the 

rightmost corner of the green areas in Fig. 1.8 defines the maximum depth z1 (≡ z1max) and 

the corresponding slightly deeper depth z2, which ensure that the accuracy goal of 5% is 

met. For example, for the simulation scenario of Chl = 0.2 mg m-3 this specific pair of 

depths for λ = 650 nm is: z1max = 2.8 m and z2 = 2.9 m. For 750 nm z1max = 0.3 m and z2 = 

0.35 m and for 850 nm z1max = 0.15 m and z2 = 0.2 m. This example indicates that to 

ensure that the extrapolation error is within 5% at all light wavelengths up to 850 nm, the 

shallowest radiance sensor would have to be placed no deeper than 15 cm below the 

water surface. For the longest wavelength examined in this study, λ = 900 nm (not shown 
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in Fig. 1.8), z1max = 0.1 m and z2 = 0.15 m, which points to a need for the shallowest depth 

of measurement of 10 cm only. 

The green area restricted to the range of small near-surface depths for the long-

wavelength bands of the spectrum in Fig. 1.8 points to the inadequacy of typical 

measurement systems and deployment strategies for achieving the accuracy goal of the 

extrapolation method in the red and NIR spectral regions. We also emphasize that the 

challenge for achieving the accuracy goal of 5% in the in situ determinations of surface 

upwelling radiance from underwater measurements is further reinforced by the fact that 

the extrapolation error is not the sole source of uncertainty as discussed above in section 

1.2.2. Therefore, the accuracy goal for the extrapolation error itself should likely be set at 

a value lower than 5% to ensure that the total error does not exceed 5%. For example, to 

keep the extrapolation error below 2% the acceptable depth pairs z1 and z2 would have to 

be chosen from the light green areas in Fig. 1.8. This reemphasizes the challenge for 

designing the measurement systems capable of taking measurements at very small near-

surface depths within the top 1 m of the water column. 

To provide more detailed insight into the measurement requirements that ensure 

small extrapolation errors in the most demanding long-wavelength portion of the 

spectrum, one example graph from Fig. 1.8 is replotted in Fig. 1.9 with additional 

information depicting example depth pairs z1 and z2 which ensure that the extrapolation 

error is less than 5% (dark green area) or less than 2% (light green area). Specifically, Fig. 

1.9 shows the results for λ= 750 nm obtained with simulations for Chl = 0.2 mg m-3 

[same data as in Fig. 1.8(i)]. As mentioned above, for this case the shallowest depth of 

measurement must be located no deeper than 30 cm below the water surface to keep the 

extrapolation error below 5%. This is indicated by the data point in the rightmost corner 

of the green area in Fig. 1.9 with z1 ≡ z1max = 0.3 m and z2 = 0.35 m. Note, however, that 

this particular depth configuration requires the deeper depth of measurement that is just 5 
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cm below the shallower depth of measurement. Figure 1.9 also shows five additional 

example configurations of depth pairs that fall within the green area of the accuracy goal. 

Two of these example configurations ensure the extrapolation errors less than 5% and 

have larger separation between z1 and z2 than 5 cm. These configurations are z1 = 0.2 m 

and z2 = 0.5 m and z1 = 0.1 m and z2 = 0.7 m. The three remaining examples ensure the 

extrapolation errors less than 2%. These configurations are z1 = 0.1 m and z2 = 0.4 m, z1 = 

0.15 m and z2 = 0.35 m, and z1 = 0.1 m and z2 = 0.15 m. We note that the configurations 

with a depth separation of tens of centimeters appear to provide more practical and 

desirable depth settings for field measurements with a two-depth (or multi-depth) 

radiometric system compared with the separation by 5 cm only. Apart from potential 

practical issues in the design of field instrumentation, somewhat larger (but not too large) 

separation between the two depths than 5 cm can be beneficial in terms of producing 

larger differences in the measured radiance Lu in the NIR at two depths, and hence more 

accurate determinations of desired values of KLu within the near-surface layer. On the 

basis of analysis of data in Fig. 1.9 a reasonable first option choice for the depth pair 

ensuring the extrapolation error less than 5% at 750 nm is z1 = 0.2 m and z2 = 0.5 m. For 

the error less than 2% this choice is z1 = 0.15 m and z2 = 0.35 m. 

Such first option choices of z1 and z2, accompanied with the transmittance of 

radiance between these two depths, are listed in Table 1.2 for several wavelengths from 

the red and NIR spectral region on the basis of similar analysis of simulation results for 

the scenarios of Chl = 0.2 mg m-3 and Chl = 2 mg m-3. The results for Chl = 0.2 mg m-3 

are also applicable to waters that are optically clearer than those described by the scenario 

of Chl = 0.2 mg m-3. Note that more turbid waters (Chl = 2 mg m-3) allow the use of 

slightly larger depths of z1 and z2 compared with clearer waters. However, regardless of 

water optical properties, the key conclusion emphasized by the data presented in Table 

1.2 is that measurements of upwelling radiance within the top layer of tens of centimeters 
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(~50 cm) of the water column are required to ensure that the extrapolation error in the 

derived values of water-leaving radiance in the longer red (> 650 nm) and NIR spectral 

regions is smaller than 5%. At present, this requirement is not met in most field 

experiments when underwater radiometric measurements are done. Therefore, there is a 

need to develope improved radiometric systems for more accurate in situ determinations 

of water-leaving radiance, especially in the red and NIR spectral regions, for various 

ocean-color related applications including vicarious calibration of satellite sensors. We 

also note that although our analysis is focused on just two depths representing the 

minimum requirement for determining KLu, which in turn is needed for extrapolation of 

Lu within the near-surface layer, in pratice the deployment of radiometric systems capable 

of taking measurements at more than two depths has obvious benefits. 

 

1.3.5. Estimation of Surface Radiance from a Single-Depth Measurement 

The spectral upwelling radiance at the surface, Lu(z = 0-, λ), can be estimated with 

desired accuracy from a single-depth near-surface measurement without a need for 

extrapolation or knowledge of KLu(z, λ) provided that this measurement is made at a 

sufficiently shallow depth. Such single-depth measurements close to the surface can be 

made with surface float systems such as a commercial system called Hyperspectral 

Tethered Spectral Radiometer Buoy (Hyper-TSRB, Satlantic Inc.). These measurements 

are typically made at a depth of ~20 cm or so. The most critical question for such single-

depth deployments of radiometers concerns the maximum depth zmax that permits an 

estimation of Lu(z = 0-, λ) in terms of the measured value of Lu(z, λ) taken at a single 

depth z ≤ zmax with an error that meets the accuracy goals of 2% or 5%. Figure 10 

addresses this question on the basis of our radiative transfer simulations for the three Chl 

scenarios and five selected light wavelengths ranging from the blue to NIR spectral bands. 

Specifically, this figure illustrates the absolute percent error in Lu(z = 0-, λ) caused by the 
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assumption that the measured Lu(z, λ) taken at a single depth z can be used as an estimate 

of Lu(z = 0-, λ). Based on data presented in Fig. 1.10, Table 1.3 lists the values of zmax 

which satisfy the accuracy goals of 2% and 5%. 

In ultraoligotrophic waters with very low Chl of 0.02 mg m-3, these accuracy goals in 

the blue spectral region can be achieved with a single-depth measurement taken at depths 

down to zmax of about 1 m and 2.6 m for the 2% and 5% errors, respectively (Table 1.3). 

As Chl increases zmax decreases so that the measurement within the top 45 cm is required 

to meet the accuracy goal of 5% in the blue spectral band when Chl is 2 mg m-3. At 

longer light wavelengths, in particular in the red and NIR spectral regions, zmax is reduced 

to very small values of 15 cm or less regardless of Chl. For example, to ensure the error 

of 5% or less at a wavelength of 650 nm in waters with Chl = 0.2 mg m-3, a single-depth 

measurement has to be taken at a depth of 15 cm or less. For the NIR wavelengths of 750 

nm and 850 nm, such measurement would have to be taken just below the surface at 2 cm 

and 1 cm, respectively. These extremely small values of zmax indicate that the 

implementation of a single-depth measurement for estimating the water-leaving radiance 

in the NIR with sufficiently high accuracy is highly challenging and rather impractical 

under most environmental conditions. The use of multiple-depth measurements within 

the top layer of tens of centimeters along with the extrapolation to the surface as 

described in section 1.3.4 appears to be more feasible and hence preferable. We note that 

although accurate radiometric measurements at such shallow near-surface depths have 

rarely been attempted in the past, recently there have been more specific efforts to 

develop new radiometric systems for acquiring high-quality optical data close to the sea 

surface. These efforts include, for example, the development of an improved commercial 

free-falling profiler providing higher stability and depth resolution of measurement in the 

near-surface water column compared to previous profiling systems (Hooker et al. 2013) 
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and a multi-depth spectroradiometer system for near-surface measurements (Stramski et 

al., 2014). 

 

1.4. Conclusions 

Typical designs of in situ instrumentation and deployment strategies for 

measuring underwater upwelling radiance with a purpose of estimating the spectral 

water-leaving radiance ignore the effects of inelastic radiative processes, especially 

Raman scattering by water molecules, which can produce large errors in the estimated 

water-leaving radiance in the red and NIR spectral regions from extrapolation of 

measurements throughout the near-surface layer of the water column. In this study, we 

present results from radiative transfer simulations which demonstrate that the inelastic 

processes produce strong depth dependence of the diffuse attenuation coefficient of 

upwelling radiance in the red and NIR spectral regions within the near-surface layer. This 

depth dependence of the attenuation coefficient, which can be observed even within a 

optically homogeneous water column, poses a challenging problem for the extrapolation 

method. Specifically, if the extrapolation of underwater radiance measurements from a 

certain depth to the surface assumes incorrect values of the attenuation coefficient within 

the near-surface extrapolation layer, significant errors arise in the derived surface values 

of radiance. Typical radiometric systems acquire measurements at depths below 1 m and 

this limitation can lead to large extrapolation errors in the red and NIR. 

We evaluated the extrapolation errors for several environmental scenarios through 

simulations with a radiative transfer model. Specifically, we demonstrated and quantified 

these errors for an example in-situ radiometric system that has been used in recent years 

for vicarious calibration of ocean color sensor deployed on satellites. Typically, the 

water-leaving radiance is estimated from Lu measurements taken at 1 and 5 m or 

alternatively at 5 and 9 m. We show that large extrapolation errors exceeding the 
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accuracy goal of 5% are produced in the red and NIR spectral regions in both 

measurement scenarios, although the second measurement scenario has naturally larger 

errors than the first one owing to the thicker near-surface extrapolation layer. Generally, 

our finding is that when the measurements taken at 1 and 5 m are used in the 

extrapolation, the accuracy goal of 5% for the derived values of surface upwelling 

radiance can be achieved only at wavelengths shorter than about 650 nm. At longer 

wavelengths this accuracy goal is not met and the derived surface radiance can be 

underestimated by tens of percent and by as much as nearly 100% in the NIR 

wavelengths approaching 900 nm.  

Although a number of routinely-used ocean color algorithms are based on the blue 

and green bands, for example chlorophyll-a and POC algorithms (e.g., O'Reilly et al., 

2000; Hu et al., 2012; Stramski et al., 2008), ensuring high accuracy of in situ 

determinations of water-leaving radiance in the red and NIR wavelengths is equally 

important as in the blue and green. The satellite-derived values of water-leaving radiance 

or remote-sensing reflectance in the blue and green are prone to atmospheric correction 

errors which depend on the accuracy of measurements and the validity of black pixel 

assumption in the NIR bands (e.g., Wang and Gordon, 1994). The high accuracy of 

water-leaving radiance in the red and NIR is also important because the bands from this 

spectral region are also used directly in some ocean color algorithms, especially to derive 

data products in coastal and inland waters such as concentrations of algal pigments (e.g., 

Gitelson et al., 2007; Simis et al., 2005, 2007; Li et al., 2011, 2012) and suspended 

particles (Doxaran et al., 2006, 2012, 2015; Song et al., 2012, 2014). Some inversion 

algorithms to obtain IOPs from remote sensing reflectance (Lee et al., 2002, 2013; Li et 

al., 2013, 2015) also utilize the red and/or NIR bands. 

Typically, the current radiometric systems and deployment strategies along with 

the extrapolation schemes for determining the water-leaving radiance do not ensure that 
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this quantity is derived with an error less than 5% in the red and NIR spectral regions. 

This is because the measurements are not taken at sufficiently small depths within the 

near-surface layer. The results presented in this study point to the necessity of making 

measurements at very shallow depths within the top layer of tens of centimeters. This is a 

highly challenging requirement from the engineering standpoint and also for the 

deployment of instrumentation and acquiring meaningful data in the near-surface aquatic 

environments, especially in view of the action of waves, currents, and turbulence at very 

small depths in oceanic environments. However, this challenge should not deter us from 

pursuing a goal towards developing improved capabilities for in situ determinations of 

water-leaving radiance in the red and NIR spectral regions. 
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1.6. Figures 

 
Figure 1.1. Vertical profiles of chlorophyll-a concentration, Chl, within the upper 200 m 
of the water column for the three nearly-uniform cases within the top 10 m layer. The 
value of surface Chl is indicated for each case. The depth of the Chl maximum is 115, 45, 
and 15 m for the surface Chl values of 0.02, 0.2, and 2 mg m-3, respectively. All 
subsequent figures and the results in Tables 1.2 and 1.3 represent the simulations based 
on the nearly-uniform cases of Chl within the near-surface ocean depicted in this figure. 
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Figure 1.2. Spectra (top panels) at selected depths and vertical profiles within the upper 
10 m (bottom panels) at indicated light wavelengths of (panels a and d) the absorption 
coefficient a(z, λ), (b and e) the scattering coefficient b(z, λ), and (c and f) the 
backscattering coefficient bb(z, λ) for the scenario of nearly-uniform depth profile of Chl 
= 0.2 mg m-3 within the top 10 m layer shown in Fig. 1.1. 
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Figure 1.3. Depth profiles of the upwelling radiance Lu at selected wavelengths for 
different simulation scenarios and a solar zenith angle of 0o. (a) Profiles for pure seawater 
ocean. (b,c,d) Profiles corresponding to scenarios of surface chlorophyll-a concentration 
of 0.02, 0.2, and 2 mg m-3, respectively. For each scenario, the depicted results include 
simulations with only elastic processes (E), simulations which include Raman scattering 
(R), and simulations which include Raman scattering and the fluorescence of both 
chlorophyll-a and CDOM (R+F). The latter simulation is not applicable for the pure 
seawater scenario. 
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Figure 1.4. An example illustrating errors in extrapolated values of spectral upwelling 
radiance just below the water surface, Lu(z = 0-, λ), which are associated with the effects 
of inelastic radiative processes. For two light wavelengths of (a) 650 nm and (b) 850 nm, 
the extrapolated values of Lu(z = 0-, λ) using measurements taken at 1 and 5 m (solid 
diamonds) and at 5 and 9 m (solid squares) are shown along with the true value of  
Lu(z = 0-, λ) (solid triangles). The measured values of Lu at 1, 5, and 9 m are shown as 
open circles. The results represent the simulation scenario forthe surface Chl of 0.2 mg  
m-3, solar zenith angle of 0o, and inclusion of all three inelastic processes. 
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Figure 1.5. Spectra of diffuse attenuation coefficient of upwelling radiance, KLu, at 
selected depths (top panels) and depth profiles of KLu at selected light wavelengths 
(bottom panels) for simulations with a solar zenith angle of 0o. Panels (a) and (d) 
represent a pure seawater ocean. Panels (b) and (e) depict results obtained using a 
scenario of surface Chl = 0.2 mg m-3, and panels (c) and (f) surface Chl = 2 mg m-3. The 
depths of 1, 5, and 9 m are indicated in (d – f) by horizontal dotted lines. The notation of 
R, F, and E is described in Fig. 1.3. 
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Figure 1.6. Depth profiles of KLu at the indicated light wavelengths for solar zenith 
angles of 0o (solid lines), 30o (dashed-dotted lines), and 60o (dashed lines). All three 
inelastic processes were included in these simulations. From left to right, the results 
depict simulations of a pure seawater ocean, and two scenarios of surface Chl, 0.2 and 2 
mg m-3. 
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Figure 1.7. An assessment of errors in the extrapolation of Lu(z = 0-, λ) by a MOBY-like 
system for a solar zenith angle of 0o and the three surface Chl scenarios of 0.02 mg m-3 
(left column), 0.2 mg m-3 (middle column), and 2 mg m-3 (right column). All three 
inelastic processes were included in the simulations. (a – c) Spectra of the reference KLu 
at 1 m (red) and 5 m (green) as well as layer-effective KLu calculated from simulated Lu at 
1 and 5 m (blue) and that at 5 and 9 m (cyan). (d – f) Spectra of true Lu(z = 0-, λ) (solid 
line), extrapolated Lu(z = 0-, λ) from Lu at 1 m using ),( 21 λ− zzKLu  where z1 = 1 m and  
z2 = 5 m (dashed line), and that from Lu at 5 m using ),( 21 λ− zzKLu where z1 = 5 m and z2 
= 9 m (dotted line). (g – i) Extrapolation errors computed by Eq. 1.13 for the two 
extrapolation scenarios in (d – f). Negative errors imply underestimation of 

),0( λ= −zLtrue
u  and positive errors indicate overestimation. 
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Figure 1.8. Illustration of the extrapolation error at light wavelengths of 450, 550, 650, 
750, and 850 nm resulting from all possible combinations of depth pairs z1 and z2 (z1 < z2) 
within the upper 10 m layer of the ocean. Results depict simulations at solar zenith angle 
of 0o with all three inelastic processes included. Three surface Chl scenarios of 0.02 (top), 
0.2 (middle), and 2 mg m-3 (bottom) are shown. The color scale indicates the absolute 
values of errors in Lu(z = 0-, λ) as computed by Eq. 1.13. The vertical dotted lines indicate 
z1 = 1 m and the horizontal dotted lines indicate z2 = 5 m. The intersections between 
vertical and horizontal lines indicate the extrapolation error in Lu(z = 0-, λ) when 
extrapolation starts at 1 m using ),( 21 λ− zzK Lu

 determined with z1 = 1 m and z2 = 5 m. 
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Figure 1.9. Similar to Fig. 1.8, but for the specific scenario of surface Chl = 0.2 mg m-3 
and a light wavelength of 750 nm. The color scale indicates the absolute values of errors 
in Lu(z = 0-, λ) caused by extrapolation as computed by Eq. 1.13. The feasible solution 
domain for extrapolation error less than or equal to 5% is bounded by the left y-axis, the 
upper x-axis, and the black solid line. The black points within the dark green shaded area 
indicate examples of three feasible depth pairs (z1, z2) which achieve extrapolation 
accuracy better than 5%, and the three additional depth pairs located within the light 
green shaded area exhibit accuracy better than 2%. 
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Figure 1.10. Illustration of the absolute values of error in Lu(z = 0-, λ) at light 
wavelengths of 450, 550, 650, 750, and 850 nm when utilizing Lu(z, λ) measured at a 
single depth z within the upper 10 m as the estimate of Lu(z = 0-, λ). Results depict 
simulations at solar zenith angle of 0o with all three inelastic processes included for three 
surface Chl scenarios of 0.02 (top), 0.2 (middle), and 2 mg m-3 (bottom). The color scale 
indicates the absolute values of error in percent computed from the expression in the y-
axis label. The error values of 2% and 5% are indicated by the green and black dotted 
lines. 
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1.7. Tables 

Table 1.1. Description of radiative transfer simulation scenarios. 

Chl a (mg m-3) 0, 0.02, 0.2, 2 

Solar zenith angle (o) 0, 30, 60 

Cloud cover Clear sky 

Wind speed 5 m/s 

Inelastic processesb 
(i) none, (ii) Raman scattering only, (iii) Raman scattering,  

CDOM and chlorophyll-a fluorescence 

Spectral range  300 and 900 nm with 5 nm intervals 

Depth resolution  0.01 m for 0–0.1 m, 0.05 m for 0.1–1 m, and 0.1 m for 1–10 m 

Bottom  Infinitely deep ocean 
a When chlorophyll-a concentration (Chl) is 0, the ocean is assumed to consist of only 
pure seawater. For the remaining Chl cases, both uniform (Li et al., 2014) and nearly-
uniform (Uitz et al., 2006) profiles of Chl within top 10 m were simulated for each Chl. 
b For the simulations of a pure seawater ocean, only cases (i) and (ii) apply. 
 

  



60 
 

 

Table 1.2. Recommended depth pairs z1 and z2 (z2 > z1) that ensure the accuracy of 
extrapolated values of Lu(z = 0-, λ) within 2% or 5% of the true value. Results are given at 
six selected light wavelengths λ for two Chl cases as indicated. The transmittance of Lu 
over the depth range from z1 to z2, T = Lu(z2, λ)/Lu(z1, λ), is also provided. 

λ (nm) 

Chl ≤ 0.2 mg m-3 Chl = 2 mg m-3 

≤ 2% ≤ 5% ≤ 2% ≤ 5% 

z1 (m) z2 (m) T z1 (m) z2 (m) T z1 (m) z2 (m) T z1 (m) z2 (m) T 

650 1.0 3.0 0.56 1.5 4.5 0.44 2.5 5.5 0.34 3.0 7.5 0.21 

700 0.4 1.2 0.72 0.8 1.5 0.77 0.5 1.1 0.81 0.8 1.8 0.73 

750 0.15 0.35 0.66 0.2 0.5 0.55 0.2 0.55 0.35 0.3 0.8 0.32 

800 0.15 0.5 0.53 0.3 0.65 0.54 0.35 0.75 0.44 0.5 1.0 0.37 

850 0.1 0.2 0.68 0.1 0.3 0.47 0.1 0.35 0.34 0.2 0.45 0.35 

900 0.05 0.1 0.74 0.1 0.15 0.75 0.1 0.2 0.52 0.15 0.25 0.52 
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Table 1.3. The maximum depth zmax that permits an estimation of Lu(z = 0-, λ) within the 
listed error criteria of 2% and 5% from the measured value of Lu(z, λ) taken at a single 
depth z ≤ zmax Results are given at five selected light wavelengths λ for three Chl 
scenarios as indicated.  

λ (nm) 
Chl = 0.02 mg m-3 Chl = 0.2 mg m-3 Chl = 2 mg m-3 

≤ 2% ≤ 5% ≤ 2% ≤ 5% ≤ 2% ≤ 5% 

450 1.00 m 2.6 m 0.5 m 1.2 m 0.15 m 0.45 m 

550 0.35 m 0.95 m 0.3 m 0.8 m 0.2 m 0.55 m 

650 0.07 m 0.15 m 0.06 m 0.15 m 0.05 m 0.1 m 

750 0.01 m 0.02 m < 0.01 m 0.02 m < 0.01 m 0.02 m 

850 < 0.01 m 0.01 m < 0.01 m 0.01 m < 0.01 m 0.01 m 
 

  



62 
 

 

1.8. References 

Antoine, D., d'Ortenzio, F., Hooker, S.B., Bécu, G., Gentili, B., Tailliez, D., Scott, A.J., 
2008. Assessment of uncertainty in the ocean reflectance determined by three satellite 
ocean color sensors (MERIS, SeaWiFS and MODIS‐A) at an offshore site in the 
Mediterranean Sea (BOUSSOLE project). Journal of Geophysical Research, 113, 
C07013, doi:10.1029/2007JC004472. 

Bailey, S.W., Franz, B.A., Werdell, P.J. 2010. Estimation of near-infrared water-leaving 
reflectance for satellite ocean color data processing. Optics Express, 18(7), 7521-
7527. 

Bailey, S.W., Hooker, S.B., Antoine, D., Franz, B.A., Werdell, P.J., 2008. Sources and 
assumptions for the vicarious calibration of ocean color satellite observations. 
Applied Optics, 47(12), 2035-2045. 

Balch, W.M., Drapeau, D.T., Bowler, B.C., Lyczskowski, E., Booth, E.S., Alley, D., 
2011. The contribution of coccolithophores to the optical and inorganic carbon 
budgets during the Southern Ocean Gas Exchange Experiment: New evidence in 
support of the “Great Calcite Belt” hypothesis. Journal of Geophysical Research, 116, 
C00F06, doi:10.1029/2011JC006941. 

Balch, W.M., Gordon, H.R., Bowler, B.C., Drapeau, D.T.,  Booth, E.S., 2005. Calcium 
carbonate measurements in the surface global ocean based on Moderate‐Resolution 
Imaging Spectroradiometer data. Journal of Geophysical Research, 110, C07001, 
doi:10.1029/2004JC002560. 

Behrenfeld, M.J., Falkowski, P.G., 1997. Photosynthetic rates derived from satellite-
based chlorophyll concentration. Limnology and oceanography, 42(1), 1-20. 

Behrenfeld, M.J., Boss, E., Siegel, D.A., Shea, D.M., 2005. Carbon‐based ocean 
productivity and phytoplankton physiology from space. Global biogeochemical 
cycles, 19(1), GB1006, doi:10.1029/2004GB002299. 

Berwald, J., Stramski D., Mobley C. D., and Kiefer D. A. 1998. Effect of Raman 
scattering on the average cosine and diffuse attenuation coefficient of irradiance in 
the ocean. Limnology and Oceanography, 43, 564-576. 

Bricaud, A., Morel, A., Babin, M., Allali, K., Claustre, H., 1998. Variations of light 
absorption by suspended particles with chlorophyll a concentration in oceanic (case 1) 
waters: Analysis and implications for bio-optical models. Journal of Geophysical 
Research 103, 31033-31044. 

Brown, S.W., Flora, S.J., Feinholz, M.E., Yarbrough, M.A., Houlihan, T., Peters, D., Kim, 
Y.S., Mueller, J.L., Johnson, B.C., and Clark, D.K. 2007. The Marine Optical BuoY 
(MOBY) radiometric calibration and uncertainty budget for ocean color satellite 



63 
 

 

sensor vicarious calibration. Proc. SPIE 6744, Sensors, Systems, and Next-Generation 
Satellites XI, 67441M, doi:10.1117/12.737400. 

Clark, D., Gordon, H. R., Voss, K. J., Ge, Y., Broenkow, W., and Trees, C. 1997. 
Validation of atmospheric correction over the oceans. J. Geophys. Res., 102, 17209–
17217. 

Clark, D.K., Feinholz, M., Yarbrough, M., Johnson, B.C., Brown, S.W., Kim, Y.S., and 
Barnes, R.A. 2002. Overview of the radiometric calibration of MOBY. Proc. SPIE 
4483, Earth Observing Systems VI, 64, doi:10.1117/12.453473. 

Clark, D.K., Yarbrough, M.A., Feinholz, M., Flora, S., Broenkow, W., Kim, Y.S., 
Johnson, B.C., Brown, S.W., Yuen, M., Mueller, J. L., 2003. MOBY, a radiometric 
buoy for performance monitoring and vicarious calibration of satellite ocean color 
sensors: measurement and data analysis protocols. In: J.L. Mueller, G.S. Fargion, C.R. 
McClain (Eds.)Ocean Optics Protocols for Satellite Ocean Color Sensor Validation, 
Revision 4, Volume VI. NASA Technical Memorandum 2003-211621, Chapter 2, pp. 
3–34. 

Doxaran, D., Cherukuru, R.N., Lavender, S.J., 2004. Estimation of surface reflection 
effects on upwelling radiance field measurements in turbid waters. Journal of Optics 
A: Pure and Applied Optics, 6(7), 690–697. 

Doxaran, D., Cherukuru, N., Lavender, S.J., 2006. Apparent and inherent optical 
properties of turbid estuarine waters: measurements, empirical quantification 
relationships, and modeling. Applied Optics, 45(10), 2310-2324. 

Doxaran, D., Devred, E., and Babin, M. 2015. A 50 % increase in the mass of terrestrial 
particles delivered by the Mackenzie River into the Beaufort Sea (Canadian Arctic 
Ocean) over the last 10 years, Biogeosciences, 12, 3551-3565. 

Doxaran, D., Ehn, J., Bélanger, S., Matsuoka, A., Hooker, S., and Babin, M. 2012. 
Optical characterisation of suspended particles in the Mackenzie River plume 
(Canadian Arctic Ocean) and implications for ocean colour remote sensing. 
Biogeosciences, 9, 3213-3229. 

Fournier, G.R., Forand, J.L., 1994. Analytic phase function for ocean water, Proc. SPIE 
2258, Ocean Optics XII, 194, doi:10.1117/12.190063. 

Franz, B.A., Bailey, S.W., Werdell, P.J., McClain, C.R., 2007. Sensor-independent 
approach to the vicarious calibration of satellite ocean color radiometry. Applied 
Optics, 46(22), 5068-5082. 

Gitelson, A.A., Schalles, J.F., Hladik, C.M., 2007. Remote chlorophyll-a retrieval in 
turbid, productive estuaries: Chesapeake Bay case study. Remote Sensing of 
Environment, 109, 464-472. 



64 
 

 

Gordon, H.R., Xu, X., 1996. Marine asymptotic daylight field: Effects of inelastic 
processes. Applied Optics 35, 4194-4205. 

Gordon, H.R., Wang, M., 1994. Retrieval of water-leaving radiance and aerosol optical 
thickness over the oceans with SeaWiFS: a preliminary algorithm. Applied optics, 
33(3), 443-452. 

Hooker, S.B., Esaias, W.E., Feldman, G.C., Gregg, W.W., McClain, C.R., 1992. An 
overview of SeaWiFS and ocean color. In: S.B. Hooker and E.R. Firestone (Eds.) 
SeaWiFS Technical Report Series, Vol. 1. NASA Technical Memorandum 104566, 
pp. 1 – 24. 

Hooker, S. B., Morrow, J. H., and Matsuoka, A., 2013. Apparent optical properties of the 
Canadaian Beaufort Sea – Part 2: The 1% and 1 cm perspective in deriving and 
validating AOP data. Biogeosciences, 10, 4511-4527. 

Hu, C., Lee, Z., Franz, B., 2012. Chlorophyll aalgorithms for oligotrophic oceans: A 
novel approach based on three‐band reflectance difference. Journal of Geophysical 
Research: Oceans 117, C01011, doi:10.1029/2011JC007395. 

Lee, Z., Carder, K.L., Arnone, R.A., 2002. Deriving inherent optical properties from 
water color: a multiband quasi-analytical algorithm for optically deep waters. Applied 
optics, 41(27), 5755-5772. 

Lee, Z., Hu,C., Shang,S., Du, K., Lewis, M., Arnone, R., and Brewin, R., 2013, 
Penetration of UV-visible solar radiation in the global oceans: Insights from ocean 
color remote sensing. Journal of Geophysical Research: Oceans, 118, 4241-4255. 

Li, L., Li, L., Song, K., 2015. Remote sensing of freshwater cyanobacteria: An extended 
IOP Inversion Model of Inland Waters (IIMIW) for partitioning absorption 
coefficient and estimating phycocyanin. Remote Sensing of Environment, 157, 9-23. 

Li, L., Li, L., Song, K., Li, Y., Shi, K., Li, Z., 2011. An improved analytical algorithm for 
remote estimation of chlorophyll-a in highly turbid waters. Environmental Research 
Letters, 6, 034037 (7 pp). doi:10.1088/1748-9326/6/3/034037. 

Li, L., Li, L., Shi, K., Li, Z., Song, K., 2012. A semi-analytical algorithm for remote 
estimation of phycocyanin in inland waters. Science of the Total Environment, 435, 
141-150. 

Li, L., Li, L., Song, K., Li, Y., Tedesco, L.P., Shi, K., Li, Z., 2013. An inversion model 
for deriving inherent optical properties of inland waters: Establishment, validation 
and application. Remote Sensing of Environment, 135, 150-166. 

Li, L., Stramski, D., Reynolds, R.A., 2014. Characterization of the solar light field within 
the ocean mesopelagic zone based on radiative transfer simulations. Deep Sea 
Research Part I: Oceanographic Research Papers, 87, 53-69. 



65 
 

 

Liu, C.C., Carder, K.L., Miller, R.L., Ivey, J. E., 2002. Fast and accurate model of 
underwater scalar irradiance. Applied Optics, 41(24), 4962-4974. 

Loisel, H., Morel, A., 1998. Light scattering and chlorophyll concentration in case 1 
waters: A reexamination. Limnology and Oceanography, 43(5), 847-858. 

Mobley, C.D., 1994. Light and Water: Radiative Transfer in Natural Waters. Academic 
Press, San Diego. 

Mobley, C.D., Sundman, L.K., 2008. Hydrolight 5-Ecolight 5 Technical Documentation. 
Sequoia Scientific, Inc., Bellevue.  

Morel, A., 1974. Optical properties of pure water and pure sea water. In: Jerlov, N.G., 
Steemann Nielsen, E. (Eds.), Optical Aspects of Oceanography. Academic Press, 
New York, pp. 1-24. 

Morel, A., Antoine, D., Gentili, B., 2002. Bidirectional reflectance of oceanic waters: 
Accounting for Raman emission and varying particle scattering phase function. 
Applied Optics 41, 6289-6306. 

Morel, A., and Gentili, B. 2004. Radiation transport within oceanic (case 1) water, 
Journal of Geophysical Research, 109, C06008, doi:10.1029/2003JC002259. 

Mueller, J.L., Fargion, G.S., McClain, C.R., 2003. Ocean optics protocols for satellite 
ocean color sensor validation, Revision 4: Radiometric Measurements and Data 
Analysis Protocols. NASA/TM-2003, Goddard Space Flight Space Center, Greenbelt, 
MD. 

O'Reilly, J.E., Maritorena, S., O’Brien, M.C., et al. 2000. Ocean Color Chlorophyll a 
Algorithms for SeaWiFS, OC2 and OC4: Version 4. In: S.B. Hooker, E.R. Firestone 
(Eds.) SeaWiFS postlaunch calibration and validation analyses, Part 3, NASA TM-
2000-206892, vol. 11, pp. 9 – 23. 

Pope, R.M., Fry, E.S., 1997. Absorption spectrum (380-700 nm) of pure water. II. 
Integrating cavity measurements. Applied Optics 36, 8710-8723. 

Siegel, D.A., Wang, M., Maritorena, S., Robinson, W. 2000. Atmospheric correction of 
satellite ocean color imagery: the black pixel assumption. Applied Optics, 39, 3582-
3591. 

Simis, S.G.H., Peters, S.W.M., Gons, H.J., 2005. Remote sensing of the cyanobacterial 
pigment phycocyanin in turbid inland water. Limnology and Oceanography, 50, 237-
245. 

Simis, S.G.H., Ruiz-Verdu, A., Dominguez-Gomez, J.A., Pena-Martinez, R., Peters, 
S.W.M., Gons, H.J., 2007. Influence of phytoplankton pigment composition on 



66 
 

 

remote sensing of cyanobacterial biomass. Remote Sensing of Environment, 106, 
414-427. 

Sogandares, F.M., Fry, E.S., 1997. Absorption spectrum (340–640 nm) of pure water. I. 
Photothermal measurements. Applied Optics 36, 8699-8709. 

Song, K., Li, L., Wang, Z., Liu, D., Zhang, B., Xu, J., Du, J. Li, L., Li, S., Wang, Y. 
(2012). Retrieval of total suspended matter (TSM) and chlorophyll-a (Chl-a) 
concentration from remote-sensing data for drinking water resources. Environmental 
Monitoring and Assessment, 184(3), 1449-1470. 

Song, K. Li, L., Tedesco, L.P., Duan, H.T., Li, L., Du, J., 2014. Remote quantification of 
total suspended matter through empirical approaches for inland waters. Journal of 
Environmental Informatics, 23(1), 23-36. 

Stramski, D., Reynolds, R.A., Kahru, M., Mitchell, B.G., 1999. Estimation of particulate 
organic carbon in the ocean from satellite remote sensing. Science, 285(5425), 239-
242. 

Stramski, D., Reynolds, R.A., Babin, M., Kaczmarek, S., Lewis, M.R., Röttgers, R., 
Sciandra, A., Stramska, M., Twardowski, M.S., Franz, B.A., Claustre, H., 2008. 
Relationships between the surface concentration of particulate organic carbon and 
optical properties in the eastern South Pacific and eastern Atlantic Oceans. 
Biogeosciences, 5(1), 171-201. 

Stramski, D., Reynolds, R. A., Gat, N., Scriven, G., and Wang, Z., 2014. AquaTree: A 
multi-depth underwater spectroradiometer for validation of remotely-sensed ocean 
color and estimation of seawater biogeochemical properties. 2014 NASA Ocean 
Color Research Team Meeting, Washington, D.C. 
http://www.optoknowledge.com/documents/Poster_Aquatree_OCRT2014.pdf 

Turpie, K.R., Eplee, R.E., Franz, B.A., Del Castillo, C., 2014. Calibration uncertainty in 
ocean color satellite sensors and trends in long-term environmental records. Proc. 
SPIE 9111, Ocean Sensing and Monitoring VI, 911103, doi:10.1117/12.2053427. 

Uitz, J., Claustre, H., Morel, A., Hooker, S.B., 2006. Vertical distribution of 
phytoplankton communities in open ocean: An assessment based on surface 
chlorophyll. Journal of Geophysical Research 111, C08005, doi: 
10.1029/2005JC003207. 

Vasilkov, A.P., Herman, J.R., Ahmad, Z., Kahru, M., Mitchell, B.G., 2005. Assessment 
of the ultraviolet radiation field in ocean waters from space-based measurements and 
full radiative-transfer calculations. Applied Optics 44, 2863-2869. 

Wang, M., Gordon, H.R., 2002. Calibration of ocean color scanners: how much error is 
acceptable in the near infrared? Remote Sensing of Environment, 82, 497–504. 



67 
 

 

Werdell, P.J., Bailey, S.W., 2005. An improved in-situ bio-optical data set for ocean 
color algorithm development and satellite data product validation. Remote sensing of 
environment, 98(1), 122-140. 

Werdell, P.J., Franz, B.A., Bailey, S.W., et al., 2013. Generalized ocean color inversion 
model for retrieving marine inherent optical properties. Applied Optics, 52(10), 2019-
2037. 

  



 
 

68 

Chapter 2. Characterization of Oceanic Light Fields and Apparent Optical 

Properties in the Euphotic Layer with an Emphasis on Distinctive Features Caused 

by Inelastic Radiative Processes 

 

2.0. Abstract 

The oceanic light field and apparent optical properties within the euphotic layer 

have been studied for several decades through extensive measurements and theoretical 

modeling. These studies have been critical for understanding of biological-optical-

physical interactions, development of in situ and satellite algorithms, validation and 

calibration of satellite ocean color measurements, and other applications. However, many 

aspects of the topic have not been thoroughly investigated owing to limitations in both 

measurements and models. The most frequently measured underwater radiometric 

quantities are downwelling and upwelling plane irradiances and upwelling radiance (Lu). 

There are no high spectral resolution datasets with plane and scalar downwelling and 

upwelling irradiances (so called "irradiance quartet") as well as Lu being simultaneously 

measured within the water column. We acquired a unique dataset, including 

measurements of "irradiance quartet" in the Gulf of California, enabling the investigation 

of spectral apparent optical properties (AOPs) such as diffuse attenuation coefficients of 

scalar irradiances, average cosines, and irradiance reflectance that have been infrequently 

measured within the euphotic water column in the field. The analysis of this unique 

dataset suggests that inelastic radiative processes and non-uniform vertical distribution of 

chlorophyll-a concentration (Chl) cause very distinctive features in the "irradiance 

quartet" and AOPs. In the blue and green spectral bands, inherent optical properties (IOPs) 

associated with Chl determines 50 – 70% of the variation in irradiance reflectance (R) 

and diffuse attenuation coefficients (K) within the water column from all stations with 
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an additional influence of solar zenith angle. In contrast, variations of R and K in the red 

spectral region are primarily caused by inelastic processes. Changes in average cosines 

exhibit much more complicated behavior and are affected by many factors like solar 

zenith angle, inelastic processes, and IOPs that are driven largely by Chl and co-varying 

optically significant water constituents other than phytoplankton. For modeling and the 

development of algorithms for oceanic light fields, explicit consideration of these 

influencing factors is required. In particular, the effects of inelastic processes are not well 

appreciated although the contributions of inelastic processes to the light field have been 

long recognized. In the red, the presence of inelastic processes can lead to more than an 

order of magnitude increase of irradiances below about 25 m and dramatic changes of 

AOPs are also observed; the K between downwelling and upwelling irradiances becomes 

unrelated even if the K of plane and scalar irradiances at the same direction are always 

comparable to each other; also Gershun's equation fails to accurately estimate absorption 

coefficients at wavelengths longer than 580 – 600 nm. Additionally the inelastic 

processes may reduce the photosynthetically available radiation, photosynthetically 

usable radiation, and heating rate of seawater by up to 22% in the turbid ocean. All of this 

evidence indicates that inelastic processes are important factors affecting the underwater 

light field and related optical applications in the oceanic euphotic zone. 

 

2.1. Introduction 

The ocean epipelagic zone is the upper layer of the pelagic realm, starting from 

the surface and extending to approximately 200 m. This zone is extremely important for 

buffering global climate change and supporting life in the ocean as well as on the land. It 

is the warmest layer because most incident solar radiation on the ocean is absorbed within 

this layer (Lewis et al., 1990; Lee et al., 2005). It also contains the euphotic zone which 

covers the layer from the surface to the depth where there is no enough light for 
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photosynthesis. Therefore, most of the phytoplankton dwells in this layer and contributes 

nearly half of the world's total primary productivity. These physical and biological 

processes are driven by the solar radiation, so studying how solar light propagates within 

this layer is valuable for understanding these processes. 

Extensive efforts have been made to investigate the epipelagic light field. Detailed 

measurements of the epipelagic light field started in early 1930s and a summary of 

pioneering work can be found in the book of Jerlov (1976). Example pioneering 

measurements include the angular distribution of radiance (e.g., Jerlov and Liljequist, 

1938; Smith, 1974), spectral irradiance (e.g., Jerlov, 1951; Tyler and Smith, 1970), and 

apparent optical properties (AOPs; e.g., Jerlov, 1951; Lundgren and Hojerslev, 1971; 

Hojerslev, 1973). More recent studies have advanced these early measurements using 

better instruments and approaches. Radiances and (plane) irradiances have been 

measured using hyperspectral radiometers in coastal waters, the open ocean, and polar 

seas (e.g., Stambler et al., 1997; Bulgarelli et al., 2003; Dishon et al., 2012; Cunningham 

and McKee, 2013). The angular distribution of underwater radiance was determined at a 

single wavelength with a novel fisheye camera (e.g., Lewis et al., 2011; Wei et al., 2012; 

Antoine et al., 2013). Regarding AOPs, most efforts have been placed on irradiance 

reflectance, R(z, λ), and diffuse attenuation coefficients of radiometric quantities, K(z, λ) 

(e.g., Morel, 1988; Sathyendranath and Platt, 1988; Kirk, 1991; Morel and Maritorena, 

2001) and much less effort on average cosines, )λ,(zµ , (e.g., Kirk, 1991). Table 2.1 

summarizes all symbols and definitions utilized in this paper. The symbols z and λ stand 

for depth and light wavelength in vacuum, respectively, and for simplicity the explicit 

dependence of quantities on z and λ is omitted hereafter for most symbols unless causing 

ambiguity. 

In general, the comprehensive study by Morel and Gentili (2004) demonstrated 

that R, K, and µ  are influenced by many factors including inherent optical properties 
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(IOPs) of the ocean driven primarily by chlorophyll-a concentration (Chl) and co-varying 

constituents, solar position, and Raman scattering within a hypothetically homogeneous 

ocean based on radiative transfer simulations. However, many aspects of the underwater 

light fields were not well-studied due to limitations in measurements and simulations, 

including the effects of non-uniform vertical distribution of Chl and IOPs and the 

influences of inelastic radiative processes. The inelastic processes, which include Raman 

scattering by water molecules and fluorescence of chlorophyll-a and colored dissolved 

organic matter (CDOM), were either ignored or not well represented. Typically the 

inelastic processes transfer photons from shorter wavelengths to longer wavelengths and 

emit photons nearly isotropically. As a result, the solar radiant energy is redistributed 

spectrally leading to changes in energy transfer and propagation of light within the water 

column, which has been extensively documented by both theoretical (e.g., Stavn and 

Weidemann, 1988; Stavn, 1993) and field (e.g., Vodacek et al., 1994; Ge et al., 1995) 

studies. 

The underwater radiometric measurements are often used to develop ocean color 

algorithms, calibrate and validate satellite ocean color measurements, and other 

applications. For example, a recurrent need is derivation of water-leaving radiance, Lw(λ), 

from upwelling zenith radiance, Lu(z, λ), which is important to ocean color remote 

sensing (Austin, 1974; Morel and Gentili, 1993; Morel and Gentili, 1996; Mueller et al., 

2003). The value of underwater upwelling radiance Lu at a single depth, several discrete 

depths, or a continuously vertical profile is extrapolated to just beneath water surface to 

obtain Lu(0-, λ) that is further converted to the value of water-leaving radiance just above 

the surface, Lw(λ), through a constant. Subsequently, this in situ determined Lw(λ) is often 

used in ocean-color algorithm development as well as satellite calibration and validation. 

The accuracy of the in situ determined Lw(λ) severely depends on the assumption that the 

diffuse attenuation coefficient of upwelling radiance, KLu, in the extrapolation layer is the 
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same as that in the measurement layer. However, KLu cannot be constant in the water 

column with non-uniform vertical distribution of Chl and IOPs. Additionally, in the red 

KLu as well as other K decrease with depth due to the effects of inelastic processes (Morel 

and Gentili, 2004; Li et al., 2014), which violates the assumption of constant KLu. 

Therefore, the derived Lw(λ) using the underwater extrapolation method is smaller than 

its true value in the red, which suggests that the calibrated satellite measurements are also 

consequently underestimated. Nevertheless, the effects of a non-uniform vertical Chl and 

associated IOPs along with inelastic radiative processes on the KLu and any other diffuse 

attenuation coefficients for plane and scalar irradiances in either the downward or upward 

directions, have not been previously well appreciated nor addressed, and this is also true 

for R and average cosines. 

Through an inverse problem measurements of underwater irradiances permit the 

derivation of IOPs, which include absorption, a(z, λ), scattering, b(z, λ), and 

backscattering, bb(z, λ), coefficients of seawater. IOPs are the key parameters that control 

the propagation of solar light within the water column (Preisendorfer, 1965; Mobley, 

1994). Among IOPs, a(z, λ) has been retrieved using Gershun's equation (Gershun, 1939) 

which is a fundamental equation linking IOPs to AOPs 

 nKa ×µ=  (2.1) 

where Kn is the diffuse attenuation coefficient for net irradiance and μ is the average 

cosine for the entire light field (see section 2.2.3 for definitions). This equation is 

fundamental in a sense that it is derived from the directional integration of the radiative 

transfer equation for radiance; however, it is exact only under conditions when inelastic 

radiative processes and sources are negligible which limits the applicability of this 

equation. Note that the "irradiance quartet" is required to determine the AOPs involved in 

Gershun's equation. Sathyendranath and Platt (1988) proposed an alternative 

approximative equation linking IOPs and AOPs (SP equation) 
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 ddb Kba ×µ=+  (2.2) 

where dµ  is the average cosine for downwelling light field and Kd is diffuse attenuation 

coefficient for downwelling plane irradiance (Ed). Because the SP equation requires only 

downwelling plane and scalar irradiances which are easier to determine in the field 

compared to four irradiances at both upward and downward directions required by 

Gershun's equation, it is widely used in the literature (e.g., Sathyendranath et al., 1989; 

Nahorniak et al. 2001; Xing et al., 2012). It has been demonstrated that both equations 

are able to reasonably estimate a(z, λ) at wavelengths in the green (e.g., Lewis et al., 2011; 

Antoine et al., 2013). These two equations, however, may fail when the effects of 

inelastic processes are significant, for example in the red, because both Gershun's 

equation (Eq. 2.1) and SP equation (Eq. 2.2) neglect the contributions of inelastic 

processes. To date the influences of inelastic processes on the Gershun and SP equations 

have not been examined. It is expected that hyperspectral data will be more common in 

the future, and it will become essential to know at what spectral and depth extent Eq. 2.1 

and 2.2 can be applicable with in situ measured underwater irradiances and radiances. 

Zaneveld (1989) also suggested that determination of the magnitude and spectrum 

of sunlight at a given epipelagic depth is critical to understand the biological (e.g., 

photosynthesis) and physical (e.g., heating of seawater) processes. Photosynthetically 

available radiation (PAR), in units of photons s-1 m-2 nm-1, generally describes the amount 

of photons available for photosynthesis at a given depth and can be computed as  

 λ
λ

λ= ∫ d
hc

zEzPAR
l

o

700

400
),( )(  (2.3) 

where Eo is the total scalar irradiance, h is Planck's constant, and cl is the speed of light in 

a vacuum. Another quantity that is often used in computing photosynthetic rate is 

photosynthetically usable radiation (PUR) (e.g. Arrigo, 1994; Ardyna et al., 2013; Huot 
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et al., 2013), the fraction of PAR that is absorbed by the phytoplankton (Morel, 1978), 

which is defined as 

 λ
λ

= ∫ d
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where aph is the phytoplankton absorption coefficient. Also, as the major source for 

heating the seawater, solar radiation absorbed by seawater causes the heating rate, HR, in 

units of oC s-1, (e.g., Mobley et al., 2015): 
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where ρw = 1025 kg m-3 is the density of seawater, Cw = 3900 J kg-1 oC-1 is the specific 

heat of seawater, and the factor 0.65 is used to convert Ed(z, 400-700) to Ed(z, 400-1000) 

(Mobley et al., 2015). The Eo, Ed, and upwelling plane irradiance Eu in Eq. 2.3-2.5 are all 

affected by inelastic processes; thus, PAR, PUR, and HR are also affected. Nevertheless, 

the effects of inelastic processes on PAR, PUR, and HR have not been well quantified in 

the past. 

In recent years, efforts were made to improve underwater light calculations for 

better accuracy in oceanic ecosystem modeling (e.g., Mobley, 2011; Mobley and Boss, 

2012). Most recently Mobley et al. (2015) combined a radiative transfer model EcoLight-

S (Mobley, 2011) with a hydrodynamical model (Shchepetkin and McWilliams, 2005) 

and a biogeochemical model (Chai et al., 2002; Xiu and Chai, 2014) to improve coupled 

physical-biological-optical ecosystem modeling. They suggested that the radiative 

transfer code EcoLight-S is better than the traditional and inaccurate analytical light 

calculations and much faster than the full radiative transfer simulations with a Hydrolight 

code. However, EcoLight-S and traditional methods do not take the effects of inelastic 
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radiative processes into account. As inelastic processes spectrally redistribute radiant 

energy, inelastic processes may affect PAR, PUR, and HR, all of which depend on the 

available radiant energy at each individual wavelength. In particular, the spectral region 

between 600 and 700 nm is severely affected by inelastic processes. Mobley (2011) 

found that Raman scattering only causes approximately 5% difference in oceanic PAR at 

400 m, but the conclusion was made for a homogeneous pure seawater ocean. Thus, the 

potential influence of CDOM and chlorophyll-a fluorescence on PAR, PUR, and HR were 

not examined. The effects of inelastic processes on PUR and HR, as well as the general 

applicability of the conclusion regarding PAR, should be systematically investigated for a 

non-homogeneous ocean. 

Other than inelastic effects, another problem that remains poorly assessed is how 

ocean stratification can affect the underwater light field and AOPs. A homogeneous 

ocean (including the special case of a pure seawater ocean) and oceans with idealized 

vertical Chl distribution (and hence idealized vertical profiles of IOPs) have been 

frequently assumed in many studies (e.g., Stavn and Weidermann, 1988; Stavn, 1993; 

Berwald et al., 1995; Liu et al., 2002, 2006; Zheng et al., 2002). Nevertheless, the effects 

of a non-uniform vertical distribution of Chl(z) and IOPs on underwater light field,  

Kd(z, λ), euphotic zone depth, and Rrs(λ) have been recognized (Gordon et al., 1993; 

Morel and Gentili, 2004; Stramska and Stramski, 2005). In addition, Mobley et al. (2002) 

found that an incorrectly chosen volume scattering phase function of suspended particles, 

)λψ,,(~ zβ p ( ψ  is scattering angle), can cause errors in underwater Ed(z, λ) and Lu(z, λ), 

and )λψ,,(~ zβ p can be related to the vertical distribution of Chl in the ocean (Morel et al., 

2002). The effects of realistic non-uniform vertical variations in Chl and associated 

realistic vertical variations in IOPs have not been specifically investigated. Interesting 

questions include, among others, how the vertical patterns of AOPs are affected by 

vertical distribution of Chl, how significant the effects of chlorophyll-a fluorescence are 
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in a water column with different Chl profiles, or how the AOPs are affected by the 

interplay of different inelastic processes (i.e., Raman scattering, fluorescence by 

chlorophyll-a, and fluorescence of CDOM) in the presence of realistic non-uniform 

vertical distribution of Chl. 

To understand how the underwater light field and AOPs, especially the average 

cosines, within the ocean are affected by non-uniform vertical Chl and inelastic processes 

requires concurrently measured radiometric quantities and Chl profiles. The most 

commonly available underwater radiometric measurements are Ed, Eu, and Lu. As a result, 

the most often studied AOPs include the diffuse attenuation coefficients for downwelling 

and upwelling plane irradiance, Kd(z, λ) and Ku(z, λ) respectively, irradiance reflectance 

R(z, λ) [=Eu(z, λ)/Ed(z, λ)], and remote-sensing reflectance Rrs(λ) [=Lw(λ)/Es(λ)] (Es is 

downwelling plane solar irradiance just above the water surface) (e.g., Jerlov, 1951; 

Lundgren and Hojerslev, 1971; Morel, 1988; Stambler et al., 1997; Morel and Maritorena, 

2001; Clark et al, 2002; Brown et al., 2007; Zibordi et al., 2015). However, the 

downwelling and upwelling scalar irradiances, Eod and Eou respectively, have been rarely 

measured simultaneously with Ed and Eu, which limits the investigation of additional 

common AOPs such as diffuse attenuation coefficients for downwelling and upwelling 

scalar irradiances, Kod and Kou respectively, and three average cosines, µ , dµ , and uµ . 

During two cruises in the Gulf of California, we obtained simultaneous 

hyperspectral measurements of the so-called "irradiance quartet" of four irradiances (Ed, 

Eu, Eod, and Eou,) and zenith radiance Lu from the surface to depths of 60 – 80 m. This 

dataset is unique because it allows the study of almost all AOPs. The study area also 

spans a large range of biogeochemical provinces as inferred from the vertical profiles of 

Chl and beam attenuation coefficients from CTD casts. Analysis of this dataset, coupled 

with radiative transfer simulations, is used to provide a better understanding of variations 

in oceanic AOPs, and specifically the influences of inelastic processes and a non-uniform 
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vertical IOPs. In general, our objectives in this study include: (1) describing the 

irradiance field and AOPs within the epipelagic zone using the field measurements, (2) 

attempting to assess the effect of each individual inelastic process on the epipelagic light 

field using radiative transfer modeling, (3) understanding the variations of AOPs in 

relation to Chl (and its associated IOPs) and inelastic processes, (4) demonstrating the 

effects of inelastic processes on the Gershun's and SP equations, and (5) evaluating the 

effects of inelastic processes on photosynthetically available radiation and ocean heating. 

 

2.2. Field and Laboratory Measurements 

The field data were collected in the Gulf of California onboard the R/V New 

Horizon in June, 2010 and June – July, 2011 (Fig. 2.1). A total of 11 stations were 

occupied in 2010 and 14 stations in 2011. These stations were located within three 

specific regions of the Gulf of California, Guaymas Basin (9 stations), Carmen Basin (8 

stations), and Farallon Basin (8 stations), which differ significantly in terms of water 

optical properties. Guaymas Basin is the central part of the Gulf of California, Farallon 

Basin is the southernmost part of the Gulf of California, and Carmen Basin is located 

between Guaymas and Farallon basins. 

 

2.2.1. CTD Measurements 

At each station a conductivity-temperature-depth (CTD) package equipped with 

Niskin bottles was deployed to determine the depth profiles of seawater physical 

parameters (e.g. temperature T, salinity S, and density anomaly σ), chlorophyll-a 

fluorescence, and non-water optical beam attenuation coefficient at 660 nm, cnw(z, 660) 

(i.e., the beam attenuation after subtraction of pure seawater contribution). Water samples 
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were also collected at discrete depths with the CTD-Rosette and later used to determine 

Chl and spectral absorption coefficients of particles in the laboratory. 

The CTD package was deployed from water surface to ~500 m depth. The 

acquired raw data were processed with manufacturer software, SBEDataProcessing 

v7.23.2 (Sea-Bird Electronics Inc., Bellevue, WA), and converted to values in physical 

units with calibration files that were closest in time to the date of measurements. The 

processing software automatically aligned the measurements of each sensor to the 

common depth vector. The calibrated data were subsequently split into down- and up-

casts. Upon preliminary inspection of the data, the up-casts of CTD measurements often 

exhibit less noise and thus were chosen for further processing. Profiles of each parameter 

were despiked using a running median method and smoothed further using a Savitzky-

Golay filter in Matlab R2011a. The quality-controlled and smoothed profiles were then 

binned to 0.5 m depth resolution. The final outputs include T, S, σ, chlorophyll-a 

fluorescence, and cnw(z, 660). The cnw(z, 660) is considered to be equivalent to the 

particulate attenuation coefficient at 660 nm, cp(z, 660), because the absorption of 

dissolved material at 660 nm is negligible. 

 

2.2.2. Radiometric Quantities and Apparent Optical Properties 

Underwater radiometric measurements, including the "irradiance quartet", Ed, Eu, 

Eod, and Eou (for all stations) and upwelling zenith radiance Lu (for a few stations in 2011), 

were collected using a separate instrument package containing five TriOS sensors. 

Concurrent in-air downwelling plane solar irradiance, Es(λ), was also measured with an 

additional TriOS sensor mounted vertically on board the ship. These sensors typically 

acquire signal over the approximate spectral range 320-950 nm (with slight difference 

among sensors) with ~3.3 nm spectral resolution across the spectrum. The radiance 

sensor has a 7o field of view in air. All five in-water sensors were mounted on a frame 
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and aligned to the exact same depth level. The in-water package was then lowered into 

water and measurements were taken at several discrete depths down to depths of 60 to 80 

m. The package was stopped and held every 3-10 meters to acquire 5-10 scans at each 

measurement depth. The depth resolution of discrete measurements was highest near the 

surface and decreased to 10 m after 20 m. Generally at least one measurement was made 

around the depth of the Chl maximum inferred by the chlorophyll-a fluorescence profile 

from the CTD cast. The integration time of each sensor was adjusted to the light intensity 

at each measurement depth to ensure the best signal to noise ratio. 

The raw radiometric data acquired in the field were calibrated to irradiance and 

radiance with physical units. For the underwater measurements, the correction for 

immersion effect was made for each individual sensor with the coefficients provided by 

the manufacturer. All measurements were matched to each other by their time stamp and 

assigned depth. Each spectrum was then filtered using the Savitzky-Golay filter in Matlab 

R2011a to remove noise, after which the spectrum was interpolated to 1 nm spectral 

resolution. The quality of radiometric measurements is best within the visible spectrum, 

400 – 700 nm, when the irradiance magnitude is higher than the detection limit of 10-6 W 

m-2 nm-1, but Lu was often not available below ~30–40 m due to sensitivity of the sensor. 

The underwater irradiances and radiance measurements that passed quality criteriawere 

then adjusted to eliminate the effects of changing sky conditions over time during the 

deployment of underwater radiometric system. The spectral values of irradiances and 

radiance measured at any given station were multiplied by the ratio of concurrently 

measured spectral values of Es to the mean value Es that is based on averaging during the 

period of deployment of underwater system. This enables the underwater irradiances and 

radiance measured at different times at different depths to be comparable even when the 

incident light conditions were changing during the deployment of the underwater 

radiometric system. 
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The irradiance data after quality control were used to derive a number of AOPs at 

each discrete depth. Because of the complete measurement of all four underwater 

irradiances, a comprehensive set of AOPs, including R, µ , dµ , uµ , and K, could be 

computed. The reflectance R is defined as the ratio of Eu and Ed at the same depth: 
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Additional AOPs include the diffuse attenuation coefficients for various irradiances or 

radiances, collectively referred to as the K. K can be derived for each individual 

irradiance using Eq. 2.8 
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where x can represent d, u, od, and ou, z1 is a depth corresponding to the upper boundary 

of the layer over which Kx is determined, z2 is the lower boundary of this layer, and 

2/)(Δ 12 zzz −=  is a depth interval corresponding to the half of the thickness of this layer. 

Similarly other Kx can also be calculated using Eq. 2.8. For example, the diffuse 

attenuation coefficient of net irradiance, Kn, was computed by replacing Ex with net 

irradiance, En = Ed – Eu, and KLu by replacing Ex with Lu. 

The spectra of all AOPs were additionally inspected one by one to ensure the 

quality of data. At each depth the measurements with unrealistic AOPs, for example R > 

1 or average cosines > 1, or obvious outliers were discarded. The abnormal spectra most 

often occurred near the surface owing to effects of wave-induced light fluctuations on Ed 

and Eod (Stramski, 1986; Darecki et al., 2011). After these quality assurance steps, the 

remaining spectra of a radiometric quantity were then averaged to generate a single 
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spectrum to represent the final values at each specific nominal depth of measurement. 

The average spectra of irradiances and radiance were substituted into Eqs. 2.6 – 2.8 again 

to produce the final AOPs. Eleven stations (five for 2010 and six for 2011; see Fig. 2.1) 

which included measurements at more than three depths were selected for further analysis.  

 

2.2.3. Chlorophyll-a Concentration 

The chlorophyll-a concentration, Chl, of samples collected on GF/F filters in 

2010 was determined using High Performance Liquid Chromatography (HPLC) with the 

method described in Ras et al. (2007). Total Chl, which represents the summed 

contributions of monovinyl chlorophyll-a, divinyl chlorophyll-a, chlorophyllide-a, and 

the allomeric and epimeric forms of chlorophyll-a, was computed from HPLC results. 

The Chl was usually measured for water samples collected at 1–3 m below the water 

surface and around the depth of the Chl maximum. In 2011 an additional water sample 

was collected below the depth of the Chl maximum, resulting in three water samples at 

each station. These samples were analyzed spectrophotometrically to determine the Chl. 

The absorbance spectra of acetone extracts of pigments were measured inside an 

integrating sphere of a spectrophotometer (Perkin-Elmer Lambda 18 equipped with a 15-

cm integrating sphere) from 290 to 860 nm with 1 nm resolution. The Chl concentrations 

were then computed from absorbance at 630, 647, 665, 691 nm using the equation of 

Ritchie (2008). 

Following the determination of Chl at discrete depths, depth profiles of Chl were 

derived by calibrating the fluorescence profiles from the CTD cast. The values of 

chlorophyll-a fluorescence at the corresponding depths where Chl was discretely 

measured were extracted from the CTD data and used to establish a relationship between 

the fluorescence signal and Chl. With this relationship, the depth profiles of Chl were 
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constructed using the full depth profiles of measured fluorescence at all stations (see Fig. 

2.2 for an example). 

 

2.2.4. Inherent Optical Properties 

2.2.4.1. Spectra of ap, ad, and aph for Discrete Water Samples 

Discrete water samples were analyzed in the laboratory for determination of the 

spectral absorption coefficients of suspended particulate matter, ap, and further 

partitioned into the contributions of non-algal particles (commonly also referred to as 

detritus), ad, and phytoplankton, aph. At depths where Chl was measured, spectra of ap 

were spectrophotometrically determined in the spectral range from 300 to 850 nm with 1 

nm interval using the quantitative filter-pad technique with samples placed inside the 

integrating sphere (Stramski et al., 2015). Specifically, the optical density of particles 

retained on the GF/F filters, ODp-filter, was first obtained for the filters placed inside a 15-

cm integrating sphere of a Perkin-Elmer Lambda 18 spectrophotometer. The optical 

density of a few blank filters soaked in filtered seawater was also measured with the same 

geometrical configuration to obtain the baseline of the GF/F filters. The measured  

ODp-filter after subtracting the baseline was corrected for pathlength amplification effect 

using the formula ODp-susp = 0.3233OD p-filter
 1.0877, where ODp-susp is the optical density of 

particles in a hypothetical suspension without occurrence of multiple-scattering effects 

(Stramski et al., 2015). The ODp-susp was then converted to ap using  

ap = 2.303ODp-susp /(Vf/Af), where 2.303 is ln(10), Vf is the filtration volume in units of m3, 

and Af is the clearance area of filtration in unit of m2. 

The same filter on which ODp-filter was determined was subsequently treated with 

cold methanol to remove phytoplankton pigments, and re-measured in the 

spectrophotometer to determine ODd-filter (Kishino et al., 1985). Spectra of ad were 

obtained from ODd-filter using the same approach as ap. The whole spectrum of ad was 
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shifted according to the average value of ad within the near-infrared spectral range of 

800–820 nm in order to have ad and ap equal in this range. Note that the spectrum of ap 

remained unchanged. This procedure assumes that the phytoplankton absorption 

coefficient, calculated as aph = ap – ad, equals zero in the near-infrared region. 

Depth-resolved profiles of ap and aph are needed for the radiative transfer 

simulations described in section 2.3. The measured Chl and spectra of ap and aph at 

discrete depths were used to establish bio-optical relationships in the study area for each 

cruise. The relationship for ap has the same format as the commonly used "New Case 1" 

model (Bricaud et al. 1998), which is ap(z, λ) = A(λ)×Chl(z)E(λ), where the coefficients 

A(λ) and E(λ) are determined based on linear regression. Similarly the relationships 

between aph and Chl were built by determining the chlorophyll-a specific absorption 

coefficient, )(* λpha , as )(* λpha = aph(z, λ)/Chl(z), which is a common model of 

phytoplankton absorption. With these established bio-optical relationships, the depth 

profiles of spectral ap and aph were derived from the depth profiles of Chl in section 2.2.3. 

 

2.2.4.2. In Situ Absorption and Beam Attenuation Coefficients from ac-9 

The non-water absorption coefficient, anw(z, λ) = ap(z, λ) + ag(z, λ), and non-water 

beam attenuation coefficient, cnw(z, λ) = anw(z, λ) + bp(z, λ), were measured at five 

stations in 2011 with an ac-9 (WET Labs, Inc.). Measurements were obtained at nine 

spectral bands; 412, 440, 488, 510, 532, 555, 650, 676, and 715 nm. The instrument was 

mounted on a separate package and profiled from surface to ~500 m depth. The acquired 

raw data were transmitted to and stored on a laptop connected to the instrument. The first 

step of data processing included quality checking of downcast and upcast and rejecting 

doubtful and excessively noisy data. It was found that data were often missing for the 

upcast of profiles within ~30-50 m near the surface. Therefore, only the downcasts were 

used for further processing, which included temperature and salinity correction (Sullivan 
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et al., 2006), subtraction of a baseline determined with Milli-Q water before the cruise, 

and binning to 0.5 m depth resolution. The anw(z, λ) values were additionally corrected 

for the scattering error by subtracting the values at 715 nm at all ac-9 wavelengths, the 

data were interpolated to 5 nm spectral resolution. The spectra of cnw(z, λ) were fitted to a 

power or exponential function of light wavelength to obtain the final data with 5 nm 

spectral resolution. After quality control, only two stations (station 4 and station 9 on 

2011 cruise) provided ac-9 data with the concurrent radiometric measurements described 

in section 2.2.2. 

 

2.3. Radiative Transfer Simulations 

The field measurements of irradiances and radiance naturally represent the actual 

environmental conditions including the contributions from all inelastic processes present 

within the water column. The contribution of each individual inelastic process cannot be 

adequately assessed based solely on the field measurements, and thus requires the aid of 

radiative transfer modeling in which cases with and without inelastic process(es) can be 

simulated. The comparison among simulation scenarios can sufficiently reveal how each 

inelastic process affects the underwater light field. In this study we used a scalar radiative 

transfer code, Hydrolight v5.1.4, which outputs the full angular distribution of radiance 

from which all other radiometric quantities and AOPs can be derived. 

Vertical profiles of the IOPs of seawater, including the total spectral absorption 

coefficient, a(z, λ), spectral scattering coefficient, b(z, λ), and spectral scattering phase 

function associated with elastic scattering by water molecules and suspended particles, 

)λ,,(~
ψβ z , are required inputs for each simulation. The IOPs obtained from two different 

sources were utilized. The first set of IOPs utilized in situ ac-9 measurements with a 

purpose of simulating environmental conditions similar to those encountered at the 

stations during the cruises in the Gulf of California. In brief, the coefficients anw(z, λ) and 
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bp(z, λ) = cnw(z, λ) – anw(z, λ) determined from ac-9 in section 2.2.4.2 were added to the 

spectral absorption coefficient of pure seawater [aw(λ); Sogandares and Fry (1997) and 

Pope and Fry (1997)] and scattering coefficient of pure seawater [bw(λ); Morel (1974)] to 

compute a(z, λ) and b(z, λ), respectively. The phase function of pure seawater, )ψ,(~ λβw , 

was assumed to be depth-invariant, while the phase function of suspended particles, 

)λ,,(~
ψzβ p , was a series of Fournier-Forand phase functions with backscattering 

fractions determined from Chl(z) according to Morel et al. (2002). To include 

fluorescence by chlorophyll-a and CDOM in the simulations, the aph(z, λ) and ag(z, λ) 

have to be separately specified. The depth profiles of aph(z, λ) were computed from Chl 

profiles, which is described in section 2.2.4.1, and ag(z, λ) was simply calculated as  

ag(z, λ) = anw(z, λ) – ap(z, λ). 

The second set of IOPs was generated solely based on given Chl profiles using the 

"New Case 1" model described in the technical documentation of Hydrolight (Mobley 

and Sundman, 2008). The purpose of this set of simulations is to facilitate our 

understanding of the ocean epipelagic light field in generic conditions, instead of a 

specific group of stations as represented in the first set of simulations. Two profiles of 

Chl were considered. The first one representing an open ocean scenario is the vertical Chl 

profile S3 of Uitz et al. (2006), which is the averaged profile of hundreds of field-

measured profiles. The S3 is a Gaussian profile with surface Chl around 0.1 mg m-3, 

maximum Chl around 0.25 mg m-3 at 90 m, and minimum Chl around 0.02 mg m-3 at or 

below 200 m. The other one represents a Chl profile measured in turbid ocean, 

specifically at station 3 in the Gulf of California visited during our cruise in 2010. 

Subsequently ap(z, λ) was computed based on Bricaud et al. (1998) and cp(z, λ) based on 

Loisel and Morel (1998) for the two oceanic scenarios. aph(z, λ) was calculated using the 

default )(* λpha  in Hydrolight, and ag(z, λ) was modeled using ag(z, λ) = ag(z, 440) 

×exp[-0.014×(λ-440)] (Mobley and Sundman, 2008), where ag(z, 440) = 0.2×ap(z, 440) 
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+ abg(440) with abg(440) as the background absorption of CDOM from sources that do 

not covary with phytoplankton. According to field measurements of Nelson et al. (2010), 

abg(440) was set to 0.03 m-1 for the open ocean simulation and 0.05 m-1 for the turbid 

ocean simulation, which is consistent with in situ measurements by Pegau et al. (1997), 

Nelson et al. (1998), and Organelli et al. (2014). The remaining IOPs, aw(λ), bw(λ), 

)ψ,(~
λwβ , and )λ,,(~

ψzβ p , were determined using the same approaches as in the first set 

of IOPs. 

In terms of modeling inelastic radiative processes of Raman scattering by water 

molecules, fluorescence by CDOM, and fluorescence by chlorophyll-a, a detailed 

description of the use of inelastic processes in radiative transfer models including the 

Hydrolight model is provided in Mobley et al. (1993) and Mobley (1994). We used the 

default options of Hydrolight 5.1.4 for the Raman scattering coefficient at a reference 

wavelength of 488 nm and the wavelength dependence of this coefficient, which are 

based on studies of Bartlett et al. (1998) and Desiderio (2000). An isotropic phase 

function is assumed for emission by Raman scattering in Hydrolight, which is an 

approximation. The Hydrolight model also assumes an isotropic fluorescence emission 

by CDOM and chlorophyll-a, which is justified as the angular distribution of light 

produced by fluorescence is typically isotropic or nearly isotropic (e.g., Gordon et al., 

1993). Because the spectral quantum efficiency functions of CDOM fluorescence and 

chlorophyll-a fluorescence vary to some extent for various water bodies, the Hydrolight 

model utilizes the functions that represent typical or approximately average levels of 

fluorescence observed in the ocean. Specifically, for modeling CDOM fluorescence, 

Hydrolight uses the spectral fluorescence quantum efficiency that is a function of both 

the excitation and emission wavelengths as depicted in Fig. 5.11 in Mobley (1994). This 

function is based on measurements of natural water samples (Hawes et al., 1992). For 

chlorophyll-a fluorescence Hydrolight uses the quantum efficiency of 0.02 independent 
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of excitation wavelength, which is within a range of typical values between 0.01 and 0.05 

(Mobley, 1994). 

The use of boundary conditions, ancillary information, and inclusion of inelastic 

processes in the simulations is summarized below. For the first set of simulations the 

measured downwelling irradiance incident upon the sea surface, solar zenith angle, sky 

conditions, and wind speed at the time of field measurements were specified based on 

field observations. The second set of "generic" simulations used the average of annual 

incident downwelling irradiance, a solar zenith angle of 0o, clear sky conditions, and a 

wind speed of 5 m s-1. An infinitely deep ocean was assumed in all simulations. 

Furthermore, the inclusion of different inelastic processes results in five Hydrolight runs 

for a single set of IOPs, which represented (i) no inelastic processes, (ii) Raman 

scattering only, (iii) chlorophyll-a fluorescence only, (iv) CDOM fluorescence only, and 

(v) Raman scattering and fluorescence of both CDOM and chlorophyll. In each 

Hydrolight run, the light field was computed from 350 to 750 nm. However, we restrict 

the presentation and interpretation of simulation results to the visible spectral range 400–

700 nm. Note that because the simulations included the near-UV spectral range between 

350 and 400 nm, the contributions of inelastic processes are adequately accounted for at 

wavelengths longer than 400 nm. 

 

2.4. Results and Discussion 

2.4.1. Epipelagic Light Field and AOPs 

2.4.1.1. General Description based on Field Measurements 

The study area covered three biogeochemical provinces spanning Guaymas, 

Carmen, and Farallon from near shore to the mouth of the Gulf (Fig. 2.1). The Chl varied 

from 0.005 to 0.235 mg m-3 near the surface, from 0.253 to 2.175 mg m-3 within the layer 

of Chl maximum, and from 0.004 to 0.419 mg m-3 in the deepest portion of the epipelagic 
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layer where measurements were taken (Table 2.2). The shape of the Chl vertical profile 

changes from station to station as well. The depth of the Chl maximum changes from 

around 20 m (station 11, 2011) to around 50 m (station 10, 2010) and the full width half 

maximum (FWHM) of the Chl maximum, when fitted to a Gaussian function, varies from 

5 m (station 8, 2011) to 30 m (station 10, 2010). Besides Chl, significant variations were 

also observed for cp(z, 660) that ranges from 0.043 to 0.405 m-1. The solar zenith angle 

spans a range from 0.5o (station 10, 2010) to 57.1o (station 8, 2010). Under such diverse 

environmental conditions, interesting features are expected in light fields and AOPs. 

The magnitude and spectral composition of the epipelagic light field are discussed 

below based on measurements of the irradiance quartet (Eu, Ed, Eou, and Eod) and derived 

AOPs such as irradiance reflectance R, average cosines ( µ , dµ , uµ ), and diffuse 

attenuation coefficients K (Kd, Ku, Kod, Kou, and others). A station located in the Guaymas 

Basin of the Gulf of California during the 2011 cruise was chosen as an example to 

illustrate the light field within the top 70 m of the epipelagic layer. Figure 2.2 shows the 

vertical profiles of T, σ, Chl, and cp(z, 660). Spectra and vertical profiles of "irradiance 

quartet" are shown in Fig. 2.3, R and average cosines in Fig. 2.4, and K in Fig. 2.5. 

The irradiance measurements were made at depths between 6 m and 67 m with 

various intervals ranging from about 4 m above Chl maximum to 20 m below Chl 

maximum [Fig. 2.3(a)–(d)]. The downwelling plane irradiance, Ed, decreases from the 

spectral maximum value of ~1 W m-2 nm-1 around 478 nm at a depth of 6 m to the 

maximum of ~0.01 W m-2 nm-1 around 495 nm at 67 m. The scalar downwelling 

irradiance, Eod, has generally similar spectral composition as Ed. Its magnitude is about 

1.25 greater than Ed at any wavelength between 400 and ~600 nm and in the wavelength 

range 600 – 700 nm the magnitude of Eod is comparable to Ed within the top 10 m of the 

water column and starts to become much larger than Ed at deeper depths, up to 2-fold at 

700 nm at 67 m. The upwelling planar irradiance, Eu, is ~2% of Ed at the same depths in 
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the spectral range 400 – 600 nm and varies from ~0.3% (at 6 m) to 80% (at 67 m) of Ed 

within the 600 – 700 nm range. The magnitude of upwelling scalar irradiance Eou at 

wavelengths between 400 and 600 nm is ~2.5 times higher than Eu and ~2 times higher in 

the 600-700 nm range across the entire water column of measurements. These results 

illustrate how underwater irradiances vary with depth and spectrally for the example 

station and are naturally representative specific environmental conditions occurring 

during the measurements, including the solar zenith angle (5.5o), sky conditions (clear 

sky), and IOPs of seawater. All of these factors have effects on the underwater light field 

(Mobley, 1994) and some of these effects will be discussed below. 

Figures 2.3(e)–(h) shows the depth profiles of the irradiance quartet at four 

selected wavelengths. The trends of the profiles in the blue and green spectral bands (at 

440 and 550 nm) differ from those in the red (650 and 683 nm). All four irradiances at 

440 and 550 nm decrease with depth throughout the water column, but may exhibit an 

increase within a depth range (e.g., around 30 m where Chl maximum occurs for this 

example station) at 650 (an example wavelength in the red not significantly affected by 

chlorophyll-a fluorescence) and 683 nm, in particular for Eu and Eou. In spite of different 

trends for different spectral ranges, the irradiances are all affected by the vertical 

distribution of Chl and associated IOPs. For example, in the blue and green, the 

irradiances are attenuated faster around the Chl maximum at ~30 m. The dramatic 

increase of irradiances around 30 m at 683 nm is due to significant chlorophyll-a 

fluorescence, which is observed in the spectra of irradiance quartet as a distinct peak 

around 683 nm [Figs. 2.3(a)–(d)]. The magnitudes of Eu and Eou at 683 nm increase 

significantly around 30 m and exceed the values at shallower depths. These patterns in 

irradiances correspond well to the vertical profile of Chl in Fig. 2.2, which has maximum 

of 0.65 mg m-3 around 30 m. The non-uniform vertical distribution of Chl thus causes 

notable influences on epipelagic light field through non-uniform distribution of IOPs with 
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additional effects of inelastic process of chlorophyll-a fluorescence in the red spectral 

band. 

Additional features such as an overall angular distribution and attenuation rate of 

the light field can be characterized by AOPs, which are derived from irradiances. In 

particular, although the effects of chlorophyll-a fluorescence are directly seen in the 

spectra and profiles of irradiances, the effects of Raman scattering are not as obvious and 

are more noticeable in AOPs such as irradiance reflectance, average cosines, and diffuse 

attenuation coefficients. The dimensionless irradiance reflectance R [Figs. 2.4(a,e)] 

between 400 and 600 nm exhibits a change from 0.025 near the surface to 0.01 at 67 m 

primarily due to the vertically inhomogeneous IOPs caused by non-uniform distribution 

of Chl. In the red R increases from around 0.003 at 6 m to 0.8 at the depth of the Chl 

maximum (29 m). This latter result is caused by inelastic processes. As chlorophyll-a 

fluorescence is concentrated in the spectral range of ~650-700 nm with a peak around 

683 nm, the increase of R in the 600 – 650 nm range with depth is caused mainly by the 

effect of Raman scattering. The small shoulder in the R spectra between 600 and 650 nm 

[indicated by the arrow in Fig. 2.4(a)], which shifts towards 600 nm with increasing 

depth, indicates that the effects of Raman scattering become stronger with depth. This is 

consistent with suggestions by Cunningham and McKee (2013). The changes of R in the 

~650 – 700 nm is caused by the combined effects of Raman scattering and chlorophyll-a 

fluorescence. Depending on the depth and Chl profile, the contributions from Raman 

scattering and chlorophyll-a fluorescence to R vary. For example, whenever a very large 

peak is observed in R around 683 nm [e.g., at depths of 20 and 29 m in Fig. 2.4(a)], 

chlorophyll-a fluorescence dominates over Raman scattering. If such peak is not 

prominent, the effects of Raman scattering are either comparable or stronger than those of 

chlorophyll-a fluorescence (e.g., 6 and 10 m). 
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Average cosines, dµ , uµ , and µ , are simple parameters that describe the overall 

directional structures of the downwelling, upwelling, and entire light fields, respectively 

(Mobley, 1994). Spectra of all average cosines are relatively featureless in the blue and 

green and more complex in the red. In the spectral range of 400-600 nm, dµ  in Fig. 2.4(c) 

and µ  in Fig. 2.4(d) have values of 0.7-0.9 indicating that underwater light travels 

primarily in downward directions within 45o of the vertical, while uµ  has values around 

0.4 suggesting a more uniform angular distribution of upwelling light field. These values 

in the blue and green are in the range reported in other studies (e.g., Mobley, 1994; Morel 

et al., 2004; Lewis et al., 2011). In the red (600-700 nm) dµ  decreases from ~0.95 near 

the surface to around 0.5 at depths ≥ 20 m, µ  decreases from ~0.95 to about 0.05, and 

uµ  varies from 0.4 to 0.63. These values differ significantly from those which would 

have occurred if inelastic processes were ignored (Mobley, 1994). Therefore, when 

inelastic processes exist which is always the case in the ocean, the light field in the red 

becomes more isotropic with increasing depth, while the light field in the blue and green 

stays highly directional, which is clearly indicated by the vertical profiles of average 

cosines [Figs. 2.4(f)-(h)]. A closer comparison of average cosines between 683 nm and 

650 nm indicates that the light field around 683 nm becomes nearly isotropic around the 

depth of the Chl max owing to strong effects of chlorophyll-a fluorescence, which is 

evidenced by the extremely low value of µ  at 683 nm around ~30 m [Figs. 2.4(h)]. 

Unlike Raman scattering which leads gradually to a more uniform light field in the red 

with increasing depth, the vertical distribution of Chl causes additional variations in the 

angular distribution of light field around 683 nm at different depths. 

Figure 2.5 shows K (Kd, Ku, Kod, and Kou) derived from the irradiance quartet 

measured at discrete depths, which means K at each depth represents the average K of the 

layer bounded by two adjacent depths. It is obvious that K have different spectral shapes 

and vertical profiles for downwelling and upwelling irradiances, especially in the red 
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where inelastic processes play a very important role (Morel et al., 2004). To illustrate the 

effects of inelastic processes the pure water absorption coefficient, aw(λ), from Pope and 

Fry (1997) is shown as dashed lines in Fig. 2.5. Values of aw(λ) should be the theoretical 

minimum of K if inelastic processes were absent in the water column (Gershun, 1939; 

Jerlov, 1976; Morel and Maritorena, 2001). As expected the measured K are generally 

higher than aw(λ) and vary from 0.056 to 0.22 m-1 between 400 and ~600 nm, but in the 

red Kd [Figs. 2.5(a,e)] and Kod [Figs. 2.5(b,f)] vary from 0.077 to 0.51 m-1 and become 

smaller than aw(λ) below ~10 m. Values of Ku [Figs. 2.5(c,g)] and Kou [Figs. 2.5 (d,h)] are 

always smaller than aw(λ) and even become negative around a depth of the Chl maximum. 

Nevertheless, the changes of K in all spectral bands correspond well to the vertical 

distribution of Chl [see Figs. 2.5(e)-(h)]. In the blue and green, the vertical profile of K 

follows the trend of Chl, but in the red it is more complex. The effect of Raman scattering 

generally leads to a gradual decrease of K in the red, for example at 650 nm, until 

approaching the level of K in the blue and green. However, owing to the non-uniform 

vertical distribution of chlorophyll-a fluorescence, K around 683 nm decreases faster 

above the layer of Chl maximum and increases dramatically below the layer of the Chl 

maximum. Significant negative values of Ku and Kou are observed above the layer of the 

Chl maximum, which means that upwelling irradiances around 683 nm can locally 

increase rather than decrease with depth [see Figs. 2.3(b,d)]. Another interesting fact 

caused by inelastic processes is that a peak beyond 600 nm in the spectra of Kd and Kod 

becomes noticeable below the layer bounded by depths of 10 and 16 m, which was also 

observed by Morel et al. (2004), due to the unequal spectral effect of inelastic processes. 

It results in a corresponding peak in the spectra of dµ  and µ  below 16 m shown in Fig. 

2.4 because a higher attenuation coefficient results in photons that are more concentrated 

around the vertical direction owing to a shorter pathlength. The peak in the spectra of Kd, 

Kod, dµ  and µ  in the red is very interesting because it identifies the spectral region where 
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inelastic processes dominate (Morel et al., 2004), i.e., at the wavelengths greater than the 

peak wavelength. 

 

2.4.1.2. Contributions of Inelastic Processes based on Radiative Transfer Simulations 

The spectra and vertical profiles of the irradiance quartet and derived AOPs 

discussed in section 2.4.1.1 illustrate the epipelagic light field within the top ~70 m of the 

water column for one realistic environmental scenario with vertically non-uniform profile 

of Chl and IOPs. The inelastic effects were qualitatively described mostly based on the 

contrast of patterns between the spectral ranges of 400-600 nm and 600-700 nm. 

However, the effects of individual inelastic processes cannot be easily separated and 

assessed in real field data of irradiances and AOPs because all these processes occur 

concurrently. For example, in the previous section we have not discussed the effects of 

CDOM fluorescence at all because these effects are particularly difficult to assess using 

the field data. In contrast to field data, the effects associated with each inelastic process 

can be assessed using radiative transfer modeling. For example, with the aid of a radiative 

transfer model the influence of how each inelastic process affects the light field can be 

assessed quantitatively based on simulations with or without one or more inelastic 

processes. We used Hydrolight model to simulate the light field for the two stations in the 

Gulf of California occupied during the 2011 cruise where in situ ac-9 measurements were 

available. We show results for one station as results for both stations are similar. Figure 

2.6 depicts the vertical profiles of T, σ, cp(z, 660), and Chl at this station, and Fig. 2.7 

includes both spectra (upper row) and vertical profiles (bottom row) of the absorption a, 

scattering b, and backscattering bb coefficients of seawater which served as input to 

Hydrolight. 

The modeled values of Eod and Eou with all inelastic processes included in the 

simulations agree well with field measurements of Eod and Eou at 440 and 550 nm at all 
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depths. However, at 650 and 683 nm modeled and measured values are comparable to 

each other only near the surface [see Figs. 2.8(a,d)]. At 10 m or deeper, the modeled 

estimates of Eod and Eou at 650 and 683 nm were lower than field measurements. Similar 

discrepancy between the modeled and measured irradiance in the red spectral region was 

also observed by Bulgarelli et al. (2003). This difference in our data could be interpreted 

by the underestimation of modeled values, overestimation of measured values, or both. 

There is no obvious evidence that would point to one of these explanations. If the field 

data are not subject to any gross error and we have no evidence for this, then one possible 

interpretation is an underestimation of Raman scattering effect by the Hydrolight model. 

We have verified that the difference between the modeled and measured irradiances in 

the red becomes smaller if the strength of Raman scattering is increased in the model. We 

also verified that the difference cannot be reduced by changing the chlorophyll-a 

fluorescence quantum efficiency within a reasonable range (not shown). Regardless of 

the true reason for the difference between the measured and modeled irradiances in the 

red, this difference represents a systematic offset which does not affect our analysis of the 

relative effects associated with each inelastic process separately. In general, the 

Hydrolight simulations confirm that the presence of inelastic processes results in several-

fold to orders magnitude increase in Eou below about 10 m and Eod below about 20 m in 

the red spectral region [Figs. 2.8(a,d)]. 

The modeled Eod and Eou at 440, 550, 650, and 683 nm within the entire 

epipelagic zone were further inspected to understand the contribution of each individual 

inelastic process. Initially the vertical profiles of modeled Eod and Eou at 440 and 550 nm 

obtained from simulations including different inelastic processes were examined [Figs. 

2.8(b,e)]. It is found that CDOM fluorescence is the most dominant inelastic process in 

the blue and green. It has been already recognized that CDOM fluorescence may 

contribute more to remote-sensing reflectance of the ocean in the blue and green than 
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Raman scattering (e.g. Hawes et al., 1992; Lee et al., 1994; Grassl et al., 2002). However, 

few studies have discussed the effects of CDOM fluorescence on the underwater light 

field. When CDOM fluorescence was included in the simulations, a reduction of Eod and 

Eou is observed below depths of ~25 m compared to the cases without any inelastic 

processes. CDOM fluorescence may reduce total scalar irradiance Eo (= Eod + Eou) by as 

much as ~25% in the short-wavelength portion of the spectrum for the modeled station 

[Fig. 2.9(a)]. Raman scattering has little importance in the blue and starts to cause small 

changes only at relatively long wavelengths and large depths, i.e., less than 5% increase 

at 550 nm below 75 m. Of course, the Raman effects are stronger with light wavelength 

increasing into the red portion of the spectrum. The chlorophyll-a fluorescence causes no 

changes at 440 and 550 nm. The changes in total scalar irradiance, Eo, caused by Raman 

scattering and chlorophyll-a fluorescence are consistent with expectations, but a decrease 

in irradiances below ~25 m resulting from CDOM fluorescence can be, at first glance, 

counter-intuitive. Nevertheless, the effects of CDOM fluorescence on the vertical profiles 

of R and µ  are consistent with expectations based on theoretical considerations. In 

general, R increases and µ  decreases with depth within the top ~75 m layer, which is 

consistent with CDOM fluorescence producing more isotropic angular distribution of 

photons within this layer (Mobley, 1994). However, the changes in R and µ caused by 

the CDOM fluorescence are still relatively small in the blue and green compared to those 

in the red caused by Raman scattering and chlorophyll-a fluorescence as shown in Fig. 

2.4. 

In the red, for example at 650 and 683 nm, all simulated cases with or without 

inelastic processes are comparable to each other within the top 20-25 m layer for Eod [Fig. 

2.8(c)] and 10-15 m for Eou [Fig. 2.8(f)]. Below these depths the effects of Raman 

scattering and chlorophyll-a fluorescence become noticeable. At 650 nm Raman 

scattering remains the dominant contributor to Eod below ~25 m and Eou below ~15 m, 
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which is similar to the findings for Eu by Stavn (1993). The contributions to irradiances at 

this wavelength by Raman scattering are significantly higher than those by chlorophyll-a 

and CDOM fluorescence, especially below ~35 m for Eod and ~25 m for Eou. However, at 

683 nm chlorophyll-a fluorescence is the single most dominant source of photons down 

to a depth of ~90 m where Chl drops to a very low value of 0.008 mg m-3. Raman 

scattering generates most of the red photons below 90 m. As expected, the contribution of 

CDOM fluorescence to the light field in the red spectral region is negligible throughout 

the water column. In summary, Raman scattering is the primary inelastic process 

resulting in significant changes in the light field in the red below ~20 m. Chlorophyll-a 

fluorescence can be an important process around 683 nm whenever there is sufficient Chl 

in the water column. It is worth pointing out that effects of Raman scattering will take 

over at shallower depth in a clearer water column, e.g., in typical open ocean water, than 

in the example station with more turbid water (Morel and Gentili, 2004). 

 

2.4.2. Apparent Optical Properties and Their Variations 

It was pointed out in section 2.4.1 and Table 2.2 that the environmental conditions 

in the study area are very diverse, so it is important to examine how the different 

environmental factors contribute to the variations in AOPs. 

 

2.4.2.1. Irradiance Reflectance R 

Phytoplankton abundance is commonly suggested to be the primary biological 

factor that causes optical variations in the ocean because optically significant constituents 

of seawater generally covary with Chl in the open ocean. Based on this assumption, Chl 

is operationally estimated from ocean color imagery using the blue-to-green band ratio of 

remote-sensing reflectance (e.g., OC4 algorithm by O'Reilly et al, 2000). This type of 

algorithm is based on the assumption that the variations in R in the blue and green can be 
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explained largely by the variations in Chl and co-varying water constituents. The 

irradiance reflectance in the blue at any depth z, R(z, 440), and Chl(z) show an opposite 

trend of variation such that an increase in Chl(z) is generally accompanied by a decrease 

in R(z, 440). In contrast, when Chl(z) increases the reflectance in the green, R(z, 550), 

generally tends to increase as well [see Fig. 2.2 and Fig. 2.4(e)]. However, R(z,440) and 

R(z, 550) individually do not correlate well with Chl(z). When the blue to green ratio of 

reflectance is involved, the correlation with Chl(z) can become significant. For our data 

set from the Gulf of California, log[R(z, 440)/R(z, 550)] and log[Chl(z)] are linearly 

correlated with r2=0.609 for all data points collected at all measurement depths [Fig. 

2.10(a)]. Therefore, it can be assumed that Chl indeed drives a large part of the variations 

in underwater R in the blue and green spectral regions. Similar relationship established by 

Morel and Maritorena (2001) on the basis of data from surface waters in different regions 

of the open ocean is not consistent with our regional relationship from the Gulf of 

California. In contrast to the data set of Morel and Maritorena (2001) our measurements 

extend to deeper depths below 40 m and were collected in the marine environment that 

can be subject to terrestrial influences with more significant contribution of water 

constituents such as mineral particles or CDOM that do not covary with Chl. Our results 

support the notion that special caution is required when estimating R from Chl or vice 

versa in water bodies where phytoplankton and covarying constituents are not the 

predominant source of variations in optical properties.  

The reflectance in the red, for example R(z, 650) or R(z, 683), do not correlate 

well with Chl [Fig. 2.10(b)]. In particular, the outlier data points for depths >30 m [i.e., 

the group of points with high reflectance and low Chl in Fig. 2.10(b)] suggest that  

R(z, 650) and R(z, 683) may have features related to depth. Indeed, R(z, 650) and R(z, 683) 

gradually increase from ~0.001 near the surface to ~0.85 around a depth of 80 m and the 

reflectance correlates well with depth (r2=0.82 and r2=0.794, respectively) [Fig. 2.10(c)]. 



98 

 

These trends reflect the increasing effect of Raman scattering on R in the red as depth 

increases. Also, as expected, the effects of chlorophyll-a fluorescence on R(z, 683) are 

noticeable when Chl is sufficiently high. The values of R(z, 683) is comparable with  

R(z, 650) near the surface and then R(z, 683) increases faster than R(z, 650) as Chl 

increases. R(z, 683) tends to have the highest values at depths around the Chl maximum, 

which is indicated by the arrow in Fig. 2.10(c). Below the depth of Chl maximum,  

R(z, 683) and R(z, 650) become close to each other again. This analysis indicates that 

whereas Raman scattering is generally the main factor causing vertical variations of R in 

the red, the profile of chlorophyll-a fluorescence adds additional complexity. It is 

therefore difficult to envision the establishment of reliable correlational bio-optical 

algorithms for estimating Chl or other biogeochemical properties of seawater from 

irradiance reflectance throughout the epipelagic water column. 

 

2.4.2.2. Diffuse Attenuation Coefficients K 

Diffuse attenuation coefficients K span a wide range under the various 

environmental conditions listed in Table 2.2. For example, the range for the values of Kd 

at 440, 550, 650, and 683 nm is 0.031 – 0.246, 0.054 – 0.168, 0.072 – 0.514, and 0.044 – 

0.635 m-1, respectively. The range of Ku at the same wavelengths is 0.041 – 0.253, 0.021 

– 0.192, 0.018 – 0.421, and -0.095 – 0.374 m-1, respectively. 

Understanding the relationships among different K is useful, for example when 

these coefficients are needed to extrapolate measured irradiance or radiance within the 

water column beyond the range of measurement depths (Jerlov, 1976; Clark et al., 2002; 

Morel and Gentili, 2004). In general, K of scalar and plane irradiances, either for 

downwelling or upwelling observations, are comparable in magnitude regardless of solar 

angle, Chl, light wavelength, or depth [Fig. 2.11(a,b)]. The general similarity between Kd 

(or Kod) and Ko is also shown in Fig. 2.11(c). However, K for upwelling and downwelling 
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irradiances are not comparable in magnitude [Fig. 2.11(d)]. In the blue and green (e.g., 

440 and 550 nm), Ku generally correlates with Kd according to the relationship  

Ku(z, 440)=1.0115×Kd(z, 440) + 0.0095 with r2=0.827 and Ku(z, 550)=1.5073×Kd(z, 550) 

– 0.0489 with r2=0.784. We note that one data point for Ku and Kd at a depth < 5 m for 

station 8, 2010 ["+" in Fig. 2.11(c)], when solar zenith angle θs was 57.1o, was excluded 

from the regression analysis at 440 and 550 nm. High values of θs can lead to 

dramatically increased Kd near the surface (Lundgren and Hojerslev, 1971) but do not 

significantly influence Ku. Towards longer wavelengths, for example 650 and 683 nm, 

the additional effects of inelastic processes result in larger differences and decorrelation 

between Ku and Kd with r2 as low as 0.44 and 0.079 respectively. As a result, K for 

upwelling and downwelling irradiances can be reasonably related to each other only in 

the blue and green spectral regions at all depths if solar zenith angle θs is relatively small. 

If larger solar zenith angles are considered (e.g., θs > 30o) the near-surface data have to be 

excluded from the relationship. One possible application of this finding is to use Kd or Kod 

for extrapolating Eu and Eou in the blue and green to larger depths because Eu and Eou at 

large depths are very low and difficult to measure because of radiometer detection limits, 

while Ed and Eod are much higher and easier to accurately measure at deeper depths. 

Unfortunately, in the red, the relationships between K of upwelling and downwelling 

irradiances is not useful owing to complicated effects of inelastic processes. 

A close relationship between any K and KLu can be valuable to obtain "sea truth" 

data of water-leaving radiance for ocean color remote sensing validation (Morel and 

Gentili, 2004). The Kd and Kod coefficients differ significantly from KLu throughout the 

spectrum, and Kou also differs significantly from KLu in the red when KLu is greater than 

0.15 m-1 (not shown). Under the circumstances when measurements of KLu are not 

available, significant errors are expected in the extrapolated surface values of upwelling 

radiance Lu when Kd or Kod is used in the extrapolation instead of KLu. If KLu is replaced 
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with Kou the extrapolated values of surface Lu will also be subject to significant error in 

the red spectral region. Among the investigated coefficients K, Ku appears to be the best 

substitute for KLu for the purpose of near-surface extrapolation of upwelling radiance 

although one must be aware of some differences between these coefficients. Specifically, 

whereas Ku and KLu are quite similar in the red spectral region, Ku is slightly larger than 

KLu in the blue and green [Fig. 2.12(a)]. 

Figure 2.12(b) shows that KLu increases with depth at 440 and 550 nm and 

decreases with depth at 650 nm and 683 nm. It is instructive to address the question why 

KLu has such different vertical patterns at different spectral regions. The change of KLu at 

440 and 550 nm with depth is mainly associated with an increased amount of particulate 

and dissolved materials as implied by the vertical distribution of Chl. The gradual 

decrease of KLu with depth at 650 and 683 nm is caused by the effects of inelastic 

processes, which is supported by the fact that the values of this coefficient are smaller 

than aw(λ) at the same wavelength. The values of KLu(z, 650) are well correlated with 

depth (r2 = 0.924), which can be explained by the cumulative effect of Raman scattering 

with increasing depth. When similar relationship is considered for KLu(z, 683), the data 

points exhibit more scatter because of differences in chlorophyll-a fluorescence 

contributions owing to changing Chl distributions among the stations. The trend of the 

regression line in Fig. 2.12(b) suggests that the effects of Raman scattering become 

significant even at very small depths less than 5 m. As a result, KLu in the red changes 

dramatically even within the top 10 m layer although in the blue and green the variation 

is very small. In clearer waters, a more dramatic decrease of KLu in the red with depth is 

expected because Raman scattering contributions are expected to be even stronger. As a 

result, a large error will occur in water-leaving radiance, Lw(λ), and remote-sensing 

reflectance, Rrs(λ), when derived from underwater measurements of Lu using an 
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extrapolation technique, which assumes that KLu is constant throughout the measurement 

and extrapolation layers (see Chapter 1 for more details). 

The influences of IOPs associated with Chl and inelastic processes on K deserve 

further discussion. Morel (1988) and Morel and Maritorena (2001) suggested that Chl is 

the key factor that drives the variations in K of case 1 waters. They reported that the 

diffuse attenuation coefficients of non-water constituents, Knw(z, λ) = K(z, λ) – Kw(λ) 

[where Kw(λ)=aw(λ)+bw(λ)/2] exhibit close relationship with Chl (Morel and Maritorena, 

2001). We examined the relationships between Knw and Chl for our data set from the Gulf 

of California as shown in Fig. 2.13(a,b,d,e). For this data set Knw moderately correlates 

with Chl at 440 and 550 nm for both downwelling and upwelling plane irradiances as 

shown by the solid lines in Fig. 2.13(a,d). The original model by Morel and Maritorena 

(2001) (MM) provides lower estimates of Knw at 440 and 550 nm for both downwelling 

and upwelling planar irradiances compared with this study [dashed lines in Fig. 2.13(a,d)]. 

The lower values of the MM model may be partly caused by the fact that Knw in this study 

was obtained at depths between the surface and ~80 m whereas the data of Morel and 

Maritorena (2001) were obtained only within the layer around 20 – 30 m. In addition, the 

lack of covariation of some non-algal constituents with Chl can be more pronounced in 

our study area compared to study areas of Morel and Maritorena (2001). Furthermore, in 

our data set many values of Ku – Kw and a few values of Kd – Kw are negative at 550 nm, 

suggesting that the effects of CDOM fluorescence and Raman scattering are already 

noticeable at wavelengths as short as 550 nm. Overall, although our relationships 

between Knw and Chl are based on relatively few data points from one geographically 

restricted region, the data cover a broader range of depth and effects of inelastic 

processes. Nevertheless, even in the blue and green spectral regions where the effects of 

inelastic processes are weak, the Chl-based relationships can explain only 53 – 67% of 
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the variance in Knw. Thus, caution is required in deriving Knw from Chl or vice versa (e.g., 

Nahorniak et al., 2001). 

In the red, Kd – Kw is correlated weakly with Chl [Fig. 2.13(b)] and Ku – Kw does 

not correlate with Chl [Fig. 2.13(e)]. In particular, the relationships between Kd – Kw or 

Ku – Kw, (general symbol Knw) and Chl are different at depths above and below Chl 

maximum. However, Knw at 650 and 683 nm can be well-predicted from depth owing to 

the dominant Raman scattering effects except for situations when chlorophyll-a 

fluorescence makes a significant influence on Knw(z, 683) [see the black arrows in Fig. 

2.13(c,f)]. The comparison between Knw at 650 and 683 nm suggests that chlorophyll-a 

fluorescence makes Knw at 683 nm decrease faster with depth. The effects of inelastic 

processes produce a variation in Knw with depth which, for example, invalidates the 

common assumption that Knw is constant within the near surface layer for the purposes of 

extrapolation of underwater radiometric measurements from a certain subsurface depth 

all the way to the surface. 

An interesting observation is that both Kd – Kw and Ku – Kw in the red have 

negative asymptotic values in the deep ocean, e.g., Knw,∞(650) ≈ –0.2668 and Knw,∞(683) 

≈ –0.4040, which corresponds to the total diffuse attenuation coefficients K∞(650) = 

0.0737 and K∞(683) = 0.0740 for both upwelling and downwelling irradiances as seen in 

Fig. 2.13(c,f). This result implies the possible existence of nearly-asymptotic light fields 

in the red (Preisendorfer, 1959). According to Li et al. (2014), the values of K in the red 

within the asymptotic regime are determined by those in the green owing to Raman 

scattering effects. In fact, our determinations of K at stations 7 and 8 during the 2011 

cruise, where measurements were extended to ~80 m, confirm that K(~80, 650) and 

K(~80, 683) are comparable with K(~80, 535-545). The wavelength range 535 – 545 nm 

represents the excitation spectral region for Raman emission around 650 – 683 nm 
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according to Mobley (1994). This is additional evidence that Raman scattering plays a 

dominant role in light fields in the red portion of the spectrum at depth. 

 

2.4.2.3. Average Cosines µ , dµ , and uµ  

Based on the measurements of irradiance quartet in the Gulf of California the 

average cosine of underwater light field, µ , was within the range 0.386 – 0.877 in the 

blue and green and 0.0704 – 0.941 in the red. The average cosine for downwelling light 

field, dµ , varied from 0.413 to 0.907 in the blue and green and 0.375 to 0.978 in the red, 

and the average cosine for the upwelling light field, uµ , varied from 0.204 to 0.501 in the 

blue and green and from 0.266 to 0.754 in the red. The average cosines have not been 

frequently studied and only a few modeling studies and field measurements can be found 

in literature. Based on modeling Jerlov (1976) found that dµ  can vary between 0.6 in 

waters at low sun elevations and 0.95 in water with low single scattering albedo at sun at 

zenith. Lewis et al. (2011) measured the full angular distribution of radiance at 555 nm in 

the Pacific Ocean, Santa Barbara Channel, and Bedford Basin, and used these 

measurements to determine the ranges for µ , dµ , and uµ , which are 0.412 – 0.819, 0.5 – 

0.94, and 0.19 – 0.483, respectively. Our determinations of average cosines in the blue 

and green generally fall into the ranges observed by Lewis et al (2011). The exception is 

the station 8 on the 2010 cruise. This station is discussed further below. However, our 

measured average cosines in the red often do not fall into the ranges reported in previous 

studies.  

It is commonly suggested that solar position (Aas and Hojerslev, 1999; Morel and 

Gentili, 2004; Lewis et al., 2011) and IOPs (Bannister, 1992; Berwald et al., 1995) cause 

variations in average cosines. Figure 2.14(a) suggests that dµ  at a depth of about 5 m 

below the surface and at all wavelengths is affected by solar zenith angle θs, which is 

consistent with the results of Lewis et al. (2011) for 555 nm. However, uµ  generally does 
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not exhibit any clear relationship with θs [Fig. 2.14(b)]. Furthermore, µ  near the surface 

is expected to have a similar pattern as dµ  vs. θs because dµ  and µ  are highly correlated 

as shown in Fig. 2.14(c). For the same θs, sky conditions may cause additional variations 

in dµ  and µ  (Morel and Gentili, 2004; Lewis et al., 2011). Under clear skies the 

influence of solar zenith angle on average cosines is not limited to the near-surface layer 

(e.g., shallow depths < 5 m) but extends to a greater depths. For example, the measured 

values of dµ  for station 8 during the 2010 cruise are distinctively different from those 

measured at other stations when plotted against Chl and depth [see data points 

surrounded by dotted lines in Fig. 2.14(d,f)]. For high θs, for example 57.1o at station 8 

on the 2010 cruise, dµ  is much smaller than observed for lower solar zenith angles. As 

shown in Fig. 2.15, dµ  ranges from 0.434 at a depth of Chl maximum to 0.618 near the 

water surface (while µ  ranges from 0.365 to 0.587). For the upwelling light field uµ  

ranges from 0.250 just below the depth of Chl maximum to 0.347 near the surface at 440 

and 550 nm. These results support the notion that sun position sets the initial values of 

dµ  and µ  near the surface, which then change with depth in a manner dependent on the 

interplay of the vertical structure of inherent optical properties and the effects of inelastic 

radiative processes. 

We examined the effects of IOPs, which were computed from the bio-optical 

model described in section 2.2.4.1, on the variations of average cosines with depth. 

However, no consistently good correlations were found between all average cosines and 

IOPs (the absorption, scattering, and beam attenuation coefficients) or some IOP 

combinations (e.g., single scattering albedo) (not shown) although it is known from 

theoretical studies that IOPs are an important factor affecting the average cosines (e.g. 

Bannister, 1992; Berwald et al., 1995). However, dµ  in the red portion of the spectrum 

(e.g., at 650 and 683 nm) is found to be well correlated with depth [Fig. 2.14(f)], which 

can be explained largely by the effects of Raman scattering. uµ  in the red exhibits 
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moderate correlation with depth [Fig. 2.14(i)] because it is more affected by depth-

dependent chlorophyll-a fluorescence than dµ . Interestingly, both dµ  and uµ  have 

asymptotic values ~0.6 at 650 nm and ~0.5 at 683 nm. This is consistent with the 

expectation that the accumulated effects of Raman scattering and chlorophyll-a 

fluorescence with increasing depth will result in a nearly isotropic light field in the red at 

depths where the asymptotic regime is reached (Li et al., 2014). 

None of the above factors can explain why the data of uµ  in the blue and green 

are divided into two groups, one group > 0.3 and the other ≤ 0.3 [Fig. 2.14(g)]. A large 

number of uµ  measurements vary within a range of very low values between 0.204 and 

0.3, suggesting that much of the upwelling light propagates relatively close to the 

horizontal directions. This contradicts the common notion that the angular distribution of 

upwelling light field is more isotropic. Such low uµ  were also reported for in situ 

measurements of by Lewis et al. (2011). Our Hydrolight simulations with certain 

combination of input IOPs (absorption coefficient, scattering coefficient, and particle 

phase function) also produced low values of uµ  (not shown). Therefore, an effort was 

made to understand why we observe two distinct groups of experimental data of uµ . 

Figure 2.16 shows the vertical profiles of cp(z, 660) and Chl for the two corresponding 

groups of uµ  data. These two groups cannot be separated in terms of vertical profiles of 

Chl because there are overlapping similarities between the two groups. In spite of that, 

the group 1 ( uµ >0.3) generally has relatively smaller cp(z, 660), especially within the top 

30 – 40 m layer, compared with the group 2 ( uµ  ≤ 0.3). Values of cp(z, 660) for the two 

groups are similar very close to the surface and below ~60 m but dramatically different 

around the depths of the Chl maximum. Group 1 generally has more uniform depth 

profiles of cp(z, 660) compared to group 2, particularly above the depths of the Chl 

maximum, although values of cp(z, 660) for group 1 still change ~2-fold between the 

surface and 100 m. In addition, two stations in group 1, i.e., G3 from the 2010 cruise and 
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G2 from the 2011 cruise, also have relatively higher dµ  for a similar Chl. These results 

suggest that the magnitude and the vertical shape of cp(z, 660) have a noticeable effect on  

changes of uµ  throughout the water column. 

In summary, the average cosines are quite complex AOPs whose variations 

cannot be easily explained. No single factor, for example solar zenith angle or IOPs, can 

explain the majority of the variance in average cosines with the exception of dµ  whose 

variation in the red can be explained largely by the effects associated with inelastic 

processes. Although the behavior of average cosines can be complex in the natural waters, 

these quantities are frequently assumed to be constant and/or vertically uniform when 

used in the context of ocean color remote sensing applications (e.g., Sathyendranath and 

Platt, 1998; Westberry et al., 2013), estimation of water constituents (e.g., Nahorniak et 

al., 2001; Xing et al., 2012), estimation of IOPs (e.g. Morel and Maritorena, 2001; Brown 

et al., 2004), and other applications. The assumption that µ  obtained from simulations 

for a homogeneous water column can be representative of a stratified water column was 

also made in the past (Liu et al., 2002, 2006). The present study indicates that these 

simplifying assumptions about the average cosines are not valid. Further studies to 

determine how such assumptions lead to errors in data products of interest are certainly 

warranted. For example, Sathyendranath and Platt (1989) reported that oceanic primary 

productivity could be systematically underestimated by 5 to 13% when ignoring the 

angular distribution of the underwater light field. 

 

2.4.3. Gershun's Equation 

Gershun's equation provides formalism for deriving the absorption coefficient of 

seawater from underwater radiometric measurements (e.g., Gershun, 1939; Jerlov, 1976; 

Lewis et al., 2011). However, Gershun's equation was derived from a simplified radiative 

transfer equation that ignores the contribution from inelastic radiative processes and 
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internal sources such as bioluminescence. Therefore, in principle Gershun's equation can 

work only for cases where the contributions of inelastic processes and internal sources 

are negligible. Because bioluminescence is intermittent and discrete under natural 

conditions in the ocean (Priede et al., 2008), the primary limitation in the applicability of 

Gershun's equation is associated with the presence of inelastic processes. To examine the 

effects of inelastic processes on Gershun's equation, we compared the measured 

absorption coefficient of seawater, a(z, λ), with that derived from µ  and Kn using 

Gershun's equation where the parameters of the Gershun's equation were interpolated to 

the same depth vector where radiometric quantities were measured (Fig. 2.17). The 

purpose of this exercise is to understand to what spectral and depth extent the equation 

works in the presence of inelastic processes. 

In general, the success of Gershun's equation is wavelength- and depth-dependent. 

At relatively small depths, for example between 7.2 and 18 m, the applicability of 

Gershun's equation can extend from short-wavelength portion of the spectrum to ~600 

nm [Fig. 2.17(a)]. This equation can work up to 580 nm at depths between ~25 and 60 m 

[indicated by the vertical dotted line in Fig. 2.17(a)] but not at longer wavelengths due to 

effects of Raman scattering and chlorophyll-a fluorescence. Raman-scattering effects 

continue to accumulate with increasing depth so at larger depths the short-wavelength 

boundary of the Raman-affected spectral region will further shift towards shorter 

wavelengths (Morel and Gentili, 2004; Li et al., 2014). As a result, the Gershun's 

equation may even fail for wavelengths as short as ~500 – 580 nm at larger depths. On 

the basis of our data we also found that at wavelengths longer than 600 nm, the 

absorption coefficient of seawater cannot be reliably estimated from Gershun's equation 

at 7.2 m [Fig. 2.17(a,b)], which is rather surprising. The discrepancy between the 

measured and estimated absorption coefficients in the red becomes larger and larger with 

increasing depth, but in the blue and green reasonable accuracy is maintained [Fig. 
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2.17(b,c)]. Nevertheless, larger errors at 443 nm are found around the depths of Chl 

maximum, which appears to be associated with the limitation that the radiometric 

measurements were taken at discrete depths as opposed to continuous depth profiles. 

Around the depth of Chl maximum (or any layer with rapid optical changes) K computed 

from irradiances at discrete depths do not represent the true K of the layer. Therefore, 

errors in a(z, λ) are expected because of issues in the measured Kn. Using Kn derived from 

downwelling and upwelling plane irradiances at discrete depths that were modeled for the 

same station using Hydrolight also confirms such larger discrepancy between "true" and 

estimated a(z, λ) around the depth of the Chl maximum (not shown). Therefore, the 

continuous profiles of radiometric measurements may result in better estimates a(z, λ) 

from Gershun's equation; at least, a higher depth resolution of radiometric measurements 

is required within and around the optically heterogeneous layer. 

Because the irradiance quartet is rarely measured, a(z, λ) can be alternatively 

estimated from only downwelling plane and scalar irradiances using Eq. 2.2 

(Sathyendranath and Platt, 1988) as the term bb in the equation can be dropped due to its 

negligible effect (Nahorniak et al., 2001). In fact, dropping the term bb results in just 

slightly overestimated a(z, λ) compared to Eq. 2.1 with dd K×µ  = 1.014 nK×µ  + 

0.0022, r2=0.999 (Fig. 2.18). Therefore, measurements of downwelling plane and scalar 

irradiances can be considered to be sufficient for deriving a(z, λ). However, the model a 

+ bb = uu K×µ  also developed by Sathyendranath and Platt (1988) and used in other 

studies (e.g., Westberry et al., 2013) does not work even in the blue and green where the 

effects of inelastic processes are negligible (not shown). The failure of this model may be 

caused by variations of AOPs with depth (Sathyendranath and Platt, 1988). 
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2.4.4. PAR, PUR, and Heating in the Epipelagic Ocean 

The amount of solar energy available at a given depth is a critical factor that 

determines the primary productivity of phytoplankton (e.g., Zaneveld, 1989) and heating 

rate (HR) of seawater (e.g., Morel and Antoine, 1994). We have demonstrated above that 

inelastic processes affect the epipelagic light field in terms of magnitude, spectral 

composition, and angular distribution. It is thus reasonable to expect that inelastic 

processes have non-negligible effects on the availability photosynthetically available 

radiation (i.e., PAR). Mobley (2011) suggested, however, that inelastic processes could 

be ignored in the calculation of underwater irradiances from radiative transfer simulations 

because Raman scattering may cause only ~5% error in PAR expressed in terms of 

spectrally integrated scalar irradiance for pure water ocean. Yet it is not known how all 

inelastic processes including fluorescence of CDOM and chlorophyll-a affect PAR, PUR 

(photosynthetically usable radiation), and HR for real scenarios of vertically non-uniform 

water column in the ocean. 

Figure 2.19 shows the results for PAR from both field measurements and 

simulations. In general, the field measurements of PAR follow the depth trend of 

simulated PAR [Fig. 2.19(a)]. However, the measured PAR is 27% higher at the depth of 

Chl maximum, 11% higher around the depth of the euphotic zone (around 45 m), and 16% 

lower at the last measurement depth (68.8 m) compared to the simulation without any 

inelastic processes included [Fig. 2.19(d)]. This indicates that inelastic processes have 

significant influence on PAR compared to the hypothetical cases without presence of 

inelastic processes. We found that the CDOM fluorescence is the main inelastic process 

influencing PAR, while Raman scattering and chlorophyll-a fluorescence show negligible 

influence. The explanation of this rather unexpected result that indicates a dominant role 

of CDOM fluorescence does not appear to be straightforward. However, the measured 

and simulated PAR values are comparable at 68.8 m where CDOM absorption is a 
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dominant IOP. The CDOM fluorescence causes up to 22% reduction in PAR at depths 

between ~70 m and 200 m for this example station 9 on the 2011 cruise. The simulations 

were also made for a more generalized scenarios of relatively turbid water that may be 

representative of coastal ocean [Fig. 2.19(b,e)] and clear open ocean [Fig. 2.19(c,f)], 

which were described in section 2.3. For the open ocean case the combined effect of 

Raman scattering and CDOM fluorescence causes up to 3-4% increase in PAR at 200 m, 

the bottom of epipelagic zone, as compared with the hypothetical scenario with no 

inelastic processes. This result is consistent with previous results for a pure water ocean 

in Mobley (2011). Therefore, the influences of inelastic processes on PAR are very small 

or negligible in clear open ocean waters throughout the entire epipelagic zone. However, 

in more turbid waters which are typically encountered in coastal ocean where CDOM 

absorption is higher, CDOM fluorescence causes a ~10% decrease in PAR at the depth of 

euphotic zone and up to a 13% decrease at greater depths compared with a hypothetical 

scenario with no inelastic processes. For the case of relatively high CDOM absorption 

such as station 9 on the 2011 cruise shown in Fig. 2.19(a,d), the difference is even larger. 

These results suggest that ignoring the effects of inelastic processes, especially CDOM 

fluorescence, on PAR in waters where CDOM concentration is relatively high is not 

justifiable. 

Similar results were found for PUR and HR (not shown). Overall, our results 

indicate that inelastic processes cause more than a 10% reduction of PAR, PUR, and HR 

below ~30 m in relatively turbid waters if compared to hypothetical scenario with no 

inelastic processes present in water. This finding has implication to modeling the 

propagation of solar energy through the water column for the purposes of oceanographic 

ecosystem and physical models. The point is that the use of simplifying optical or 

radiative transfer models that ignore inelastic processes may not result in acceptable 

approximation of PAR, PUR, or HR in all environmental scenarios. The radiative transfer 
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model EcoLight (Mobley, 2011), which is simpler and faster than Hydrolight and has the 

capability to handle inelastic processes, may be better than EcoLight-S that ignores 

inelastic processes for the purpose of implementing the radiative transfer simulations in 

ecosystem or physical models, especially in water types where the effects of inelastic 

processes on PAR and HR are significant. 

 

2.5. Conclusions 

Solar light plays an important role in the biological and physical processes within 

the ocean. For several decades substantial efforts have been made to understand the solar 

light field in the ocean. However, the effects of inelastic transpectral processes such as 

Raman scattering, CDOM fluorescence, and chlorophyll-a fluorescence are not 

necessarily fully appreciated or adequately accounted for in many oceanographic studies 

and applications. In addition, the complexities of interplay of inelastic processes and 

vertically non-uniform IOPs and their effects on underwater light fields and AOPs require 

further research to acquire improved understanding of these effects under various realistic 

environmental scenarios. Certain AOPs, such as average cosines (µ , dµ , and uµ ), and 

the attenuation coefficients for scalar irradiance (Kod, Kou) have not been frequently 

investigated in the past owing to limited availability of scalar irradiance measurements. 

In this study, we acquired a unique dataset, including the irradiance quartet (Ed, Eu, Eod, 

and Eou), Lu, IOPs from ac-9, Chl, and cp(z, 660), in the Gulf of California in 2010 and 

2011. The dataset spans a significant portion of the ocean epipelagic zone from the water 

surface to a depth of ~80 m and covers a large variability in Chl, IOPs, and solar zenith 

angle (Table 2.2). This dataset allowed us to investigate the influences of inelastic effects 

in the presence of non-uniform depth profile of IOPs associated with profile of Chl on the 

underwater light field characteristics. 
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The key general conclusions resulting from our analysis are that the variations of 

realistic light fields in the epipelagic layer are strongly affected by the interplay of 

vertically non-uniform IOPs of seawater and inelastic radiative processes. In the blue and 

green spectral regions, IOPs are the main influencing factors. In the red, Raman 

scattering is the primary factor while the non-uniform profile of chlorophyll-a results in 

additional distinctive features in underwater light field characteristics and AOPs owing to 

chlorophyll-a fluorescence around 683 nm. In addition, we found that the inelastic 

processes can change the photosynthetically available radiation and heating rate at depths 

of several tens of meters or greater by up to about 22% in the relatively turbid waters 

typical of many oceanic coastal regions and up to ~5% in clear open ocean waters. 
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 2.7. Figures 

 

Figure 2.1. Study area and location of oceanographic stations within the Gulf of 
California. Solid circles indicate stations visited during the 2010 cruise, open circles are 
stations on the 2011 cruise, and a star indicates sites where ac-9 measurements were 
available. 
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Figure 2.2. Vertical profiles of water temperature T, density anomaly σ, chlorophyll-a 
concentration Chl, and beam attenuation coefficient cp(z, 660) measured during a CTD 
cast at station 2 located in the Guaymas Basin in the Gulf of California (27.54o N, 
111.64o W) on June 25th, 2011. 
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Figure 2.6. Vertical profiles of water temperature T, density anomaly σ, chlorophyll-a 
concentration Chl, and beam attenuation coefficient cp(z, 660) measured from a CTD cast 
at station 9 located at 26.08o N, 110.23o W on July 2nd, 2011. 
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Figure 2.7. In situ inherent optical properties (IOPs) of seawater used as input to 
Hydrolight radiative transfer simulations of the underwater light field for station 9 on the 
2011 cruise. Upper row: spectra of total (a) absorption a(λ), (b) scattering b(λ), and (c) 
backscattering bb(λ) coefficients for the depths where irradiances were measured. Bottom 
row: vertical profiles of (d) a(λ), (e) b(λ), and (f) bb(λ) at selected light wavelengths 
within the entire epipelagic layer. 
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Figure 2.8. Vertical profiles of downwelling scalar irradiance Eod and upwelling scalar 
irradiance Eou for station 9 on the 2011 cruise. (a) Comparison between measured and 
Hydrolight-simulated (with and without inelastic processes) Eod at 440, 550, 650, 683 nm; 
(b) Comparison of Hydrolight-simulated Eod with inclusion of different inelastic 
processes at 440 and 550 nm within the entire epipelagic layer; (c) Same as (b) but for 
650 and 683 nm; (d-f) same as (a-c) but for Eou. Note: woRF – no inelastic processes 
included in simulations; wRF – all inelastic processes included; wC – only chlorophyll-a 
fluorescence included; wG – only CDOM fluorescence included; wR – only Raman 
scattering included. 
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Figure 2.9. Vertical profiles of Hydrolight-simulated ratio of total scalar irradiance Eo 
where the ratio involves the cases with and without inelastic process(es), as well as 
vertical profiles of irradiance reflectance R and average cosine of entire light field µ  at 
light wavelengths of 440 and 550 nm for station 9 on the 2011 cruise. (a) Ratio of Eo at 
440 and 550 nm between simulations with CDOM fluorescence (wG) and without 
inelastic processes (woRF), between simulations with chlorophyll-a fluorescence (wC) 
and without inelastic processes (woRF), and between simulations with Raman scattering 
(wR) and without inelastic processes (woRF). (b) Comparison of Hydrolight-simulated R 
with inclusion of different inelastic process(es) within the entire epipelagic layer; (c) 
Same as (b) but for µ . See Fig. 2.8 caption for explanation of legend notations of woRF, 
wRF, wC, WG, and wR. 
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Figure 2.10. Variation of irradiance reflectance R. (a) Relationship between irradiance 
reflectance ratio R(z, 440)/R(z, 550) and chlorophyll-a concentration Chl based on 
measurements on the 2010 and 2011 cruises. The determination coefficient r2 is based on 
a linear regression of logarithm-transformed parameters at all depths; (b) Relationship 
between R(z, 650) [or R(z, 683)] and Chl; (c) Relationship between R(z, 650) [or R(z, 
683)] and depth. Different symbols represent data points corresponding to different 
stations. The arrow indicates the average position of the Chl maximum observed in our 
dataset. 
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Figure 2.11. Relationships between different diffuse attenuation coefficients based on 
measurements on the 2010 and 2011 cruises. (a) Kd vs. Kod. Data points at all light 
wavelengths and depths were included in the regression. (b) Same as (a) but for Ku vs. 
Kou. (c) Same as (a) but for Kd vs. Ko. (d) Ku vs. Kd; Regression analyses were done 
separately for each wavelength. Different symbols represent data points from different 
stations. 
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Figure 2.12. Variation of KLu. (a) The relationship between the diffuse attenuation 
coefficients Ku and KLu at light wavelengths of 440, 550, 650, and 683 nm based on 
measurements on the 2010 and 2011 cruises. (b) The relationship between KLu and depth 
at the same wavelengths.  
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Figure 2.13. Variation of diffuse attenuation coefficients. (a) The relationship between 
the diffuse attenuation coefficient Kd(z, λ)-Kw(λ) at light wavelengths of 440 and 550 nm 
and chlorophyll-a concentration Chl based on measurements on the 2010 and 2011 
cruises (b) Same as (a) but for 650 and 683 nm; (c) The relationship between  
Kd(z, λ)-Kw(λ) at 650 and 683 nm and depth. (d-f) Same as (a-c) but for Ku(z, λ)-Kw(λ). In 
all panels, Kw=aw+bw/2. Dashed lines in (a) and (d) represent the relationship between 
Kd,u–Kw and Chl adopted from Morel and Maritorena (2001). The black arrow in (c) and 
(f) indicates the positions of the Chl maximum observed in our dataset. Different symbols 
represent data points from different stations. 
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Figure 2.14. Variation of average cosines. (a) Relationship between the average cosine of 
downwelling light field dµ  at the shallowest depth of each station and solar zenith angle 
during the 2010 and 2011 cruises; (b) Same as (a) but for the average cosine of upwelling 
light field uµ ; Solid lines in (a) and (b) represent the model by Lewis et al. (2011) and 
dashed lines by Aas and Hojerslev (1999); (c) Relationship between the average cosine of 
entire light field µ  and dµ  at four selected light wavelengths for all depths; (d) dµ (z, 
440 or 550) vs. Chl; (e) dµ (z, 650 or 683) vs. Chl; (f) dµ (z, 650 or 683) vs. depth. (g-i) 
Same as (d-f) but for uµ , except in (g) regression for data points with uµ >~0.3 and uµ
<~0.3 were done separately. Data points surrounded by dotted lines in (d) and (f) are for 
station 8 on the 2010 cruise. Dotted line in (g) indicates uµ =0.3. The black arrow in (f) 
indicates the positions of the Chl maximum observed in our dataset.  
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Figure 2.15. Profiles of average cosines of underwater light field at selected light 
wavelengths of 440, 550, 650, and 683 nm for station 8 on the 2010 crusie. The solar 
zenith angle was 57.1o. (a) µ ; (b) dµ ; and (c) uµ . 
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Figure 2.16. Vertical profiles of cp(z, 660) and Chl of all valid stations. The 
measurements of the average cosine of upwelling light field uµ  divided into two 
distinctive groups; group 1 with uµ >0.3 and group 2 with uµ  ≤ 0.3 [see Fig. 2.14(g)]. 
The vertical profiles of beam attenuation coefficient cp(z, 660) [(a) and (b)] and 
chlorophyll-a concentration Chl [(c) and (d)] are also divided into the two corresponding 
groups. Group 1 is shown in the left column, and group 2 on the right. 2010 and 2011 
indicate the year of the cruise. G, C, and F stand for three different biogeochemical 
provinces in the Gulf of California; Guaymas, Carmen, and Farallon, respectively. 
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Figure 2.17. Comparison between the absorption coefficients of seawater measured with 
an ac-9 instrument and estimated from the Gershun equation. (a) Spectra of absorption 
coefficients at example depths; (b) Profiles of absorption coefficients at selected light 
wavelengths; (c) Direct comparison between ac-9 and estimated absorption coefficients at 
two blue wavelengths (443 and 490 nm) and one green wavelength (550 nm). Vertical 
dotted line in (a) indicates the position where the Gershun equation may fail owing to 
effects of inelastic processes. 
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Figure 2.18. Comparison of estimated absorption coefficients from nK×µ and dd K×µ  
at light wavelengths of 440, 490, and 550 nm. The data points of the two stations (station 
4 and 9 on the 2011 cruise) with ac-9 measurements are combined together. 
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Figure 2.19. Comparison of photosynthetically available radiation PAR obtained from 
Hydrolight simulations and field measurements. Top row is the actual PAR computed 
from scalar irradiance Eo for each scenario. Bottom row depicts the ratio of PAR between 
scenarios with and without inelastic process(es). (a) & (d) Station 9 on the 2011 cruise; (b) 
& (e) Turbid water case; (c) & (f) Clear water case. Horizontal dashed line indicates the 
euphotic depth where PAR equals 1% of surface PAR. See Fig. 2.8 caption for 
explanation of legend notations of Field, woRF, wRF, wC, WG, and wR. 
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2.8. Tables 

Table 2.1. Symbols and definitions 

Symbol/ 

acronym 
Description Units 

a Absorption coefficient m-1 

b Scattering coefficient m-1 

bb Backscattering coefficient m-1 

c Beam attenuation coefficient, sum of a and b m-1 

β~  Volume scattering phase function sr-1 

Lu Upwelling radiance at zenith direction W m-2 nm-1 sr-1 

Lw Water-leaving radiance W m-2 nm-1 sr-1 

Ed, Eu Downwelling, upwelling plane irradiance W m-2 nm-1 

Eo, Eod, Eou Total, downwelling, upwelling scalar irradiance W m-2 nm-1 

Kx Diffuse attenuation coefficient derived from irradiance x m-1 
µ , dµ , uµ  Average cosines of total, down- and upward light field dimensionless 

R Irradiance reflectance dimensionless 

Rrs Remote sensing reflectance; Rrs = Lw / Ed sr-1 

z Depth in water m 

PAR Photosynthetically available radiation based on Eo µmol photons m-2 s-1 

PUR Photosynthetically usable radiation based on Eo µmol photons m-2 s-1 

HR Heating rate of seawater oC s-1 

Chl Chlorophyll-a concentration mg m-3 

Subscripts   

w Water  

p Suspended particulate matter  

g Colored dissolved organic matter  

ph Phytoplankton  
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Table 2.2. Variation in the depths of measurement and ambient environmental conditions 
for all stations with valid radiometric measurements from the 2010 and 2011 cruises in 
the Gulf of California. For depth of measurement, chlorophyll-a concentration Chl (mg 
m-3), and particulate beam attenuation coefficients at 660 nm cp(z, 660) (m-1), values 
represent average ± standard deviation, with values inside the parentheses representing 
the observed lower and upper limits. For solar zenith angle θs (o), only the extreme range 
of values is shown with station name within parentheses.  

 Shallowest depth (m) Depth of Chl maximum (m) Deepest depth (m) 

 5.37±2.94 (1.17, 10.48) 33±9.9 (20.42, 50.52) 64.88±12.06 (47.63, 80.74) 

θs 0.53 (station 10, 2010) – 57.12 (station 8, 2010) 

Chl 0.067±0.067 (0.005, 0.235) 0.809±0.536 (0.253, 2.175) 0.132±0.155 (0.004, 0.419) 

cp(z, 660) 0.173±0.035 (0.103, 0.238) 0.239±0.076 (0.125, 0.405) 0.078±0.033 (0.043, 0.158) 

  



134 

 

2.9. References 
Aas, E., and Højerslev, N.K. 1999. Analysis of underwater radiance observations: 

Apparent optical properties and analytic functions describing the angular radiance 
distribution. Journal of Geophysical Research, 104(C4), 8015–8024, 
doi:10.1029/1998JC900088. 

Antoine, D., Morel, A., Leymarie, E., Houyou, A., Gentili, B., Victori, S., Buis, J-P., 
Buis, N., Meunier, S., Canini, M., Crozel, D., Fougnie, B., and  Henry, P. 2013. 
Underwater radiance distributions measured with miniaturized multispectral radiance 
cameras. Journal of Atmospheric and Oceanic Technology, 30(1), 74-95. 

Ardyna, M., Babin, M., Gosselin, M., Devred, E., Bélanger, S., Matsuoka, A., and 
Tremblay, J. É. 2013. Parameterization of vertical chlorophyll a in the Arctic Ocean: 
impact of the subsurface chlorophyll maximum on regional, seasonal, and annual 
primary production estimates. Biogeosciences, 10(6), 4383-4404. 

Arrigo, K.R. 1994. Impact of ozone depletion on phytoplankton growth in the Southern 
Ocean: large-scale spatial and temporal variability. Marine Ecology-Progress Series, 
114, 1-12. 

Austin, R.W. 1974. The remote sensing of spectral radiance from below the ocean 
surface. In N.G. Jerlov and E. Steemann Nielsen [eds.], Optical aspects of 
oceanography. Academic Press (pp. 317-344). 

Bannister, T.T. 1992. Model of the mean cosine of underwater radiance and estimation of 
underwater scalar irradiance. Limnology and oceanography, 37(4), 773-780. 

Bartlett, J.S., Voss, K.J., Sathyendranath, S., Vodacek, A., 1998. Raman scattering by 
pure water and seawater. Applied Optics, 37, 3324-3332. 

Bélanger, S., Babin, M., and Tremblay, J.E. 2013. Increasing cloudiness in Arctic damps 
the increase in phytoplankton primary production due to sea ice receding. 
Biogeosciences, 10(6), 4087-4101. 

Berwald, J., Stramski, D., Mobley, C.D., and Kiefer, D.A. 1995. Influences of absorption 
and scattering on vertical changes in the average cosine of the underwater light field. 
Limnology and Oceanography, 40(11), 1347-1357. 

Bricaud, A., Morel, A., Babin, M., Allali, K., and Claustre, H. 1998. Variations of light 
absorption by suspended particles with chlorophyll a concentration in oceanic (case 1) 
waters: Analysis and implications for bio‐optical models. Journal of Geophysical 
Research: Oceans, 103(C13), 31033-31044. doi:10.1029/98JC02712. 

Brown, S.W., Flora, S.J., Feinholz, M.E., Yarbrough, M.A., Houlihan, T., Peters, D., Kim, 
Y.S., Mueller, J.L., Johnson, B.C., adn Clark, D.K. 2007. The Marine Optical BuoY 
(MOBY) radiometric calibration and uncertainty budget for ocean color satellite 



135 

 

sensor vicarious calibration. Proc. SPIE 6744, Sensors, Systems, and Next-Generation 
Satellites XI, 67441M, doi:10.1117/12.737400. 

Brown, C.A., Huot, Y., Purcell, M.J., Cullen, J.J., Lewis, M.R., 2004. Mapping coastal 
optical and biogeochemical variability using an autonomous underwater vehicle and a 
new bio-optical inversion algorithm. Limnology and Oceanography: Methods, 2, 262-
281. 

Bulgarelli, B., Zibordi, G., and Berthon, J. F. 2003. Measured and modeled radiometric 
quantities in coastal waters: toward a closure. Applied optics, 42(27), 5365-5381. 

Chai, F., Dugdale, R.C., Peng, T.H., Wilkerson, F.P., and Barber, R.T. 2002. One-
dimensional ecosystem model of the equatorial Pacific upwelling system. Part I: 
model development and silicon and nitrogen cycle. Deep Sea Research Part II: 
Topical Studies in Oceanography, 49(13), 2713-2745. 

Clark, D.K., Feinholz, M., Yarbrough, M., Johnson, B.C., Brown, S.W., Kim, Y.S., and 
Barnes, R.A. 2002. Overview of the radiometric calibration of MOBY. Proc. SPIE 
4483, Earth Observing Systems VI, 64, doi:10.1117/12.453473. 

Clark, D.K., Gordon, H.R., Voss, K.J., Ge, Y., Broenkow, W., and Trees, C. 1997. 
Validation of atmospheric correction over the oceans. Journal of Geophysical 
Research, 102(D14), 17209–17217, doi:10.1029/96JD03345. 

Cunningham, A., and McKee, D. 2013. Measurement of hyperspectral underwater light 
fields. In: J. E. Watson, O. Zielinski (Eds.), Subsea Optics and Imaging, Philadelphia, 
PA, pp. 83-97. doi: 10.1533/9780857093523.2.83.  

Darecki, M., D. Stramski, and M. Sokólski. 2011. Measurements of high-frequency light 
fluctuations induced by sea surface waves with an Underwater Porcupine Radiometer 
System. Journal of Geophysical Research, 116, C00H09. doi: 10.1029/2011jc007338. 

Desiderio, R.A., 2000. Application of the Raman scattering coefficient of water to 
calculation in marine optics. Applied Optics, 39, 1893-1894. 

Dishon, G., Dubinsky, Z., Fine, M., and Iluz, D. 2012. Underwater light field patterns in 
subtropical coastal waters: A case study from the Gulf of Eilat (Aqaba). Israel Journal 
of Plant Sciences, 60, 265 – 275. 

Ge, Y., Voss, K.J., and Gordon, H.R. 1995. In situ measurements of inelastic light 
scattering in Monterey Bay using solar Fraunhofer lines. Journal Of Geophysical 
Research, 100(C7), 13227–13236, doi:10.1029/95JC00460. 

Gershun, A., 1939. The light field. Journal of Mathematics and Physics, 18, 51–151.  



136 

 

Gordon, H.R., Ding, K.Y., Gong, W.Y., 1993. Radiative transfer in the ocean: 
Computations relating to the asymptotic and near-asymptotic daylight field. Applied 
Optics 32, 1606-1619. 

Grassl, H., Pozdnyakov, D., Lyaskovsky, A., & Pettersson, L. (2002). Numerical 
modelling of transspectral processes in natural waters: implications for remote 
sensing. International Journal of Remote Sensing, 23(8), 1581-1607. 

Hawes, S.K., Carder, K.L., Harvey, G.R., 1992. Quantum fluorescence efficiencies of 
fulvic and humic acids: effects on ocean color and fluorometric detection. In: Gilbert, 
G.D. (Ed.), Ocean Optics XI, Proceedings of the Society of Photo-Optical 
Instrumentation Engineers 1750, Bellingham, WA, pp. 212-223. doi: 
10.1117/12.140652. 

Hojerslev, N.K., 1973. Inherent and apparent optical properties of the western 
Mediterranean and the Hardangerfjord. Report 21, University of Copenhagen, 
Institution of Physical Oceangraphy, pp. 70. 

Hu, C., Lee, Z., and Franz, B. 2012. Chlorophyll aalgorithms for oligotrophic oceans: A 
novel approach based on three‐band reflectance difference. Journal of Geophysical 
Research, 117, C01011, doi:10.1029/2011JC007395. 

Huot, Y., Babin, M., and Bruyant, F. 2013. Photosynthetic parameters in the Beaufort Sea 
in relation to the phytoplankton community structure. Biogeosciences, 10(5), 3445-
3454. 

Jerlov, N.G., 1976. Marine Optics. Elsevier Scientific Publishing Company, Amsterdam. 

Jerlov, N. G., and G. H. Liljequist. 1938. On the angular distribution of submarine 
daylight and on the total submarine illumination. Sven. Hydrogr.-Biol. Komm. Skr., 
Ny Ser. Hydrogr., 14, 1-15. 

Jerlov, N. G. 1951. Optical studies of ocean water. Reports of the Swedish Deep-Sea 
Expedition, 3: 1-59. 

Kirk, J.T. 1991. Volume scattering function, average cosines, and the underwater light 
field. Limnology and Oceanography, 36(3), 455-467. 

Kishino, M., M. Takahashi, N. Okami, S. Ichimura. 1985. Estimation of the spectral 
absorption coefficients of phytoplankton in the sea. Bulletin of Marine Science, 37, 
634 – 642 . 

Lee, Z.P., Carder, K. L., Hawes, S. K., Steward, R. G., Peacock, T. G., & Davis, C. O. 
1994. Model for the interpretation of hyperspectral remote-sensing reflectance. 
Applied Optics, 33(24), 5721-5732. 



137 

 

Lee, Z.P., Du, K.P., Arnone, R., Liew, S.C., and Penta, B. 2005. Penetration of solar 
radiation in the upper ocean: A numerical model for oceanic and coastal waters. 
Journal of Geophysical Research, 110, C09019, doi: 10.1029/2004JC002780. 

Lewis, M.R., Carr, M.E., Feldman, G.C., Esaias, W., and Mcclain, C. 1990. Influence of 
penetrating solar-radiation on the heat-budget of the equatorial pacific ocean. Nature, 
347, 543-545. 

Lewis, M.R., Wei, J., Van Dommelen, R., and Voss, K.J. 2011. Quantitative estimation 
of the underwater radiance distribution. Journal of Geophysical Research: Oceans, 
116, C00H06, doi:10.1029/2011JC007275. 

Li, L., Stramski, D., and Reynolds, R.A. 2014. Characterization of the solar light field 
within the ocean mesopelagic zone based on radiative transfer simulations. Deep Sea 
Research Part I: Oceanographic Research Papers,87, 53-69. 

Liu, C.C., Carder, K.L., Miller, R.L., and Ivey, J.E. 2002. Fast and accurate model of 
underwater scalar irradiance. Applied Optics, 41(24), 4962-4974. 

Liu, C.C., Miller, R.L., Carder, K.L., Lee, Z., D’Sa, E.J., and Ivey, J.E. 2006. Estimating 
the underwater light field from remote sensing of ocean color. Journal of 
oceanography, 62(3), 235-248. 

Loisel, H., and Morel, A. 1998. Light scattering and chlorophyll concentration in case 1 
waters: A reexamination. Limnology and Oceanography, 43(5), 847-858. 

Loisel, H., Nicolas, J.M., Deschamps, P.Y., and Frouin, R. 2002. Seasonal and inter-
annual variability of particulate organic matter in the global ocean. Geophysical 
Research Letters, 29(24), 2196, doi:10.1029/2002GL015948. 

Lundgren, B., and Hojerslev, N.K. 1971. Daylight measurements in the Sargasso Sea. 
Results from the "Dana" expedition January – April 1966. Report 14, University of 
Copenhagen, Institution of Physical Oceangraphy, pp. 44. 

Mitchell, B.G., M. Kahru, J. Wieland, M. Stramska. 2002. Determination of spectral 
absorption coefficients of particles, dissolved material and phytoplankton for discrete 
water samples. In: J.L. Mueller, G.S. Fargion (Eds.), Ocean Optics Protocols for 
Satellite Ocean Color Sensor Validation, Revision 3, Vol. 2 NASA Goddard Space 
Center, Greenbelt, Maryland (2002), pp. 231–257 

Mobley, C.D., 1994. Light and Water: Radiative Transfer in Natural Waters. Academic 
Press, San Diego. 

Mobley, C. D. 2011. Fast light calculations for ocean ecosystem and inverse models. 
Optics Express, 19(20), 18927–18944. 



138 

 

Mobley, C.D., and Boss, E.S. 2012. Improved irradiances for use in ocean heating, 
primary production, and photo-oxidation calculations. Applied optics, 51(27), 6549-
6560. 

Mobley, C.D., Chai, F., Xiu, P., and Sundman, L.K. 2015. Impact of improved light 
calculations on predicted phytoplankton growth and heating in an idealized 
upwelling‐downwelling channel geometry. Journal of Geophysical Research: Oceans, 
120(2), 875-892. 

Mobley, C.D., Gentili, B., Gordon, H.R., Jin, Z., Kattawar, G.W., Morel, A., Reinersman, 
P., Stamnes, K., Stavn, R.H., 1993. Comparison of numerical models for computing 
underwater light fields. Applied Optics, 32, 7484-7504. 

Mobley, C.D., Sundman, L.K., 2008. Hydrolight 5-Ecolight 5 Technical Documentation. 
Sequoia Scientific, Inc., Bellevue. 

Mobley, C.D., Sundman, L.K., and Boss, E. 2002. Phase function effects on oceanic light 
fields. Applied Optics, 41(6), 1035-1050. 

Morel, A. 1974. Optical properties of pure water and pure sea water. In: Jerlov, N.G., 
Steemann Nielsen, E. (Eds.), Optical Aspects of Oceanography. Academic Press, 
New York, pp. 1-24. 

Morel, A. 1978. Available, usable, and stored radiant energy in relation to marine 
photosynthesis. Deep-Sea Research, 25, 673 – 688. 

Morel, A. 1988. Optical modeling of the upper ocean in relation to its biogenous matter 
content (case I waters). Journal of Geophysical Research, 93(C9), 10749–10768, 
doi:10.1029/JC093iC09p10749. 

Morel, A., and Antoine, D. 1994. Heating rate within the upper ocean in relation to its 
bio-optical state,  Journal of Physical Oceanography, 24, 1652–1665. 

Morel, A., Antoine, D., and Gentili, B. 2002. Bidirectional reflectance of oceanic waters: 
accounting for Raman emission and varying particle scattering phase function. 
Applied Optics, 41(30), 6289-6306. 

Morel, A., and Gentili, B. 1993. Diffuse reflectance of oceanic waters. II. Bidirectional 
aspects. Applied Optics, 32, 6864-6879. 

Morel, A., and Gentili, B. 1996. Diffuse reflectance of oceanic waters. III. Implication of 
bidirectionality for the remote-sensing problem. Applied Optics, 35, 4850-4862. 

Morel, A., and Gentili, B. 2004. Radiation transport within oceanic (case 1) water, 
Journal of Geophysical Research, 109, C06008, doi:10.1029/2003JC002259. 



139 

 

Morel, A., and Maritorena, S. 2001. Bio‐optical properties of oceanic waters: A 
reappraisal. Journal of Geophysical Research, 106(C4), 7163–7180, 
doi:10.1029/2000JC000319. 

Mueller, J.L., Fargion, G.S., and Macclain, C.R. 2003. Ocean optics protocols for 
satellite ocean color sensor validation (Revision 4). Goddard Space Flight Space 
Center, Greenbelt, MD. 

Nahorniak, J.S., Abbott, M.R., Letelier, R.M., and Scott Pegau, W. 2001. Analysis of a 
method to estimate chlorophyll-a concentration from irradiance measurements at 
varying depths. Journal of Atmospheric and Oceanic Technology, 18(12), 2063-2073. 

Nelson, N.B., Siegel, D. A., and Michaels, A. F. 1998. Seasonal dynamics of colored 
dissolved material in the Sargasso Sea. Deep Sea Research Part I: Oceanographic 
Research Papers, 45(6), 931-957. 

Nelson, N.B., Siegel, D.A., Carlson, C.A., Swan, C.M. 2010. Tracing global 
biogeochemical cycles and meridional overturning circulation using chromophoric 
dissolved organic matter. Geophysical Research Letters, 37, L03610, doi: 
10.1029/2009GL042325. 

O'Reilly, J.E., et al. 2000. Ocean Color Chlorophyll a Algorithms for SeaWiFS, OC2 and 
OC4: Version 4. In: S.B. Hooker, E.R. Firestone (Eds.) SeaWiFS postlaunch 
calibration and validation analyses, Part 3, NASA TM-2000-206892, vol. 11, pp. 9 – 
23. 

Organelli, E., Bricaud, A., Antoine, D., and Matsuoka, A. 2014. Seasonal dynamics of 
light absorption by chromophoric dissolved organic matter (CDOM) in the NW 
Mediterranean Sea (BOUSSOLE site). Deep Sea Research Part I: Oceanographic 
Research Papers, 91, 72-85. 

Pegau, W. S., Gray, D., & Zaneveld, J. R. V. 1997. Absorption and attenuation of visible 
and near-infrared light in water: dependence on temperature and salinity. Applied 
optics, 36(24), 6035-6046. 

Pope, R.M., Fry, E.S., 1997. Absorption spectrum (380-700 nm) of pure water. II. 
Integrating cavity measurements. Applied Optics, 36, 8710-8723. 

Preisendorfer, R.W. 1959. On the existence of characteristic diffuse light in natural 
waters. Journal of Marine Research 18, 1-9. 

Preisendorfer, R.W. 1965. Radiative transfer on discrete spaces. Pergamon, New York, 
pp. 462. 

Priede, I.G., Jamieson, A., Heger, A., Craig, J., Zuur, A.F., 2008. The potential influence 
of bioluminescence from marine animals on a deep-sea underwater neutrino telescope 



140 

 

array in the Mediterranean Sea. Deep-Sea Research Part I: Oceanographic Research 
Papers 55, 1474-1483. 

Ras, J., Claustre, H., and Uitz, J. 2007. Spatial variability of phytoplankton pigment 
distributions in the Subtropical South Pacific Ocean: comparison between in situ and 
predicted data. Biogeosciences Discussions, 4(5), 3409-3451. 

Ritchie, R.J. 2008. Universal chlorophyll equations for estimating chlorophylls a, b, c, 
and d and total chlorophylls in natural assemblages of photosynthetic organisms using 
acetone, methanol, or ethanol solvents. Photosynthetica, 46(1), 115-126. 

Sathyendranath, S., and Platt, T. 1988. The spectral irradiance field at the surface and in 
the interior of the ocean: a model for applications in oceanography and remote 
sensing. Journal of Geophysical Research, 93(C8), 9270–9280, 
doi:10.1029/JC093iC08p09270. 

Sathyendranath, S., and Platt, T. 1989. Computation of aquatic primary production: 
extended formalism to include effect of angular and spectral distribution of light. 
Limnology and Oceanography, 34(1), 188-198. 

Sathyendranath, S., and Platt, T. 1998. Ocean-color model incorporating transspectral 
processes. Applied Optics, 37, 2216-2227.  

Sathyendranath, S., Platt, T., Caverhill, C.M., Warnock, R.E., and Lewis, M.R. 1989. 
Remote sensing of oceanic primary production: computations using a spectral model. 
Deep Sea Research Part A. Oceanographic Research Papers, 36(3), 431-453. 

Shchepetkin, A.F., and McWilliams, J.C. 2005. The regional ocean modeling system 
(ROMS): A split-explicit, free-surface, topography following- coordinate oceanic 
model. Ocean Modelling, 9, 347–404. 

Smith, R. C. 1974. Structure of solar radiation in the upper layers of the sea. In N. G. 
Jerlov and E. Steemann Nielsen [eds.], Optical aspects of oceanography. Academic 
Press (pp. 95-117). 

Sogandares, F.M., Fry, E.S., 1997. Absorption spectrum (340–640 nm) of pure water. I. 
Photothermal measurements. Applied Optics, 36, 8699-8709. 

Stambler, N., Lovengreen, C., Tilzer, M.M. 1997. The underwater light field in the 
Bellingshausen and Amundsen Seas (Antarctica). Hydrobiologia, 344, 41 – 56. 

Stavn, R. H. 1993. Effects of Raman scattering across the visible spectrum in clear ocean 
water: a Monte Carlo study. Applied optics, 32(33), 6853-6863. 

Stavn, R.H., and Weidemann, A.D. 1988. Optical modeling of clear ocean light fields: 
Raman scattering effects. Applied optics, 27(19), 4002-4011. 



141 

 

Stramska, M., and Stramski, D. 2005. Effects of a nonuniform vertical profile of 
chlorophyll concentration on remote-sensing reflectance of the ocean. Applied Optics, 
44(9), 1735-1747. 

Stramski, D. 1986. Fluctuations of solar irradiance induced by surface waves in the Baltic. 
Bulletin of the Polish Academy of Sciences, Earth Sciences, 34, 333-344. 

Stramski, D., Reynolds, R.A., Kaczmarek, S., Uitz, J., and Zheng, G. 2015. Correction of 
pathlength amplification in the filter-pad technique for measurements of particulate 
absorption coefficient in the visible spectral region. Applied Optics, 54, 6763-6782. 

Sullivan, J. M., Twardowski, M. S., Zaneveld, J. R. V., Moore, C. M., Barnard, A. H., 
Donaghay, P. L., and Rhoades, B. 2006. Hyperspectral temperature and salt 
dependencies of absorption by water and heavy water in the 400-750 nm spectral 
range. Applied Optics, 45(21), 5294-5309. 

Tyler, J. E., and R. C. Smith. 1970. Measurements of spectral irradiance underwater. 
Gordon & Breach Publishing Group. 

Uitz, J., Claustre, H., Morel, A., Hooker, S.B., 2006. Vertical distribution of 
phytoplankton communities in open ocean: An assessment based on surface 
chlorophyll. Journal of Geophysical Research 111, C08005, doi: 
10.1029/2005JC003207. 

Vodacek, A., Green, S.A., and Blough, N.V. 1994. An experimental model of the 
solar‐stimulated fluorescence of chromophoric dissolved organic matter. Limnology 
and oceanography, 39(1), 1-11. 

Wei, J., Dommelen, R.V., Lewis, M.R., McLean, S., and Voss, K.J. 2012. A new 
instrument for measuring the high dynamic range radiance distribution in near surface 
sea water. Optics Express, 20(24), 27024 – 27038. 

Westberry, T.K., Boss, E., and Lee, Z. 2013. Influence of Raman scattering on ocean 
color inversion models. Applied optics, 52(22), 5552-5561. 

Xing, X., Morel, A., Claustre, H., D'Ortenzio, F., and Poteau, A. 2012. Combined 
processing and mutual interpretation of radiometry and fluorometry from autonomous 
profiling Bio‐Argo floats: 2. Colored dissolved organic matter absorption retrieval. 
Journal of Geophysical Research, 117, C04022, doi:10.1029/2011JC007632 

Xiu, P., and Chai, F. 2014. Connections between physical, optical and biogeochemical 
processes in the Pacific Ocean. Progress in Oceanogry, 122, 30–53. 

Zheng, X., Dickey, T., and Chang, G. 2002. Variability of the downwelling diffuse 
attenuation coefficient with consideration of inelastic scattering. Applied optics, 
41(30), 6477-6488. 



142 

 

Zibordi, G., Mélin, F., Voss, K.J., Johnson, B.C., Franz, B.A., Kwiatkowska, E., Huot, J.-
P., Wang, M., and Antoine, D. 2015. System vicarious calibration for ocean color 
climate change applications: Requirements for in situ data. Remote Sensing of 
Environment, 159, 361-369. 

  



 
 

143 

Chapter 3. Characterization of the Solar Light Field within the Ocean Mesopelagic 

Zone based on Radiative Transfer Simulations 

 

3.0. Abstract 

The solar light field within the ocean from the sea surface to the bottom of the 

mesopelagic zone was simulated with a radiative transfer model that accounts for the 

presence of inelastic radiative processes associated with Raman scattering by water 

molecules and fluorescence of colored dissolved organic matter (CDOM) and 

chlorophyll-a contained in phytoplankton. The simulation results provide a 

comprehensive characterization of the ambient light field and apparent optical properties 

(AOPs) across the entire visible spectral range within the depth range 200–1000 m of the 

entire mesopelagic zone for varying chlorophyll-a concentration and seawater optical 

properties in the mixed surface layer of the ocean. With increasing depth in the 

mesopelagic zone, the solar irradiance is reduced by ~9–10 orders of magnitude and 

exhibits a major spectral maximum in the blue, typically centered around a light 

wavelength of 475 nm. In the green and red spectral regions, the light levels are 

significantly lower but still important owing to local generation of photons via inelastic 

processes, mostly Raman scattering and to a lesser extent CDOM fluorescence. The 

Raman scattering produces a distinct secondary maximum in irradiance spectra centered 

around 565 nm. Comparisons of our results with light produced by the radioactive decay 

of the unstable potassium isotope contained in sea salt (40K) indicates that the solar 

irradiance dominates over the 40K-produced irradiance within the majority of the 

mesopelagic zone for most scenarios considered in our simulations. The angular 

distribution of radiance indicates the dominance of downward propagation of light in the 

blue and approach to uniform distribution in the red throughout the mesopelagic zone. 

Below the approximate depth range 400–500 m, the shape of the angular distribution is
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nearly invariant with increasing depth in the green and red and varies weakly in the blue. 

The AOPs at any light wavelength also assume nearly constant values within the deeper 

portion of the mesopelagic zone. These results indicate that the mesopelagic light field 

reaches a nearly-asymptotic regime at depths exceeding ~400–500 m. 

 

3.1. Introduction 

The mesopelagic zone of the deep ocean is the middle layer of the water column 

extending between depths of 200 m and 1000 m. This layer is bordered above by the 

well-illuminated epipelagic (photic) zone in which there is sufficient amount of solar 

light to support the process of photosynthesis, and below by the aphotic bathypelagic 

zone in which there is virtually no solar light or the light level is extremely low (at least a 

few orders of magnitude below 10-10 of full sunlight). As a small amount of light 

penetrates the mesopelagic zone, this layer is also referred to as the twilight zone. This 

zone provides a large worldwide habitat for a diverse community of deep-sea animals 

with unique adaptations, which include the ability to gather low levels of ambient light 

with large eyes (Denton, 1990; Warrant, 2004; Warrant and Locket, 2004), produce light 

from bioluminescent organs (Boden and Kampa, 1974; Haddock et al., 2010; Widder, 

2010), or undergo diel vertical migrations to the surface layer to feed at night (Hays, 

2003; Cohen and Forward, 2009). The adaptations, behavioral patterns, and activities of 

deep-sea animals can be affected by the ambient light field that undergoes large vertical 

changes within the water column (Denton, 1990; Widder and Frank, 2001; Warrant and 

Locket, 2004; Johnsen, 2005). Many deep-sea animals exhibit various responses to 

changing optical conditions, which are commonly associated with camouflage strategies, 

counter adaptations for breaking camouflage, or vertical migrations (Denton, 1970; 

Denton et al., 1972; Herring and Roe, 1988; McFall-Ngai, 1990; Widder and Frank, 2001; 

Johnsen, 2005; Zylinski and Johnsen, 2011). For example, mesopelagic organisms have 
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developed specific adaptations of visual systems to increase sensitivity to the dim 

ambient light, and some organisms can likely detect ambient light at depths as large as 

1000 m (Clarke and Denton, 1962; Denton, 1990; Warrant and Locket, 2004). 

Although the importance of the optical environment for deep-sea organisms has 

long been recognized, the vertical variations in the magnitude, spectral composition 

across the entire visible spectrum, and angular distribution of ambient solar light 

throughout the entire mesopelagic zone have not been thoroughly investigated and 

documented. The commonly known basic features of variation in the underwater light 

field with increasing depth are that light intensity decreases approximately exponentially, 

the spectrum of light narrows becoming increasingly blue, and the angular distribution of 

light becomes more symmetrical around the vertical axis (Jerlov, 1976). Typically, the 

general characterization of the ambient light at mesopelagic depths entails dim, nearly 

monochromatic, and primarily downwelling solar radiation (Kampa, 1970; Jerlov, 1976; 

Denton, 1990; Johnsen et al., 2004; Warrant and Locket, 2004). Such a characterization 

of the mesopelagic light field has been based primarily on studies whose main focus was 

on the blue spectral region owing to interest in various adaptations and activities of deep-

sea animals, such as blue sensitivity of visual systems (Frank and Case, 1988; Frank and 

Widder, 1999; Warrant and Locket, 2004) and bioluminescence, the vast majority of 

which lies in the blue and blue-green spectral region with a maximal emission between 

light wavelengths of 440 and 510 nm (Herring, 1983; Latz et al., 1988; Haddock and 

Case, 1999). 

Studies involving direct measurements of ambient solar light at mesopelagic 

depths have been rare. The first deep-sea radiometric measurements of ambient daylight 

were conducted in a series of experiments in Atlantic waters down to depths of about 

600–700 m using an irradiance meter capable of measuring light intensities as low as  

10-12 of full sunlight (Clarke and Wertheim, 1956; Clarke and Kelly, 1965). These data 
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have, however, significant limitations for characterizing the light field because of very 

broad spectral sensitivity of the instrument, covering the range of light wavelengths from 

approximately 320 nm to 650 nm with a maximum at 480 nm. Irradiance measurements 

within a broad spectral range (Full Width Half-Maximum, FWHM, of ~50 nm) centered 

at 515–520 nm down to a depth of 400 m were also made by investigators from the 

former Soviet Union (Ochakovskiĭ et al., 1974). The first spectral radiometric 

measurements within the mesopelagic zone were performed with a highly-sensitive 

irradiance meter equipped with several interference filters having a narrow bandwidth 

(FWHM of ~10 nm) and covering a spectral range from about 410 nm to 540 nm (Boden 

et al., 1960; Kampa, 1970). Despite the fact that the study of Kampa (1970) was 

conducted over 40 years ago, to our knowledge it still provides the most comprehensive 

set of radiometric measurements within the mesopelagic zone to date. These 

measurements were made in four regions of the eastern North Atlantic and provided data 

of spectral downward irradiance between 408 and 533 nm at mesopelagic depths as large 

as 615 m. In more recent years, field experiments with deep-sea light measurements are 

very scarce and were limited to measuring the downward irradiance at a single narrow 

waveband centered at 480 nm (FWHM of 10 nm) or within a broader waveband 

simulating the spectral sensitivity of the eyes of a vertically migrating shrimp (Widder 

and Frank, 2001; Frank and Widder, 2002; Myslinski et al., 2005). 

Because the amount and scope of information available from deep-sea light 

measurements is limited, theoretical studies of radiative transfer in the ocean offer a 

particularly important approach for advancing the knowledge and understanding of 

various characteristics of the mesopelagic light field. However, despite numerous efforts 

devoted to radiative transfer within the surface photic layer, only a few studies included 

simulations of the light field at mesopelagic depths and the reported results were 

significantly limited in scope (Berwald et al., 1998; Johnsen et al., 2004; Johnsen, 2005). 
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Among these previous studies the most comprehensive suite of simulations was presented 

in Berwald et al. (1998). However, these simulations did not extend to large mesopelagic 

depths below 600 m and the reported results were limited mostly to vertical profiles and 

spectra of two apparent optical properties (AOPs) derived from simulated plane and 

scalar irradiances, namely the diffuse attenuation coefficient for net irradiance, KE, and 

the average cosine of the light field, µ  (see Mobley (1994) for details on terminology 

and definitions in hydrologic optics). No information on radiometric quantities was 

explicitly reported. Also, whereas the simulations included Raman scattering by water 

molecules, other inelastic radiative processes (i.e., transpectral processes in which the 

wavelength changes during an interaction of radiation with the medium) such as 

fluorescence of colored dissolved organic matter (CDOM) and chlorophyll-a were not 

included, reducing the realism of the simulated light fields. The studies of Johnsen et al. 

(2004) and Johnsen (2005) focused on cryptic strategies of deep-sea animals and reported 

very limited data from radiative transfer simulations, specifically the spectral shapes of 

downwelling irradiance at two mesopelagic depths (200 and 800 m) and reflectance for 

the lateral surface at depths extending to 450 m as derived from horizontal radiances and 

irradiances. Limited data of irradiance for the uppermost portion of mesopelagic zone 

(200 and 300 m) are also presented in Johnsen (2012). In all these previous theoretical 

studies Raman scattering was included in the simulations but fluorescence processes were 

not. 

This brief overview of previous experimental and theoretical studies indicates that 

current knowledge of the mesopelagic light field is critically limited with regard to 

several aspects of light field characterization, including vertical variations in the 

magnitude and spectral composition of various radiometric quantities (radiance and 

various types of irradiance) across the entire visible spectral range as well as the angular 

distribution of spectral radiance throughout the entire mesopelagic zone. One specific 
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area that requires further investigation concerns the light field in the green and red 

spectral regions, in which inelastic radiative processes, especially Raman scattering, play 

a dominant role at mesopelagic depths (Berwald et al., 1998). Another specific area of 

interest concerns the approach of the actual light field to the so-called asymptotic regime. 

With increasing depth in the ocean, the light field undergoes transformation and can 

achieve a nearly-asymptotic or possibly an asymptotic state at sufficiently large depths. 

In this state, which depends only on the inherent optical properties (IOPs) of seawater, 

the shape of the angular distribution of radiance is constant, and the radiance in every 

direction and irradiances all decrease with depth at the same exponential rate. This rate is 

constant with depth if IOPs do not change. In addition, the asymptotic radiance 

distribution is rotationally symmetric around the vertical and independent of illumination 

conditions at the sea surface. The existence of the asymptotic light field with such 

properties was proven theoretically many years ago for a hypothetical homogeneous 

ocean without inelastic processes and internal sources of light (Preisendorfer, 1959; 

Højerslev and Zaneveld, 1977). Although such predictions were unrealistic due to the 

absence of inelastic processes that play an increasingly important role with increasing 

depth, the critical significance of these processes for the approach of light field towards 

the asymptotic regime was recognized only in the 1990s (Gordon et al., 1993; Gordon 

and Xu, 1996; Berwald et al., 1998). 

In particular, the radiative transfer simulations of Berwald et al. (1998) 

demonstrated that in the presence of Raman scattering (no fluorescence included) the two 

AOPs, KE, and µ , reach nearly-asymptotic values at mesopelagic depths. In the green 

and red spectral regions, these values were shown to differ dramatically from their 

counterparts obtained under the assumption of no Raman scattering. Berwald et al. (1998) 

did not, however, examine the shape of the angular distribution of radiance, a main 

diagnostic property of the asymptotic field. A more comprehensive analysis of light field 
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characteristics throughout the entire mesopelagic zone is therefore required to establish 

better understanding of the nearly-asymptotic light field or potential existence of truly 

asymptotic regime in the deep ocean under realistic conditions when both Raman 

scattering and fluorescence are present. Such understanding can have practical 

implications for potential determinations of the deep-sea light field from radiometric 

measurements. Measurements taken throughout the water column down to the top of the 

nearly-asymptotic or asymptotic layer only would be sufficient to predict the light field at 

larger depths if the IOPs of seawater remain constant or nearly constant with depth. It is 

expected that this IOP scenario is often a reasonable approximation at large mesopelagic 

depths. 

In this study, the solar light field within the water column from the sea surface 

throughout the epipelagic and entire mesopelagic zone of the ocean was simulated with a 

radiative transfer model that included the inelastic processes of Raman scattering by 

water molecules and fluorescence of CDOM and chlorophyll-a. On the basis of these 

simulations, our primary objective is to present a comprehensive characterization of the 

mesopelagic light field, including the magnitudes and spectral composition of radiance 

and irradiance, the angular distribution of spectral radiance, and major AOPs, namely 

irradiance reflectance, average cosines and diffuse attenuation coefficients, for a broad 

range of IOPs within the ocean surface layer. Our intent is to also provide an improved 

understanding of the roles of Raman scattering and CDOM fluorescence for the 

mesopelagic light and the formation of nearly-asymptotic light field at mesopelagic 

depths. In addition to persistent light levels associated with solar photons that reach 

mesopelagic depths during daylight hours, there also exists a background of light 

produced by the radioactive decay of an unstable potassium isotope (40K) contained in 

sea salt. Our results provide a basis for rigorous comparison of solar and 40K-produced 

light levels within the ocean mesopelagic zone. 
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3.2. Radiative Transfer Simulations 

The light field between the sea surface and a depth of 1000 m was simulated 

using the scalar radiative transfer model Hydrolight 5.1.4 from Sequoia Scientific, Inc. 

(Mobley, 1994; Mobley and Sundman, 2008). This model computes the full angular 

distribution of spectral radiance L(z, θ, ϕ, λ) at each preselected output depth z in the 

ocean (positive downward), where θ is the zenith (or nadir) angle and ϕ is the azimuth 

angle which together identify the direction of light propagation, and λ the wavelength of 

light in vacuum. The zenith (θz) and nadir (θn) angles represent the direction of photon 

travel relative to the vertical. In the case of downwelling radiance, Ld, this direction is 

defined by the nadir angle θn, and for the upwelling radiance, Lu, the zenith angle θz. For 

the special case of θn = 0, the radiance Ld is associated with photons that travel along the 

vertical straight in the downward direction. Similarly, for θz = 0, the radiance Lu is 

associated with photons that travel along the vertical straight in the upward direction. 

Note that the angles θn and θz range from -90o to +90o, where the sign depends on the 

portion of the azimuthal plane within which the radiance is calculated. For example, for 

the solar principal plane the positive values of θn and θz are within the half-plane 

containing the sun, and the negative values within the opposite half-plane. The azimuth 

angle ϕ = 0o corresponds to the half-plane of the solar principal plane containing the sun, 

and ϕ = 180o to the opposite half-plane. The azimuth angle varies clockwise between 0o 

and 360o. 

The simulations were conducted at 5 nm intervals within the spectral range from 

350 to 700 nm, and over the depth range from the sea surface to 1000 m. Outputs of the 

simulations were saved at 10 m depth intervals. The various irradiances and apparent 

optical properties (AOPs) were calculated from the radiance distribution. 
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3.2.1. Simulation Design and Boundary Conditions 

Vertical profiles of the inherent optical properties (IOPs) of seawater, including 

the total spectral absorption coefficient a(λ), spectral scattering coefficient b(λ), and 

spectral scattering phase function ),(~ λβ ψ  associated with elastic scattering by water 

molecules and suspended particles (where ψ is the scattering angle), are required inputs 

for each simulation. In this study, we assume a “three-layer ocean” by specifying 

different IOPs for three depth layers. The surface mixed layer (ML) is the uppermost 

illuminated layer of the ocean, which is characterized by the presence of phytoplankton 

and other optically significant constituents that are typically associated with or derived 

from phytoplankton productivity, such as CDOM and detrital particles. The transition 

layer (TL) in our simulations is defined as an intermediate layer within the water column 

located between the base of the ML and the top of the deep layer (DL). The DL extends 

to the base of the mesopelagic zone at 1000 m depth and further beyond that depth as we 

assume an infinitely deep ocean in our simulations. The DL contains no phytoplankton 

but does contain small amounts of non-phytoplankton particles and CDOM that originate 

from the downwelling transport from surface layers (e.g., convective mixing, meridional 

overturning circulation) and local biological activities and interactions in the deep layer. 

We examined three basic scenarios of the three-layer model, each with a different 

value of chlorophyll-a concentration (Chl) within the ML and different layer thicknesses 

(Table 3.1). To represent a scenario of ultra-oligotrophic conditions characterized by very 

clear surface waters, a Chl value of 0.02 mg m-3 was used within a ML extending from 

the surface to a depth of 200 m. In this case the TL extends from 200 m to 270 m, and the 

DL from 270 m to infinity. For the intermediate case of Chl = 0.2 mg m-3, the depth range 

for the ML is 0–100 m, for the TL 100–150 m, and the DL extends below 150 m. Finally, 

for simulations in which Chl = 2 mg m-3 the ML extends down to only 30 m, the TL from 

30 to 60 m, and the DL below 60 m. We note that Chl = 0.2 mg m-3 is similar to the 
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global mean values of surface Chl of ~0.22–0.26 mg m-3 estimated from satellite 

observations (Gregg and Conkright, 2002), and this case is shown in this paper 

preferentially when reporting results from a single Chl scenario. 

The selection of thicknesses for the ML and TL was based on the analysis of 

vertical profiles of Chl in vertically-mixed oceanic waters as described in the study of 

Uitz et al. (2006), and represent situations in which the depth of the euphotic zone is 

located within the surface mixed layer. We assumed that the IOPs within the ML and DL 

are independent of depth, but differ from each other and among the three Chl scenarios. 

In contrast, the IOPs within the TL vary with depth and are calculated from spline 

interpolation between the values of the ML and DL. We recall that the chlorophyll-a 

concentration is always zero within the DL. This implies no chlorophyll-a within the 

entire mesopelagic zone in all our simulations with one exception of very small levels of 

Chl (<0.02 mg m-3) within the TL between 200 and 270 m for the ultra-oligotrophic case 

in which Chl in the ML was assumed to equal 0.02 mg m-3. 

Boundary conditions and other ancillary information for the simulations are also 

summarized in Table 3.1. Specifically, for each Chl scenario we performed the 

simulations with a solar zenith angle of 30o, two different sky conditions (clear and 

overcast), and a wind speed of 5 m s-1 to determine sea surface roughness. An infinitely-

deep ocean was assumed in all simulations. 

 

3.2.2. Determinations of Inherent Optical Properties of Seawater 

The input IOPs of seawater were specified within the spectral range from 350 to 

700 nm at 1 m depth intervals. For simplicity the symbol of depth, z, is omitted in the 

notation of IOPs below. The spectral absorption coefficient, a(λ), within the ML was 

modeled as a sum of three component coefficients representing the molecular absorption 

of pure water, aw(λ), suspended particles, ap(λ), and CDOM, ag(λ): 
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 a(λ) = aw(λ) + ap(λ) + ag(λ), (3.1) 

Values of aw(λ) within the spectral ranges of 350–380 nm and 380–750 nm were obtained 

from the measurements of Sogandares and Fry (1997) and Pope and Fry (1997), 

respectively. The coefficients ap(λ) and ag(λ) were calculated from Chl using the “New 

Case 1” bio-optical model embedded within Hydrolight (Mobley and Sundman, 2008). In 

brief, particulate absorption was modeled as a power function of chlorophyll-a 

concentration 
 )( )()( λB

p ChlλAλa = , (3.2) 

where A(λ) and B(λ) are wavelength dependent parameters determined from field studies 

(Bricaud et al., 1998; Vasilkov et al., 2005). The value of ag(λ) was also assumed to vary 

with Chl and calculated from the relation 
 )440()440(   )440(  2.0  )440()( −×−−×− == λλ S

p
S

gg eaeaλa , (3.3) 

where the spectral slope parameter S was set to 0.018 nm-1. This value was chosen as 

representative of surface waters from the study of Nelson et al. (2010). 

The spectral scattering coefficient, b(λ), within the ML was calculated as the sum 

of scattering by pure seawater, bw(λ), and suspended particles, bp(λ), 
 b(λ) = bw(λ) + bp(λ), (3.4) 

Values of bw(λ) were obtained from Morel (1974) (see also Mobley, 1994) and bp(λ) was 

calculated according to Morel et al. (2002) 
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Within the DL, the absorption coefficient a(λ) was assumed to have no particulate 

contribution as particles generally account for less than 10% of absorption at depths 

corresponding to the DL in our simulations (Nelson et al., 2010). Values of ag(λ) in the 
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DL were assumed constant and computed from Eq. 3.3 with ag(440) = 0.018 m-1 and S = 

0.018 nm-1. These values correspond to approximate average values for mesopelagic 

depths below 200 m reported in the study of Nelson et al. (2010). The calculation of the 

spectral scattering coefficient within this layer was adopted from Berwald et al. (1998), 
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λ
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where the magnitude of bp(550) is assumed to be 0.005 m-1 and the spectral shape of bp(λ) 

varies as λ−1. Importantly, the IOPs within the DL are the same for all simulations 

regardless of assumed surface conditions, and thus the three Chl scenarios differ only 

with regards to IOPs within the ML and TL. Figure 3.1 depicts the vertical profiles of the 

beam attenuation coefficient, c(λ) = a(λ) + b(λ), at two example light wavelengths (480 

and 660 nm), which were used in our simulations. 

The final IOP required as input to the RT simulations is the spectral scattering 

phase function characterizing the angular shape of the spectral volume scattering function 

(Mobley, 1994). The phase function of pure seawater, )ψ,(~ λβw , and an average phase 

function of suspended particles, )ψ,(~ λβ p , determined from measurements of Petzold 

(1972) were used for all simulations and assumed to be depth-invariant. 

The IOP profiles generated for the idealized three-layer ocean do not exactly 

reproduce specific environmental conditions and are not intended to necessarily represent 

all features observable in the ocean, such as potential vertical variations in IOPs caused 

by deep chlorophyll maxima, particle concentration maxima, or different water masses 

(Jerlov, 1976; Kitchen and Zaneveld, 1990). The current knowledge about vertical 

profiles of IOPs is fragmentary because typical field experiments do not include 

simultaneous measurements of all IOPs and the measured IOPs are often limited in terms 

of spectral information, depth range, or depth resolution. Such fragmentary data are 

particularly scarce in the mesopelagic zone. Therefore, a modeling study of an idealized 
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three-layer ocean represents an approach that is both practically feasible and reasonable. 

We also note that the degree of realism in our assumptions of homogeneous ML and DL 

layers, higher values of IOPs in the ML than DL, and gradually decreasing IOPs with 

depth in the TL appears sufficient for the main purposes of our study. Example deep-sea 

measurements supporting our assumptions are depicted in Fig. 3.1. Example 

measurements of the beam attenuation coefficient at 660 nm, c(660), acquired during the 

ANT-XXIII cruise in the Atlantic Ocean (Stramski et al., 2008) show a similar magnitude 

(0.425 m-1) to our simulated values in the DL (0.415 m-1) and little vertical structure 

within the mesopelagic zone. Additionally, values for the CDOM absorption coefficient 

for the DL assumed in this study (e.g., 0.091 m-1 at 350 nm) are within the range of deep-

sea measurements of CDOM absorption (0.065–0.10 m-1 at 350 nm) made during the 

same cruise (Röttgers and Doerffer, 2007). 

 

3.2.3. Inelastic Radiative Processes 

Inelastic radiative processes represented in the model simulations included Raman 

scattering by water molecules, fluorescence by CDOM, and fluorescence by chlorophyll-

a. These processes generally involve excitation by shorter wavelength photons and 

emission of longer wavelength photons. A detailed description of the use of inelastic 

processes in radiative transfer models including the Hydrolight model is provided in 

Mobley et al. (1993) and Mobley (1994). We used the default options of Hydrolight 5.1.4 

for the Raman scattering coefficient at a reference wavelength of 488 nm and the 

wavelength dependence of this coefficient, which are based on studies of Bartlett et al. 

(1998) and Desiderio (2000). For the sake of computational simplicity, the Hydrolight 

model assumes an isotropic Raman scattering phase function πψβ 4/1)(~
=Raman  (C. 

Mobley, personal communication) instead of the commonly accepted function of 

)cos55.01(067.0)(~ 2 ψψβ +×=Raman  (Mobley, 1994). This simplification will have 
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some effect on the computed radiance field L(z, θ, ϕ, λ), in particular at mesopelagic 

depths within the green and red spectral regions, but yields the correct contribution of 

Raman scattering to irradiances, which are computed from azimuthally averaged radiance, 

as well as the apparent optical properties which are computed from irradiances. Therefore, 

this simplified formalism is not expected to invalidate the general patterns of the results 

and main conclusions of this study. In addition, we expect that small uncertainties within 

<10% in the parameters quantifying Raman scattering (Bray et al., 2013) have no 

significant effect on the key results of our study because Raman scattering produces very 

large quantitative and qualitative changes in the mesopelagic light field as discussed 

below. The Hydrolight model also assumes an isotropic fluorescence emission by CDOM 

and chlorophyll-a, which is justified as the angular distribution of light produced by 

fluorescence is typically isotropic or nearly isotropic (e.g., Gordon et al., 1993). Because 

the spectral quantum efficiency functions of CDOM fluorescence and chlorophyll-a 

fluorescence vary to some extent for various water bodies, the Hydrolight model utilizes 

the functions that represent typical or approximately average levels of fluorescence 

observed in the ocean. Specifically, for modeling CDOM fluorescence, Hydrolight uses 

the spectral fluorescence quantum efficiency that is a function of both the excitation and 

emission wavelengths as depicted in Fig. 5.11 in Mobley (1994). This function is based 

on measurements of natural water samples (Hawes, 1992; Hawes et al., 1992). For 

chlorophyll-a fluorescence Hydrolight uses the quantum efficiency of 0.02 independent 

of excitation wavelength, which is within a range of typical values between 0.01 and 0.05 

(Mobley, 1994). This formalism for modeling the fluorescence processes is satisfactory 

for the purposes of our simulations, especially because we do not aim at simulating some 

specific location in the ocean at some specific time. 

For each simulation scenario representing specific sky conditions and Chl in the 

ML, three different Hydrolight runs were performed with different cases of inelastic 
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processes; (i) no inelastic processes, (ii) Raman scattering only, and (iii) Raman 

scattering and fluorescence of both CDOM and chlorophyll-a. The three scenarios of 

surface Chl, two scenarios of sky conditions, and three scenarios of inelastic processes 

described in Table 3.1 result in a total of 18 discrete simulations. On the basis of these 

simulations we describe the vertical light field in terms of fundamental radiometric 

quantities such as radiance and different irradiances, and additionally report selected 

AOPs such as irradiance reflectance, average cosines of the light field, and the diffuse 

attenuation coefficients. All reported radiometric quantities and AOPs generally depend 

on both z and λ, but for the sake of brevity this dependence is not specified in notation 

except in cases of ambiguity. We restrict interpretation of simulation results to the visible 

spectral range 400–700 nm. Note that the simulations included the range 350–400 nm to 

properly account for the contributions of inelastic processes to the visible spectral range. 

Because of our interest in the mesopelagic zone, the discussion of results is focused on 

depths between 200 and 1000 m. 

 

3.3. Results and Discussion 

3.3.1. Irradiance Field 

The scalar irradiance, Eo, quantifies the total amount of radiant energy incident on 

a surface per unit area and per unit time at any given depth in the ocean. Figure 3.2 

depicts vertical profiles of Eo at selected light wavelengths (440, 550, and 660 nm) and 

the spectra of Eo at selected depths (1, 200, 500, 800, and 1000 m). These results were 

obtained from simulations for clear skies and the three scenarios of chlorophyll-a 

concentration, Chl, within the surface mixed layer. In addition, each panel in Fig. 3.2 

illustrates results for the three scenarios involving the presence or absence of inelastic 

processes. The first case without inelastic processes, although unrealistic, can be 

considered a baseline result in which only absorption and elastic scattering determine the 
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light field. The second case includes Raman scattering but no fluorescence processes. The 

third case includes Raman scattering and fluorescence processes associated with both 

CDOM and chlorophyll-a, and is the most representative of natural oceanic waters. 

The spectral range of 400–500 nm exhibits maximal values of Eo (Fig. 3.2). In 

this range the curves corresponding to the cases with and without inelastic processes are 

nearly indistinguishable, suggesting that the effects of these processes on Eo are very 

small or negligible. Values of Eo at the top of mesopelagic zone (i.e., 200 m) are reduced 

compared with the surface values by approximately 2 orders of magnitude in very clear 

waters when Chl = 0.02 mg m-3, 4 orders of magnitude when Chl = 0.2 mg m-3, and 5-6 

orders of magnitude when Chl = 2 mg m-3. For the simulation representing clear skies 

and minimal surface Chl, the maximum value of Eo at 200 m occurs at a wavelength of 

415 nm with a magnitude of about 6.7 x 10-2 W m-2 nm-1. At the bottom of the 

mesopelagic zone at z = 1000 m, the maximum spectral Eo is reduced to 1.2 x 10-11 W m-2 

nm-1 and shifted to a wavelength of 475 nm. For the scenarios with higher Chl, the values 

of Eo within the mesopelagic zone are naturally much lower. For Chl = 0.2 mg m-3, the 

maximum spectral Eo is 7.1 x 10-4 W m-2 nm-1 at z = 200 m and 3.2 x 10-13 W m-2 nm-1 at 

1000 m. These maxima both occur at λ = 475 nm which is the most penetrating light 

wavelength throughout the entire mesopelagic zone for this Chl case. For the most turbid 

surface layer considered in our study with Chl = 2 mg m-3, the maximum spectral Eo at 

200 m is 2.8 x 10-5 W m-2 nm-1 at λ = 490 nm. At 1000 m, the maximum is 1.2 x 10-14 W 

m-2 nm-1 at 475 nm. For the simulations representing overcast sky conditions, the 

magnitude of Eo within the mesopelagic zone regardless of the depth is typically reduced 

4 to 5–fold compared with clear sky conditions (not shown). We also recall that our 

simulations were made for a single solar zenith angle of 30o. The underwater irradiance 

would generally decrease in response to increasing solar zenith angle. 
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These results demonstrate a very large dynamic range of irradiance within the 

mesopelagic zone. In the blue spectral range where the irradiance exhibits maximum 

values, Eo decreases by about 9–10 orders of magnitude between the top and bottom of 

the mesopelagic zone. In addition, an increase in the surface Chl by 2 orders of 

magnitude results in a reduction of Eo at mesopelagic depths by about 3 orders of 

magnitude. The spectral location of the Eo maximum at the top of mesopelagic zone 

depends on the surface Chl, shifting from 415 nm to 490 nm as Chl increases from 0.02 

to 2 mg m-3. However, at depths below about 800 m the Eo maximum is located 

consistently around 475 nm regardless of surface Chl. Johnsen et al. (2004) also reported 

that the wavelength of maximum light penetration can shift slightly from 490 nm at 200 

m to 480 nm at 800 m, which is consistent with our results for Chl = 2 mg m-3. The 

wavelength corresponding to peak transmission and its possible spectral shifts may have 

implications to bioluminescent emission and vision sensitivity of mesopelagic animals, as 

it is likely that many organisms can adjust bioluminescent, cryptic, or visual abilities in 

response to changes in the mesopelagic optical environment (Warrant and Locket, 2004; 

Johnsen, 2012). Our simulations suggest that the magnitude and spectral composition of 

the light field within this environment is strongly affected by the optical properties within 

the overlying epipelagic layer. 

The influence of inelastic radiative processes on the mesopelagic light field is 

much more pronounced at wavelengths exceeding 500 nm than in the blue (Fig. 3.2). In 

the absence of inelastic processes, the magnitude of Eo at mesopelagic depths decreases 

sharply with increasing wavelength for λ > 500 nm. Our simulations suggest that without 

consideration of inelastic processes, the computed magnitudes of Eo at 1000 m depth 

approach values as low as 10-100 W m-2 nm-1. When inelastic processes are included, 

however, Eo at 1000 m remains greater than 10-21 W m-2 nm-1 within the green and red 

parts of the visible spectral range. These results suggest that if we consider light within 
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the mesopelagic zone which ultimately originates from solar radiation, then the 

observable photons at λ > 500 nm are almost entirely generated by inelastic processes of 

Raman scattering and CDOM fluorescence in water. 

Further inspection of the results depicted in Fig. 3.2 indicates that Raman 

scattering is the primary inelastic process contributing to the mesopelagic light field 

within this spectral range (i.e., λ > 500 nm). The fluorescence by CDOM plays a 

significant role within two distinct spectral regions, namely the region 505–530 nm with 

a maximum effect at 510 nm and the region 610–670 nm with a maximum effect at 620 

nm. The spectra of Eo exhibit distinct minima within these spectral regions for the 

simulations including Raman scattering but excluding CDOM fluorescence. When both 

Raman scattering and CDOM fluorescence were included in the simulations, these 

minima are much less pronounced, indicating a significant additional contribution of 

CDOM fluorescence to Eo at these wavelengths. This pattern is associated with the 

interplay of the processes of Raman scattering and CDOM fluorescence, including the 

effects caused by the differences in the spectral redistribution functions for these 

processes (Mobley, 1994) as well as the spectral distribution of irradiance at shorter (blue) 

wavelengths, which provides a source for both Raman-scattered and fluorescence-

generated photons at longer wavelengths. We recall that the simulations with CDOM 

fluorescence also included chlorophyll-a fluorescence, but the latter is unimportant at 

mesopelagic depths because of the absence of chlorophyll-a. 

For the simulation representing clear skies and intermediate case of IOPs in the 

surface mixed layer with Chl = 0.2 mg m-3, Table 3.2 quantifies the relative contributions 

to Eo at selected wavelengths by three categories of photons; solar photons originating 

from sunlight which have not undergone any transpectral changes, photons produced by 

the Raman scattering of water molecules, and photons produced by CDOM fluorescence. 

These data demonstrate that solar photons that did not undergo transpectral changes 
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totally dominate the light field at 480 nm throughout the entire water column, Raman 

scattering is a dominant source of photons at 550 nm within the entire mesopelagic zone, 

and the contribution of CDOM fluorescence at 660 nm increases with increasing depth 

and is dominant at depths larger than 500 m. 

As these results indicate the profound importance of including inelastic scattering 

processes in the computation of the mesopelagic light field, in the remainder of this study 

we restrict our discussion to the results of simulations which include both Raman 

scattering and fluorescence processes. As illustrated in Fig. 3.2, both the magnitude and 

spectral composition of the solar light field at mesopelagic depths vary significantly in 

response to changes in Chl and hence the IOPs within the surface mixed layer. The 

magnitude of Eo at mesopelagic depths does not decrease linearly with an increase in Chl. 

The values of Eo at specific mesopelagic depths are reduced typically by ~2 orders of 

magnitude in response to 1 order of magnitude increase in Chl from 0.02 to 0.2 mg m-3 

but then by ~1 order of magnitude with an additional 1 order of magnitude increase in 

Chl from 0.2 to 2 mg m-3. These responses of the mesopelagic light field to changes in 

Chl and its vertical distribution throughout the water column are also observed as 

variation in the spectral composition of Eo at mesopelagic depths. Figure 3.3 illustrates 

that the different simulation scenarios representing varying levels of Chl in the surface 

layer have a demonstrable effect on the spectral composition of Eo within the entire 

mesopelagic zone including depths as large as 1000 m. 

Previous studies have indicated that light propagation to large depths in clear 

ocean waters is confined to a narrow spectral region between about 430 nm and 530 nm 

with a maximum at ~475 nm (Boden et al., 1960; Kampa, 1970). Our results support the 

observations that a dominant feature of the spectral composition of light at mesopelagic 

depths is a relatively narrow maximum that is generally located within the wavelength 

range of 430–500 nm [see Fig. 3.2(d-f), Fig. 3.3, and Fig. 3.4(a-c) where irradiance is 
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plotted in linear scale]. Importantly, however, our results also indicate that a significant 

number of photons at longer light wavelengths are produced locally at mesopelagic 

depths by inelastic radiative processes as illustrated in Fig. 3.2 and Table 3.2. One 

important implication of the role of Raman scattering for the spectral composition of 

mesopelagic light is a distinct secondary maximum of irradiance spectra in the 550–600 

nm region with a center wavelength of about 565 nm [see Fig. 3.2(d-f), Fig. 3.3, and Fig. 

3.4(d-f)]. 

To address the question whether mesopelagic organisms are sensitive to changes 

in the mesopelagic optical environment arising from changes in surface layer optical 

properties or sky conditions, it is necessary to quantify how many photons are available 

within this depth range and determine if these numbers are sufficient for animal vision. 

Figure 3.4(d-f) depicts the spectra of quantum scalar irradiance Eoq obtained by 

conversion of spectral Eo into the number of photons per unit area per unit time and per 

unit wavelength interval. Our simulations for clear sky conditions show that the number 

of photons undergoes a very large change within the mesopelagic zone, ranging from as 

many as 1013 photons cm-2 s-1 nm-1 in the blue and 107–108 photons cm-2 s-1 nm-1 in the 

red spectral region at z = 200 m for ultra-oligotrophic surface waters with Chl = 0.02 mg 

m-3 to less than 100 photons cm-2 s-1 nm-1 in the blue and 1 photon cm-2 s-1 nm-1 in the red 

at z = 1000 m for Chl ≥ 0.2 mg m-3. Under overcast sky conditions the number of photons 

available at specific wavelengths within the mesopelagic zone is naturally reduced, for 

example 4 to 5–fold regardless of Chl in our simulations (not shown). 

It is also important to emphasize that in addition to solar light (including solar 

photons that have undergone transpectral changes through inelastic processes), there also 

exists a low steady optical background within the water column caused by decay of the 

radioactive isotope 40K contained in sea salt. At typical full oceanic salinities, this decay 

produces a maximum that exceeds slightly 3 photons cm-2 s-1 nm-1 within the wavelength 
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range 390 – 450 nm and a decreasing number of photons with increasing wavelength 

down to 0.03 photons cm-2 s-1 nm-1 at 700 nm (Massa, 2002). For comparison with the 

quantum scalar irradiance produced by solar photons, Fig. 3.4(d-f) includes the 

counterpart spectrum associated with the decay of 40K. This comparison indicates that the 

solar irradiance dominates over the 40K-produced light within the majority of the 

mesopelagic zone for most scenarios considered in this study. The exception is the 

deepest portion of the mesopelagic zone, i.e., depths larger than about 800 nm, for the red 

and also partly the green and violet spectral regions. Under ultra-oligotrophic conditions 

with very low chlorophyll-a concentration in the surface ocean (Chl = 0.02 mg m-3), the 

solar photons dominate over the 40K-produced photons even at a depth of 1000 m across 

most of the visible spectrum from the blue through the green. In contrast, under eutrophic 

conditions with high chlorophyll-a concentration (Chl = 2 mg m-3), the 40K-produced 

photons at 1000 m dominate over the solar photons across the entire visible spectrum 

with the exception of similar values in the vicinity of 480 nm where the solar light 

exhibits a maximum. Therefore, below 1000 m the persistent light background is 

expected to be dominated by the 40K-produced photons. In contrast to persistent light 

background produced by both solar photons and 40K decay, bioluminescence events are 

typically intermittent, local, and very rare under natural conditions (e.g., Buskey and 

Swift, 1990; Priede et al., 2008). Therefore, the rare effects of bioluminescence events on 

the mesopelagic light field represent a separate problem that is profoundly different and 

not straightforwardly comparable to persistent background of daylight. 

Many deep sea animals exhibit a maximum visual sensitivity around 480 nm 

(Macdonald, 1975; Denton, 1990; Frank et al., 2012), but this sensitivity can extend over 

a relatively broad spectral region from about 460 to 540 nm (Herring, 1996; Warrant and 

Locket, 2004). Our estimates of Eoq at 480 nm for 500 m depth are on the order of 109, 

107, and 106 photons cm-2 s-1 nm-1 for Chl = 0.02, 0.2, and 2 mg m-3, respectively (Fig. 
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3.4). For a hypothetical sensitivity spectrum of animal visual system estimated on the 

basis of the study by Frank et al. (2012) with a peak at 480 nm and bandwidth (FWHM) 

of 100 nm, we estimate that more than 90% of the total number of photons integrated 

over the entire visible spectrum, namely from about 62 photons cm-2 s-1 for Chl = 2 mg 

m-3 to 5.7×104 photons cm-2 s-1 for Chl = 0.02 mg m-3, are available for vision at the 

bottom of the mesopelagic zone (z = 1000 m). Therefore, following earlier suggestions 

that some deep-sea animals can sense extremely low light levels (Denton, 1990; Allen et 

al., 2010), one can expect that such organisms can perceive changes in the ambient light 

field throughout the mesopelagic zone caused by variations in Chl and optical properties 

occurring within the surface mixed layer. Additional supporting evidence for the very 

good visual abilities of mesopelagic organisms is provided by the experiments of 

Myslinski et al. (2005), who reported that some crustaceans living at depths of 300–500 

m have a visual threshold as low as 105 photons cm-2 s-1 nm-1 at 500 nm. This threshold is 

lower or comparable to Eoq at 500 m obtained from our simulations [Fig. 3.4(d-f)]. 

The total spectral scalar irradiance, Eo, can be partitioned into the contributions of 

the downwelling and upwelling light, which are quantified respectively by the downward 

spectral scalar irradiance, Eod, and the upward spectral scalar irradiance, Eou (e.g., Mobley, 

1994). This partitioning provides a means for characterizing the proportions of 

downwelling and upwelling light in the total light field in terms of the ratios Eod/Eo and 

Eou/Eo (≡1−Eod/Eo). Figure 3.5 depicts the spectra of the ratio Eod/Eo at selected depths as 

obtained from the simulations under clear sky conditions for the three Chl scenarios. In 

general, the variations in this ratio associated with different Chl are manifested within the 

surface layer and at the top of mesopelagic zone, and reflect the differences in the IOPs 

of mixed-layer water among the three scenarios. These differences mostly vanish at 

deeper depths within the mesopelagic zone. In this depth region, downwelling light 

dominates within the blue spectral region (i.e., 400–500 nm) with values of Eod/Eo 
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exceeding 0.85, reflecting the predominant contribution of downward traveling solar 

photons that did not undergo transpectral changes (Table 3.2). The contribution of Eod to 

Eo sharply decreases from 500 nm to 700 nm until reaching nearly the same level as Eou 

(Eod/Eo≈0.5), consistent with an increasing role of photons originating from inelastic 

processes. 

Comparisons of irradiance simulated in our study with previous measurements at 

mesopelagic depths are satisfactory. Specifically, we can compare measurements of 

downward plane irradiance, Ed, made by Kampa (1970) in clear ocean waters off 

Tenerife (the Canary Islands) with our simulations. The measured Ed at 474 nm at 

mesopelagic depths of 290, 342, 480, and 615 m were respectively 4.9 x 10-4, 1.2 x 10-4, 

4.7 x 10-6, and 1.1 x 10-7 W m-2 nm-1. These values are between two scenarios of our 

simulations of clear ocean waters under clear sky conditions, namely Chl = 0.02 mg m-3 

and 0.2 mg m-3. The measured values also fall between two scenarios of our simulations 

characterized by clear and overcast skies for ultra-oligotrophic waters with Chl = 0.02 mg 

m-3. These comparisons are consistent with the assessment of very high clarity of waters 

in which the measurements of Kampa (1970) were made. The attenuation coefficients for 

downward irradiance reported in that study were similar to those defined by Jerlov (1976) 

for the clearest ocean waters of Type I. 

We can also compare our simulations of quantum downward plane irradiance, Edq, 

with measurements at mesopelagic depths reported in Myslinski et al. (2005). These 

measurements were taken for Edq at 480 nm during four summer seasons in 

Oceanographer Canyon on the southwest edge of Georges Bank. Although the clarity of 

surface waters is not reported in Myslinski et al. (2005), we expect that during those 

measurements the surface waters contained relatively high chlorophyll-a concentration. 

From the NASA SeaWiFS Bio-optical Archive and Storage System (SeaBASS) database 

(Werdell and Bailey, 2002; Werdell et al., 2003), we identified Chl measurements taken 
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in this region during October with Chl exceeding 2 mg m-3 within the top 30 m of surface 

layer (data collected by R. Morrison and H. Sosik), which is above the highest value used 

in our simulations. The minimum value of Edq(480) which was measured by Myslinski et 

al. (2005) was 104 photons cm-2 s-1 nm-1, and this value was observed within the depth 

range from about 400 to 650 m during different experiments. In our simulations for Chl = 

2 mg m-3, the value Edq(480) = 104 photons cm-2 s-1 nm-1 is observed at about 680 m 

under clear skies and 620 m for the overcast scenario. These depths are consistent with a 

subset of measurements by Myslinski et al. (2005) corresponding to the deepest 

penetration of light. These comparison results are reasonable because most measurements 

by Myslinski et al. (2005) were likely made with Chl > 2 mg m-3 resulting in reduced 

penetration of light into the mesopelagic zone compared with the case Chl = 2 mg m-3. 

 

3.3.2. Radiance Field 

Whereas the scalar irradiances Eo, Eod, and Eou quantify the integrated amount of 

radiant power per unit area over all directions, all downwelling directions, or all 

upwelling directions of light propagation, these quantities do not provide a detailed 

description of the directional structure of the light field. Full information on the angular 

distribution of light at a given depth is provided by the spectral radiance, L(z, θ, ϕ, λ). For 

practical reasons, we limit the presentation of L(z, θ, ϕ, λ) data to the one intermediate 

case of Chl = 0.2 mg m-3, three example wavelengths (480, 550, and 660 nm), several 

depths (1, 200, 300, 400, 500, 800, and 1000 m), and two azimuthal planes that are 

orthogonal to one another, specifically the principal solar plane (ϕ = 0o and 180o) and 

perpendicular plane (ϕ = 90o and 270o). Figure 3.6 depicts the distributions of 

downwelling radiance, Ld(z, θn, ϕ, λ), and upwelling radiance, Lu(z, θz, ϕ, λ), for these two 

azimuthal planes as a function of angle θ representing the direction of photon travel 

relative to the vertical. Under clear sky conditions when the sun is not at zenith (as is the 
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case for the simulations in Fig. 3.6), a maximum of Ld at sufficiently small depths in the 

ocean will occur within the principal solar plane at some negative value of θn consistent 

with the direction of refracted solar rays underwater. This feature is indeed clearly seen in 

Fig. 3.6 for the calculated distributions of Ld at 1 m depth. In contrast, for all other cases 

presented in Fig. 3.6 including all Ld data for mesopelagic depths, all Lu data, and all data 

for the plane perpendicular to the solar principal plane, the radiance distributions show no 

such feature with direct relation to the position of sun in the sky. 

At mesopelagic depths Ld in the blue spectral region shows a well pronounced 

maximum for θn = 0o in both azimuthal planes [Fig. 3.6(a,d)]. This dependence of Ld on 

θn decreases with increasing light wavelength [Fig. 3.6(b,c,e,f)], and results from the 

increased contributions of inelastic processes. The dependence of Lu on θz is relatively 

weak for all wavelengths, and in consequence the angular patterns for Ld and Lu are very 

similar in the red spectral region. Figure 3.6 also illustrates the differences between Ld 

and Lu in terms of magnitude. Whereas the values of Ld and Lu naturally converge at 

horizontal directions, for other directions Ld is generally higher than Lu. These differences 

are largest in the blue and smallest in the red spectral region. For example, in the blue 

spectral region at z = 200 m, Ld(200 m, 0o, ϕ, 480 nm) is ~5.1×10-4 W m-2  

sr-1 nm-1 and Lu(200 m, 0o, ϕ, 480 nm) is ~4.3×10-6 W m-2 sr-1 nm-1. At z = 1000 m, 

Ld(1000 m, 0o, ϕ, 480 nm) is ~4.4×10-13 W m-2 sr-1 nm-1 and Lu(1000 m, 0o, ϕ, 480 nm) is 

~1.6×10-15 W m-2 sr-1 nm-1. For most wavelengths, both Ld and Lu generally drop by ~9–

10 orders of magnitude between z = 200 m and 1000 m. However, for any specific 

wavelength the relative difference between Ld(z, θn, ϕ, λ) and Lu(z, θz, ϕ, λ) remains about 

the same at various mesopelagic depths, e.g., ~2 orders of magnitude difference at 480 

nm, ~1 order of magnitude at 550 nm, and almost no difference at 660 nm. This result 

implies that the angular distribution of radiance is fairly stable within the mesopelagic 
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zone and tends toward an isotropic distribution at longer wavelengths of the visible 

spectrum, albeit not achieving such distribution. 

Further insight into the variations in the angular distribution of radiance is 

provided in Fig. 3.7, which depicts L(z, θ, ϕ, λ) in polar coordinates after normalization 

by its maximum intensity (hereafter referred to as the L shape). These results were 

derived from the data presented in Fig. 3.6, but also include the L shapes for two 

additional depths of 300 m and 400 m. It is also important to note that the true L shapes in 

the ocean for light wavelengths where Raman scattering plays a significant role (i.e., 550 

nm and 660 nm in Fig. 3.7) are expected to be somewhat different from those obtained 

from our simulations. This is because, for the sake of computational simplicity, the 

Hydrolight model assumes an isotropic Raman scattering phase function rather than a 

more accurate moderately anisotropic function. This limitation is largely irrelevant for the 

blue wavelengths (i.e., 480 nm in Fig. 3.7) because of the negligible contributions of 

inelastic processes. Although it can have larger influence at longer wavelengths (i.e., the 

L shape may differ somewhat more from the isotropic distribution than suggested by our 

simulations), the main conclusions drawn from Fig. 3.7 are expected to be qualitatively 

valid. 

The L shapes presented in Fig. 3.7 show that the angular distribution of light in 

the mesopelagic zone is dramatically different at different wavelengths. Downwelling 

photons dominate the radiance field at 480 nm, in contrast to 660 nm where Ld and Lu 

have similar contributions. This approach towards an isotropic light field at longer 

wavelengths is a natural consequence of the increasing predominance of photons 

originating from the inelastic processes of Raman scattering and CDOM fluorescence, 

which are both represented in the simulations as isotropic phase functions for the 

emission wavelengths. Further examination of the data suggests that the L shapes at 550 

nm and 660 nm remain nearly unchanged throughout the mesopelagic zone below 300–
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400 m, implying that the nearly-asymptotic light field has been reached (see also Berwald 

et al., 1998). Importantly, however, the L shape at 480 nm continues to exhibit a 

conspicuous change with depth throughout the entire water column down to 1000 m, 

implying that the asymptotic light field is not reached within the mesopelagic zone within 

the blue spectral region. However, because the L shape at 480 nm changes relatively 

slowly with depth, for practical purposes the light field in the blue can be assumed to be 

nearly-asymptotic below 300–400 m. In general, our results highlight the importance of 

the contributions from inelastic processes to establish the nearly-asymptotic field in the 

ocean. This conclusion was further verified in the simulations without inelastic processes, 

in which the nearly-asymptotic light field was never obtained. These findings regarding 

the necessary role of inelastic processes for reaching the nearly-asymptotic light field 

modify the conclusions from early studies of asymptotic light field which ignored 

inelastic processes (Preisendorfer, 1959; Højerslev and Zaneveld, 1977), but are 

generally consistent with a more recent study of Berwald et al. (1998). 

The angular distribution of light in the mesopelagic zone is important for 

camouflage strategies and the design of visual systems for animals inhabiting this region 

of the ocean. Many mesopelagic animals have upward looking eyes that utilize photons 

around 480 nm for object detection (Denton, 1990; Herring, 1996; Warrant and Locket, 

2004). Figure 3.7(a,d) indicates that about ~85% of downwelling radiance at 480 nm is 

concentrated within the directions of ±15o from the nadir, which is consistent with the 

angular range corresponding to the highest vision sensitivity of many deep-sea organisms 

(Warrant and Locket, 2004). It is also important to recognize from our simulations that 

there also appear to be sufficient numbers of photons available for vision at longer 

wavelengths such as 550 nm and 660 nm, especially within the upper portion of the 

mesopelagic zone. Organisms living at these depths can have color vision (Johnsen and 

Sosik, 2004) and can detect objects from all directions (Warrant and Locket, 2004). 
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3.3.3. Apparent Optical Properties 

3.3.3.1. Irradiance Reflectance 

Experimental studies commonly characterize the downwelling and upwelling flow 

of radiant energy within a water body through concomitant measurements of the spectral 

downward plane irradiance, Ed, and the spectral upward plane irradiance, Eu (e.g., 

Mobley, 1994). The ratio Eu/Ed is an apparent optical property (AOP) of the water body 

and is referred to as the spectral irradiance reflectance, R. This reflectance is a measure of 

the proportion between the spectral upward and downward light incident on a horizontal 

plane at any given depth in the ocean. 

Figure 3.8(a-c) depicts the spectra of R at selected depths obtained from the 

simulations under clear sky conditions for the three scenarios of Chl. These spectra differ 

greatly between near-surface and mesopelagic depths, with the largest differences 

occurring within the long-wavelength part of the spectrum for λ > 500 nm. At 

mesopelagic depths the values of R in the red spectral region exceed 0.9, a value 2–3 

orders of magnitude higher than near-surface values. This results from the dominant 

effect of inelastic processes on the light field at mesopelagic depths. In contrast, in the 

blue spectral region where the role of inelastic processes is very small or negligible, the 

values of R at mesopelagic depths are low (typically < 0.03) and smaller compared with 

the near-surface ocean. Regardless of Chl and IOPs within the surface layer, the 

magnitude and spectral shape of R remain very similar throughout most of the 

mesopelagic zone for depths larger than about 300 m (Fig. 3.8). In the upper portion of 

the mesopelagic zone, R can differ from the values at deeper depths; for example, in the 

spectral range from about 500 to 580 nm for scenarios with higher Chl [Fig. 3.8(b,c)]. 

The spectral distribution of R [Fig. 3.8(a-c)] and its stability throughout much of 

the mesopelagic zone irrespective of overlying surface conditions [Fig. 3.8(d)] may have 

important implications to vision and crypsis of mesopelagic animals. In the blue spectral 
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region where R is relatively low, mesopelagic animals tend to utilize mostly the 

downwelling light for vision (Herring, 1996; Warrant and Locket, 2004; Johnsen, 2005). 

For longer wavelengths, at which inelastic processes produce high values of R and a more 

uniform angular distribution of light, the photon numbers may be sufficient for vision 

only within the upper portion of the mesopelagic zone. In addition, the uniform vertical 

profiles of spectral values of R at depths exceeding 300 m can play an important role in 

the crypsis of mesopelagic animals as cryptic abilities depend largely on the differences 

between the background reflectance of the ambient light field and the body reflectance of 

the organisms. Mesopelagic organisms have developed various strategies for crypsis such 

as production of bioluminescence to match the optical background, a flattened body to 

form silvering, and different coloration (Herring, 1996; Johnsen and Sosik, 2004; 

Warrant and Locket, 2004; Johnsen, 2005). These strategies can be utilized in 

conjunction with vertical migration within the water column. 

 

3.3.3.2. Average Cosines of the Light Field 

The average cosines are additional AOPs that provide a simple means to 

characterize the angular distribution of light on the basis of plane and scalar irradiances 

(Mobley, 1994; Berwald et al., 1998). These quantities are defined as 
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where µ  is the average cosine for total light field, dµ  the average cosine for the 

downwelling light field, and uµ  the average cosine for the upwelling light field. 

Figure 3.9 illustrates the average cosines computed from the simulations for the 

case of clear skies and Chl = 0.2 mg m-3. The spectra of µ  and dµ  at mesopelagic depths 

are very different from the spectra at the near-surface depth [Fig. 3.9(a,b)]. The 

differences are much smaller for the spectra of uµ [Fig. 3.9(c)]. The spectral pattern of µ  
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at mesopelagic depths is characterized by relatively large values (approximately within 

the range 0.75–0.8) in the blue spectral region, an abrupt decrease near 500 nm, and a 

further gradual decrease to values close to zero (<0.02) at the long-wavelength end of the 

visible spectrum. This pattern is consistent with the results discussed above for the 

mesopelagic radiance field and irradiance reflectance. The light field in the blue is 

dominated by downward propagation around the vertical direction, and consists of solar 

photons that have not undergone any transpectral changes. In contrast, the light field in 

the red becomes more uniform owing to inelastic radiative processes. 

The average cosine of the downwelling light field, dµ , exhibits a similar spectral 

pattern to µ  [Fig. 3.9(b)]. One noticeable difference is a somewhat higher dµ  compared 

with µ  in the blue spectral region. In the red spectral region, dµ  approaches the value of 

0.5, which indicates that the angular distribution of downwelling light is nearly uniform. 

In contrast to µ  and dµ , the average cosine of the upwelling light field, uµ , shows weak 

spectral dependence [Fig. 3.9(c)]. The values of uµ  at mesopelagic depths are somewhat 

higher across the entire spectrum compared with near-surface values. The spectral values 

of uµ  are relatively close to 0.5 at all wavelengths but more so in the red part of the 

spectrum, indicating a nearly uniform angular distribution of upwelling light. 

The angular distributions of downwelling and upwelling light exhibit different 

sensitivity to the presence of inelastic radiative processes. With no inelastic processes 

included in the simulations, µ  and dµ  at mesopelagic depths are very different from the 

data presented in Fig. 3.9 and have a spectrum similar to that at the ocean surface (not 

shown). In contrast, uµ  in the absence of inelastic processes exhibits a very similar 

pattern to that obtained in the presence of inelastic processes and depicted in Fig. 3.9(c). 

These results indicate that whereas the inelastic processes have a significant effect on the 

angular distribution of downwelling light, especially at wavelengths >500 nm, their 

influence on modifying the angular distribution of upwelling light is small. 
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The vertical profiles of all average cosines tend to reach nearly constant values at 

mesopelagic depths below 300–400 m [Fig. 3.9(d)]. As the average cosines serve as 

simple proxies for the angular distribution of light, these observations are in agreement 

with the results describing the full angular distribution of radiance at several discrete 

depths presented in Fig. 3.7. Overall, our simulations suggest the existence of a nearly-

asymptotic light field throughout much of the mesopelagic zone, and are in accordance 

with the results of previous radiative transfer simulations which included Raman 

scattering but only extended to depths of 400–600 m (Berwald et al., 1998). It must be 

noted that µ  and dµ  in the blue spectral region can still undergo a small noticeable 

change with depth throughout the mesopelagic zone (see the curves for 480 nm in Fig. 

3.9(d). This result is consistent with the conclusions drawn from Fig. 3.7(a,d) and the 

earlier suggestion that the assumption of nearly-asymptotic light field in the blue can be 

reasonable. 

 

3.3.3.3. Diffuse Attenuation Coefficients  

The vertical diffuse attenuation coefficients (the common symbol K) are AOPs 

that characterize the attenuation of radiance and irradiance with depth in a water body 

(Mobley, 1994). The spectra of three diffuse attenuation coefficients, Kd for downward 

plane irradiance, Ku for upward plane irradiance, and KLu for upwelling radiance for the 

vertical direction of light propagation (i.e., Lu for θz = 0o) are illustrated in Fig. 3.10(a)-(c). 

Figure 3.10(d) shows the vertical profiles of these coefficients at three selected light 

wavelengths, and additionally shows the profiles for the diffuse attenuation coefficient of 

scalar irradiance, Ko. These results were obtained from simulations for Chl = 0.2 mg m-3 

and clear sky conditions. 

The spectra of K-coefficients differ between the near-surface and mesopelagic 

depths [Fig. 3.10(a)-(c)]. For λ > 500 nm, the differences increase greatly in concert with 
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the increasing contribution of inelastic processes to the mesopelagic light field. Because 

of these contributions, the K-coefficients in the green and red spectral regions within the 

mesopelagic zone are reduced to an extent well below the values of the absorption 

coefficient by pure water. This effect produces a relatively flat spectral shape of K-

coefficients across the entire visible spectrum at mesopelagic depths. Because photons in 

the green and red spectral regions are produced locally through inelastic processes that 

originate from excitation by photons in the blue spectral region, the deep-sea spectra of 

K-coefficients are not perfectly flat but exhibit some undulations linked to the spectral 

shape of light in the blue and the spectral shifts between the excitation and emission 

wavelengths. These results are consistent with previous predictions of K-coefficients for 

the nearly-asymptotic light field in the presence of inelastic processes (Gordon and Xu, 

1996; Berwald et al., 1998). 

At depths below ~400 m, the coefficients Ko, Kd, Ku, and KLu at any specific 

wavelength are approximately the same [Fig. 3.10(d)]. Such convergence of the different 

K-coefficients on the same value suggests that light is attenuated with depth at the same 

rate at various directions of propagation. This result is consistent with the conclusion that 

the angular distribution of light remains approximately constant below ~400 m, which 

was discussed previously in relation to the radiance field and average cosines. In addition, 

the simulated values of Kd are comparable to measurements made by Kampa (1970) in 

clear Atlantic waters off Tenerife, which were mentioned earlier within the context of 

irradiance. For example, the values of Kd at 480 nm estimated from the measurements at 

mesopelagic depths between about 200 to 600 m range between 0.023 and 0.028 m-1. The 

corresponding values from our simulations are 0.027–0.028 m-1. Interestingly, the 

measurements of Kampa (1970) at the green waveband of 533 nm appear to provide 

unique experimental evidence of the effect of inelastic processes in this spectral region at 

mesopelagic depths. Whereas Kd(533) derived from measurements within the epipelagic 



175 
 

 

zone (depth range 80–190 m) was 0.038 m-1, the Kd(533) values dropped significantly to 

0.025–0.026 m-1 at mesopelagic depths, which is consistent with the pattern observed in 

our simulations and attributed to inelastic processes. 

 

3.3.4. Nearly-asymptotic Light Field 

The results describing the angular distribution of radiance (Fig. 3.7), the average 

cosines (Fig. 3.9), and K-coefficients (Fig. 3.10) all suggest that the assumption of nearly-

asymptotic light field below a depth of about 400 m is reasonable for the simulations 

representing Chl = 0.2 mg m-3. The inspection of vertical profiles of the average cosine of 

the light field, µ , and the diffuse attenuation coefficient of scalar irradiance, Ko, for the 

three Chl cases examined in this study also supports the notion that the mesopelagic light 

field approximates the asymptotic regime whose properties do not depend on the IOPs in 

the surface layer [Fig. 3.11(a,b)]. For any specific light wavelength, the µ  and Ko 

profiles converge at depths below 400–500 m for the three Chl cases examined. Although 

the degree of convergence is somewhat weaker for Ko in the red spectral region, the 

values of Ko are constrained within a very small range for all light wavelengths and Chl 

cases considered. The vertical profiles of other AOPs including irradiance reflectance 

[see Fig. 3.8(d)] similarly exhibit this feature of convergence on approximately the same 

value (at a given wavelength) which is nearly independent of depth below about 400 m 

regardless of Chl and IOPs in the surface layer. 

Considering the particular importance of the middle portion of the mesopelagic 

zone where the nearly-asymptotic regime begins, the spectra of three average cosines, µ , 

dµ , and uµ , and four attenuation coefficients, Ko, Kd, Ku, and KLu, at 400 m depth are 

shown in Fig. 3.11(c,d). These results were obtained from simulations for the three Chl 

cases under clear skies. At the depth of 400 m, all the presented AOPs become weakly 

sensitive to large changes in Chl within the surface ocean. This result will hold for Chl 
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higher than the largest value of 2 mg m-3 used in our simulations, and is consistent with 

the previous study by Berwald et al. (1998) who considered Chl as high as 5 mg m-3. We 

also note that variations in the boundary conditions at the ocean surface exert a very weak 

influence on the nearly-asymptotic characteristics of the mesopelagic light field as 

verified in this study by comparisons of simulations for clear and overcast skies (not 

shown). 

It is important to emphasize that the necessary criteria for the asymptotic light 

field are generally best satisfied within the green and red portions of the spectrum. For 

shorter wavelengths between 400 and 500 nm the angular distribution of radiance and 

AOPs can undergo minor changes with depth throughout most of mesopelagic zone even 

though the inherent optical properties for this layer were assumed constant in our 

simulations (e.g., Fig. 3.7). The K-coefficients in the red also exhibit small vertical 

variation at large mesopelagic depths [Fig. 3.11(b)]. Nevertheless, the general assumption 

of the existence of a nearly-asymptotic light field below a depth of 400 m, or more 

conservatively 500 m, appears to provide a reasonable approximation under most 

circumstances. This finding has significant practical implications as it allows the 

calculation of light field characteristics within the entire deeper portion of the 

mesopelagic zone from vertical profile measurements of irradiance or radiance which 

extend down only to 400–500 m. This is an important aspect in view of the extremely 

low light levels in the lower mesopelagic zone and the associated high demands on the 

sensitivity of deep-sea radiometers. As noted earlier, direct measurements of ambient 

light at mesopelagic depths are very rare. Recently, Myslinski et al. (2005) used a low-

light radiometer to measure the quantum downward irradiance at 480 nm at depths 

extending to 400–650 m where the measured irradiance was as low as 104 photons cm-2  

s-1 nm-1. By using the measured attenuation coefficient (and implicitly assuming the 
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asymptotic light field and constant IOPs) these investigators extrapolated the irradiance 

measurements to depths as large as 800 m. 

Given the potential applicability of such extrapolation through the nearly-

asymptotic regime within the deep portion of the mesopelagic zone, it is important to 

know typical magnitudes of irradiance and radiance at the top of the nearly-asymptotic 

light field. These magnitudes define a minimum radiometric sensitivity required for 

mesopelagic measurements. Figure 3.12 depicts three irradiances (Eo, Ed, and Eu) and two 

radiances (downwelling vertical radiance Ld and upwelling vertical radiance Lu) at a 

depth of 400 m as obtained from our simulations for clear sky conditions and Chl = 0.2 

mg m-3. Compared with this Chl scenario, the magnitude of radiometric quantities 

increases by ~2 orders of magnitude for a very low Chl of 0.02 mg m-3 and decreases by 

~1 order of magnitude for higher Chl of 2 mg m-3 (not shown). For overcast sky 

conditions the irradiance and radiance values decrease 4 to 5–fold compared with clear 

sky conditions (not shown). In addition, solar zenith angles other than that used in our 

simulations (30o) would also naturally influence the incident irradiance at the ocean 

surface and consequently the magnitude of radiometric quantities underwater. This 

analysis suggests that in order to conduct measurements at 400 m depth under most 

environmental conditions, including conditions less favorable than those represented by 

Fig. 3.12, a "mesopelagic" radiometer must provide a capability to detect light levels 

lower by a few orders of magnitude compared with those shown in Fig. 3.12. It is also 

important to recall that whereas these considerations are relevant to the ambient solar 

light, the mesopelagic optical environment can also include contributions by decay of the 

potassium isotope 40K (Massa, 2002) and bioluminescent glow and flashes (Clarke and 

Kelly, 1965; Boden and Kampa, 1974; Haddock et al., 2010). Although bioluminescence 

is generally rare under natural conditions, the mechanical disturbance of water such as the 
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deployment of instruments can potentially stimulate large amount of bioluminescent 

flashes (Buskey and Swift, 1990; Priede et al., 2008). 

 

3.4. Conclusions 

We examined the magnitude and spectral composition of the solar ambient light 

field for the entire visible spectrum within the entire mesopelagic zone of the ocean 

(depth range 200–1000 m) using radiative transfer simulations. The simulations 

demonstrate the critical need to include inelastic radiative processes, especially Raman 

scattering by water molecules and CDOM fluorescence, in modeling and interpretation of 

the light field at mesopelagic depths. Although these processes have a small or negligible 

effect on the mesopelagic light field in the blue spectral region (from 400 to about 500 

nm), solar light at wavelengths exceeding 500 nm is dominated or originates entirely 

from Raman scattering and CDOM fluorescence. This has important implications for the 

patterns of the radiometric quantities and apparent optical properties observed within the 

mesopelagic zone. 

Our simulations suggest that irradiance levels typically decline by about 9 –10 

orders of magnitude between the top and bottom of the mesopelagic layer. Most light 

propagating through this layer is contained within a relatively narrow spectral band of 

blue light with a maximum intensity at ~480 nm, and its angular distribution is dominated 

by downward traveling photons. This has implications for deep-sea animals, many of 

which possess upward looking eyes to utilize this portion of the light spectrum for vision. 

Light at longer wavelengths (i.e., λ > 500 nm) originates primarily from inelastic 

processes, have less directional aspect, and although generally significantly lower in 

magnitude than in the blue is still important for the overall characterization of the 

mesopelagic light field. One consequence of inelastic processes is that irradiance in the 

deep portion of the mesopelagic zone is higher at the long-wavelength end of the visible 
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spectrum (red) than at the short-wavelength end of the spectrum (violet). In a 

hypothetical ocean without inelastic processes such a result would never be observed 

because the rapid absorption of red solar photons without replacement would 

dramatically lower the intensity of red light. In addition, Raman scattering within the 

mesopelagic zone produces a conspicuous secondary maximum in irradiance spectra with 

a peak around 565 nm. Another important consequence of inelastic processes is a nearly 

uniform angular distribution of mesopelagic light within the long-wavelength portion of 

the spectrum. This is also the case for the downwelling and upwelling light fields 

considered separately. However, unlike downwelling light, the upwelling light field is 

further characterized by an angular distribution that approaches a uniform distribution 

across the entire visible spectrum. 

An important feature of the mesopelagic light field is that the angular distribution 

of spectral radiance and the apparent optical properties such as the spectral average 

cosines of the light field, diffuse attenuation coefficients for various radiometric 

quantities (i.e., radiance and different types of irradiance), and irradiance reflectance all 

become nearly constant with depth below a certain mesopelagic depth. This indicates that 

the light field approximates the asymptotic regime within the deeper portion of 

mesopelagic zone. The angular distribution of light and AOPs within this nearly-

asymptotic regime exhibit weak or negligible dependence on the chlorophyll-a 

concentration and the IOPs in the surface ocean layer as well as boundary conditions at 

the sea surface. Our simulations suggest that it is reasonable to assume the existence of a 

nearly-asymptotic light field below depths of about 400 to 500 m. This assumption is 

further supported by additional contribution of an isotropic light background produced by 

radioactive decay of the unstable potassium isotope 40K. Our results indicate that while 

the photons originating from solar radiation generally dominate over the light background 

produced by 40K within the majority of mesopelagic zone, the latter is expected to 
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dominate at greater depths below 1000 m. An important practical implication of the 

existence of the nearly-asymptotic regime is the ability to estimate the light field 

characteristics within the deeper portions of the mesopelagic layer (where the IOPs can 

be assumed to be typically nearly constant) from the extrapolation of vertical profile 

radiometric measurements which extend only to the top of the nearly-asymptotic field. 
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3.6. Figures 
 

 

Figure 3.1. Vertical profiles of the modeled beam attenuation coefficient, c(λ), at 480 nm 
(blue lines) and 660 nm (red lines) for the three simulation scenarios of varying 
chlorophyll-a concentration (Chl) in the mixed layer as indicated for different line types. 
The profile of c(660) is depicted for the intermediate chlorophyll-a concentration only, 
but for comparison three in situ measurements of c(660) obtained during the 2005 ANT-
XXIII cruise in the eastern Atlantic Ocean are also illustrated (solid red lines). 
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Figure 3.2. Spectra and vertical profiles of the scalar irradiance. (a–c) Vertical profiles of 
the scalar irradiance, Eo(λ), at selected light wavelengths as indicated for the three 
simulation scenarios of varying Chl with clear sky conditions. (d–f) Spectra of Eo(λ) at 
selected depths as indicated for the same simulation scenarios. In each panel, dashed lines 
represent the simulations with no inelastic processes, dotted lines the cases with Raman 
scattering included, and solid lines the cases which include Raman scattering and the 
fluorescence of CDOM and chlorophyll-a. 
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Figure 3.3. Normalized spectra of scalar irradiance at 200, 500, and 1000 m. Model-
derived spectra of the scalar irradiance, Eo(λ), at 200, 500, and 1000 m depth under clear 
sky conditions, normalized to equal a value of 1 at the wavelength corresponding to 
maximum Eo(λ), for the three simulation scenarios of varying Chl as indicated. For this 
and all subsequent figures, the depicted results are for simulations including the presence 
of both Raman scattering and the fluorescence of CDOM and chlorophyll-a. 
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Figure 3.4. Spectra of normalized scalar irradiance and quantum scalar irradiance. (a–c) 
Spectra of the scalar irradiance Eo(λ), normalized by the maximum value, at selected 
depths as indicated for the three simulation scenarios of varying Chl with clear sky 
conditions. (d–f) Similar to (a–c), but for the unnormalized quantum scalar irradiance 
Eoq(λ). For comparison, the spectrum representing decay of potassium isotope 40K is also 
shown in panels d-f (dashed lines). This spectrum was estimated by Massa (2002) for 
water salinity of 38.7 ‰. 
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Figure 3.5. Spectra representing the ratio of downward scalar irradiance to total scalar 
irradiance, Eod(λ)/Eo(λ), at selected depths as indicated for the three simulation scenarios 
of varying Chl with clear sky conditions. 

  



186 
 

 

 

Figure 3.6. Magnitudes of downwelling, Ld(θn, ϕ, λ), and upwelling, Lu(θz, ϕ, λ), spectral 
radiance at selected depths and light wavelengths as a function of vertical angle for the 
simulation representing Chl = 0.2 mg m-3 and clear sky conditions. Results are illustrated 
for two azimuthal planes, the principal solar plane (a–c, half plane ϕ = 0° contains the sun 
and ϕ = 180° represents the opposite half plane) and the plane perpendicular to the solar 
plane (d–f, ϕ = 90° and 270°). Downwelling radiance is depicted as a function of nadir 
angle θn, upwelling radiance as a function of zenith angle θz, with values representing the 
direction of photon travel (see text for further details). 
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Figure 3.7. The full angular distribution of radiance. Similar to Fig. 3.6, but using a polar 
diagram to depict the relative shape of the full angular distribution of radiance L(θ, ϕ, λ) 
at selected depths and light wavelengths. Each distribution has been normalized to equal 
a value of 1 at the maximum intensity, represented by the radial coordinate (gray dashed 
lines indicate scale 0–1 with 0 at the center) with direction θ indicated by the angular 
coordinate. Data from two additional depths (300 and 400 m) have been added to better 
illustrate vertical changes. 
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Figure 3.8. Spectra and vertical profiles of the irradiance reflectance. (a–c) Spectra of the 
irradiance reflectance R(λ) = Eu(λ)/Ed(λ) at selected depths as indicated for the three 
simulation scenarios of varying Chl with clear sky conditions. (d) Corresponding vertical 
profiles of R(λ) at selected light wavelengths as indicated. 
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Figure 3.9. Computed values of the average cosines for light field from the simulation 
scenario of Chl = 0.2 mg m-3 and clear sky conditions. (a-c) Spectra of the average cosine 
for total light field, )(λµ , downwelling light field, )(λµd , and upwelling light field, 

)(λµu , at selected depths as indicated. (d) Corresponding vertical profiles of each 
average cosine quantity at selected light wavelengths as indicated. 
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Figure 3.10. Spectra and profiles of the diffuse attenuation coefficients. Similar to Fig. 
3.9, but for the spectral diffuse attenuation coefficients of downwelling plane irradiance, 
Kd(λ), upwelling plane irradiance, Ku(λ), and upwelling radiance in the vertical direction, 
KLu(λ). The vertical profile of the spectral diffuse attenuation coefficient of scalar 
irradiance, Ko(λ), is additionally illustrated in (d). 
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Figure 3.11. Vertical profiles of )(λµ  and Ko(λ). (a–b) Vertical profiles of average 
cosine )(λµ  and diffuse attenuation coefficient Ko(λ) at selected light wavelengths as 
indicated for the three simulations of varying Chl with clear sky conditions. (c–d) Spectra 
of the average cosines and diffuse attenuation coefficients at 400 m depth for these three 
simulations. Descriptions of the various average cosines and diffuse attenuation 
coefficients are provided in the text and in Figs. 3.9 and 3.10. 
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Figure 3.12. Spectra of the irradiances and radiances at 400 m. (a) Spectra of the scalar 
irradiance Eo(λ), downwelling plane irradiance Ed(λ), and upwelling plane irradiance 
Eu(λ), at 400 m depth from the simulation scenario of Chl = 0.2 mg m-3 and clear sky 
conditions. (b) For the same simulation and depth, spectra of the downwelling vertical 
radiance Ld(λ) and upwelling vertical radiance Lu(λ). (c–d) Spectra of quantum 
irradiances and radiances corresponding to the data depicted in panels (a–b). 
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3.7. Tables 
 

Table 3.1. Description of simulation scenarios. Depth intervals of the mixed and 
transition layers for each scenario of mixed layer chlorophyll-a concentration, Chl, were 
based on the study of Uitz et al. (2006), and the deep layer was assumed to be infinitely 
deep. All 18 simulations were conducted with a solar zenith angle of 30° and a wind 
speed of 5 m s-1, with output saved at 10 m depth intervals. Simulations were done over 
the spectral range 350 to 750 nm at 5 nm increments. 

Chl in ML (mg m-3) 0.02 0.2 2 

Layer depths (m) 

Mixed layer, ML 

Transition layer, TL 

Deep layer, DL 

  

 0–200 

 200–270 

 270– ∞ 

 

 0–100 

 100–150 

 150–  ∞ 

 

 0 – 30 

 30 – 60 

 60 – ∞ 

Cloud cover Clear sky or 100% overcast sky 

Inelastic processes 
(i) none, (ii) Raman scattering only, (iii) Raman scattering, CDOM 

and chlorophyll-a fluorescence 
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Table 3.2. Relative contributions of three sources to the submarine light field that 
ultimately originate from solar radiation; first, solar photons that have not undergone any 
transpectral process, i.e., elastically scattered solar photons plus direct solar photons 
denoted as Solar(e+d), second, Raman-scattered photons denoted as Raman, and third, 
CDOM and chlorophyll-a fluorescence photons denoted as Fluorescence. At mesopelagic 
depths the component of Solar(e+d) associated with direct solar photons is expected to be 
negligible. Results are from the simulation with Chl = 0.2 mg m-3 in the surface mixed 
layer and clear sky conditions. Contributions from each source are listed in percent. The 
summed values do not exactly equal 100% because of rounding. 

Depth (m) 1 200 500 800 1000 
       

λ (nm) Source      
       

480 
Solar(e+d) 99.2 96.9 97.4 97.4 97.4 

Raman 0.8 3.0 2.4 1.9 2.3 
Fluorescence < 0.001 0.001 0.002 0.007 0.003 

       

550 
Solar(e+d) 99.6 10.9 < 0.001 0 0 

Raman 0.3 83.3 94.1 93.6 93.4 
Fluorescence 0.008 5.8 5.9 6.4 6.6 

       
660 Solar(e+d) 99.9 0 0 0 0 

 Raman 0.04 64.1 40.4 30.4 24.7 
 Fluorescence 0.02 35.9 59.6 69.6 75.3 

 
  



195 
 

 

3.8. References 

Allen, J.J., Mathger, L.M., Buresch, K.C., Fetchko, T., Gardner, M., Hanlon, R.T., 2010. 
Night vision by cuttlefish enables changeable camouflage. Journal of Experimental 
Biology 213, 3953-3960.  

Bartlett, J.S., Voss, K.J., Sathyendranath, S., Vodacek, A., 1998. Raman scattering by 
pure water and seawater. Applied Optics 37, 3324-3332. 

Berwald, J., Stramski, D., Mobley, C.D., Kiefer, D.A., 1998. Effect of Raman scattering 
on the average cosine and diffuse attenuation coefficient of irradiance in the ocean. 
Limnology and Oceanography 43, 564-576. 

Boden, B.P., Kampa, E.M., 1974. Bioluminescence. In: Jerlov, N.G., Steemann Nielsen, 
E. (Eds.), Optical Aspects of Oceanography. Academic Press, New York, pp. 445-469. 

Boden, B.P., Kampa, E.M., Snodgrass, J.M., 1960. Underwater daylight measurements in 
the Bay of Biscay. Journal of the Marine Biological Association of the United 
Kingdom 39, 227-238.  

Bray, A., Chapman, R., Plakhotnik, T., 2013. Accurate measurements of the Raman 
scattering coefficient and the depolarization ratio in liquid water. Applied Optics 52, 
2503-2510. 

Bricaud, A., Morel, A., Babin, M., Allali, K., Claustre, H., 1998. Variations of light 
absorption by suspended particles with chlorophyll a concentration in oceanic (case 1) 
waters: Analysis and implications for bio-optical models. Journal of Geophysical 
Research 103, 31033-31044. 

Buskey, E.J., Swift, E., 1990. An encounter model to predict natural planktonic 
bioluminescence. Limnology and Oceanography 35, 1469-1485. 

Clarke, G.L., Denton, E.J., 1962. Light and animal life. In: Hill, M.N. (Ed.), The Sea. 
Interscience Publishers, John Wiley & Sons Ltd, New York, pp. 456-468. 

Clarke, G.L., Kelly, M.G., 1965. Measurements of diurnal changes in bioluminescence 
from the sea surface to 2,000 meters using a new photometric device. Limnology and 
Oceanography 10, R54-R66. 

Clarke, G.L., Wertheim, G.K., 1956. Measurements of illumination at great depths and at 
night in the Atlantic Ocean by means of a new bathyphotometer. Deep Sea Research 
3, 189-205. 

Cohen, J.H., Forward, R.B.J., 2009. Zooplankton diel vertical migration-a review of 
proximate control. In: Gibson, R.N., Atkinson, R.J.A., Gordon, J.D.M. (Eds.), 
Oceanography and Marine Biology: An Annual Review. CRC Press, Boca Raton, pp. 
77-110. 



196 
 

 

Denton, E.J., 1970. Review lecture: On the organization of reflecting surfaces in some 
marine animals. Philosophical Transactions of the Royal Society of London Series B-
Biological Sciences 258, 285-313. 

Denton, E.J., 1990. Light and vision at depths greater than 200 meters. In: Herring, P.J., 
Campbell, A.K., Witfield, M., Maddock, L. (Eds.), Light and Life in the Sea. 
Cambridge University Press, New York, pp. 127-148. 

Denton, E.J., Gilpin-Brown, J.B., Wright, P.G., 1972. The angular distribution of the 
light produced by some mesopelagic fish in relation to their camouflage. Proceedings 
of the Royal Society of London Series B-Biological Sciences 182, 145-158.  

Desiderio, R.A., 2000. Application of the Raman scattering coefficient of water to 
calculation in marine optics. Applied Optics 39, 1893-1894. 

Frank, T., Widder, E., 2002. Effects of a decrease in downwelling irradiance on the 
daytime vertical distribution patterns of zooplankton and micronekton. Marine 
Biology 140, 1181-1193. 

Frank, T.M., Case, J.F., 1988. Visual spectral sensitivities of bioluminescent deep-sea 
crustaceans. Biological Bulletin 175, 261-273. 

Frank, T.M., Johnsen, S., Cronin, T.W., 2012. Light and vision in the deep-sea benthos: 
II. Vision in deep-sea crustaceans. Journal of Experimental Biology 215, 3344-3353. 

Frank, T.M., Widder, E.A., 1999. Comparative study of the spectral sensitivities of 
mesopelagic crustaceans. Journal of Comparative Physiology A 185, 255-265. 

Gordon, H.R., Ding, K.Y., Gong, W.Y., 1993. Radiative transfer in the ocean: 
Computations relating to the asymptotic and near-asymptotic daylight field. Applied 
Optics 32, 1606-1619. 

Gordon, H.R., Xu, X., 1996. Marine asymptotic daylight field: Effects of inelastic 
processes. Applied Optics 35, 4194-4205. 

Gregg, W.W., Conkright, M.E., 2002. Decadal changes in global ocean chlorophyll. 
Geophysical Research Letters 29, doi: 10.1029/2002GL014689. 

Haddock, S.H.D., Case, J.F., 1999. Bioluminescence spectra of shallow and deep-sea 
gelatinous zooplankton: Ctenophores, medusae and siphonophores. Marine Biology 
133, 571-582. 

Haddock, S.H.D., Moline, M.A., Case, J.F., 2010. Bioluminescence in the sea. Annual 
Review of Marine Science 2, 443-493.  

Hawes, S.K., 1992. Quantum fluorescence efficiencies of marine fulvic and humic acids. 
Master's Thesis, University of South Florida, St. Petersburg, FL. 



197 
 

 

Hawes, S.K., Carder, K.L., Harvey, G.R., 1992. Quantum fluorescence efficiencies of 
fulvic and humic acids: effects on ocean color and fluorometric detection. In: Gilbert, 
G.D. (Ed.), Ocean Optics XI, Proceedings of the Society of Photo-Optical 
Instrumentation Engineers 1750, Bellingham, WA, pp. 212-223. doi: 
10.1117/12.140652. 

Hays, G.C., 2003. A review of the adaptive significance and ecosystem consequences of 
zooplankton diel vertical migrations. Hydrobiologia 503, 163-170. 

Herring, P.J., 1983. The spectral characteristics of luminous marine organisms. 
Proceedings of the Royal Society Series B-Biological Sciences 220, 183-217. 

Herring, P.J., 1996. Light, colour, and vision in the ocean. In: Summerhayes, C.P., 
Thorpe, S.A. (Eds.), Oceanography. Manson Publishing Ltd, London, pp. 212-227. 

Herring, P.J., Roe, H.S.J., 1988. The photoecology of pelagic oceanic decapods. 
Symposia of the Zoological Society of London 59, 263-290. 

Højerslev, N.K., Zaneveld, J.R.V., 1977. A theoretical proof of the existence of the 
submarine asymptotic daylight field. Report 34. Copenhagen University Institute for 
Physical Oceanography, Copenhagen. 

Jerlov, N.G., 1976. Marine Optics. Elsevier Scientific Publishing Company, Amsterdam. 

Johnsen, S., 2005. The red and the black: Bioluminescence and the color of animals in 
the deep sea. Integrative and Comparative Biology 45, 234-246. 

Johnsen, S., 2012. The Optics of Life: A Biologist's Guide to Light in Nature. Princeton 
University Press, Princeton. 

Johnsen, S., Sosik, H.M., 2004. Shedding light on light in the ocean. Oceanus 43, 1-5. 

Johnsen, S., Widder, E.A., Mobley, C.D., 2004. Propagation and perception of 
bioluminescence: Factors affecting counterillumination as a cryptic strategy. 
Biological Bulletin 207, 1-16. 

Kampa, E.M., 1970. Underwater daylight and moonlight measurements in the eastern 
North Atlantic. Journal of the Marine Biological Association of the United Kingdom 
50, 397-420. 

Kitchen, J.C., Zaneveld, J.R.V., 1990. On the noncorrelation of the vertical structure of 
light scattering and chlorophyll α in case I waters. Journal of Geophysical Research 
95, 20237-20246. 

Latz, M.I., Frank, T.M., Case, J.F., 1988. Spectral composition of bioluminescence of 
epipelagic organisms from the Sargasso Sea. Marine Biology 98, 441-446. 



198 
 

 

Macdonald, A.G., 1975. Sensory physiology and buoyancy in the deep sea. In: 
Macdonald, A.G. (Ed.), Physical Aspects of Deep Sea Biology. Cambridge 
University Press, New York, pp. 199-264. 

Massa, F., 2002. Optical radiation background from 40K decays in undersea neutrino 
telescopes. European Physical Journal C 22, 749-756. 

McFall-Ngai, M.J., 1990. Crypsis in the pelagic environment. American Zoologist 30, 
175-188. 

Mobley, C.D., 1994. Light and Water: Radiative Transfer in Natural Waters. Academic 
Press, San Diego. 

Mobley, C.D., Sundman, L.K., 2008. Hydrolight 5-Ecolight 5 Technical Documentation. 
Sequoia Scientific, Inc., Bellevue.  

Mobley, C.D., Gentili, B., Gordon, H.R., Jin, Z., Kattawar, G.W., Morel, A., Reinersman, 
P., Stamnes, K., Stavn, R.H., 1993. Comparison of numerical models for computing 
underwater light fields. Applied Optics 32, 7484-7504. 

Morel, A., 1974. Optical properties of pure water and pure sea water. In: Jerlov, N.G., 
Steemann Nielsen, E. (Eds.), Optical Aspects of Oceanography. Academic Press, 
New York, pp. 1-24. 

Morel, A., Antoine, D., Gentili, B., 2002. Bidirectional reflectance of oceanic waters: 
Accounting for Raman emission and varying particle scattering phase function. 
Applied Optics 41, 6289-6306. 

Myslinski, T.J., Frank, T.M., Widder, E.A., 2005. Correlation between photosensitivity 
and downwelling irradiance in mesopelagic crustaceans. Marine Biology 147, 619-
629. 

Nelson, N.B., Siegel, D.A., Carlson, C.A., Swan, C.M., 2010. Tracing global 
biogeochemical cycles and meridional overturning circulation using chromophoric 
dissolved organic matter. Geophysical Research Letters 37, L03610, doi: 
10.1029/2009GL042325. 

Ochakovskiĭ, Y.E., Pelevin, V.N., Karlsen, G.G., Efimenko, I.D., Shitov, B.V., Shifrin, 
K.S., 1974. Rasprostranenie estestvennogo izlucheniya v okeane. In: Monin, A.S., 
Shifrin, K.S. (Eds.), Gidrofizicheskie i Gidroopticheskie Issledovaniya v 
Atlanticheskom i Tikhom Okeanakh. Izdatielstvo Nauka, Moskva, pp. 166-190. (In 
Russian) 

Petzold, T.J., 1972. Volume scattering functions for selected ocean waters. SIO 
Reference 72-78. Scripps Institution of Oceanography, La Jolla. 

http://dx.doi.org/10.1029/2009GL042325


199 
 

 

Pope, R.M., Fry, E.S., 1997. Absorption spectrum (380-700 nm) of pure water. II. 
Integrating cavity measurements. Applied Optics 36, 8710-8723. 

Preisendorfer, R.W., 1959. On the existence of characteristic diffuse light in natural 
waters. Journal of Marine Research 18, 1-9. 

Priede, I.G., Jamieson, A., Heger, A., Craig, J., Zuur, A.F., 2008. The potential influence 
of bioluminescence from marine animals on a deep-sea underwater neutrino telescope 
array in the Mediterranean Sea. Deep-Sea Research Part I: Oceanographic Research 
Papers 55, 1474-1483. 

Röttgers, R., Doerffer, R., 2007. Measurements of optical absorption by chromophoric 
dissolved organic matter using a point-source integrating-cavity absorption meter. 
Limnology and Oceanography: Methods 5, 126-135. 

Sogandares, F.M., Fry, E.S., 1997. Absorption spectrum (340–640 nm) of pure water. I. 
Photothermal measurements. Applied Optics 36, 8699-8709. 

Stramski, D., Reynolds, R.A., Babin, M., Kaczmarek, S., Lewis, M.R., Röttgers, R., 
Sciandra, A., Stramska, M., Twardowski, M.S., Franz, B.A., Claustre, H., 2008. 
Relationships between the surface concentration of particulate organic carbon and 
optical properties in the eastern South Pacific and eastern Atlantic Oceans. 
Biogeosciences 5, 171-201. 

Uitz, J., Claustre, H., Morel, A., Hooker, S.B., 2006. Vertical distribution of 
phytoplankton communities in open ocean: An assessment based on surface 
chlorophyll. Journal of Geophysical Research 111, C08005, doi: 
10.1029/2005JC003207. 

Vasilkov, A.P., Herman, J.R., Ahmad, Z., Kahru, M., Mitchell, B.G., 2005. Assessment 
of the ultraviolet radiation field in ocean waters from space-based measurements and 
full radiative-transfer calculations. Applied Optics 44, 2863-2869. 

Warrant, E.J., 2004. Vision in the dimmest habitats on Earth. Journal of Comparative 
Physiology A 190, 765-789. 

Warrant, E.J., Locket, N.A., 2004. Vision in the deep sea. Biological Reviews 79, 671-
712. 

Werdell, P.J., Bailey, S.W., 2002. The SeaWiFS Bio-optical Archive and Storage System 
(SeaBASS): Current architecture and implementation. In: Fargion, G.S., McClain, 
C.R. (Eds.), NASA Technical Memorandum 2002-211617, NASA Goddard Space 
Flight Center, Greenbelt, 45 pp. 

Werdell, P.J., Bailey, S.W., Fargion, G.S., Pietras, C., Knobelspiesse, K., Feldman, G.C., 
McClain, C., 2003. Unique data repository facilitates ocean color satellite validation. 
EOS Transactions 84, doi:10.1029/2003EO380001. 



200 
 

 

Widder, E.A., 2010. Bioluminescence in the ocean: Origins of biological, chemical, and 
ecological diversity. Science 328, 704-708. 

Widder, E.A., Frank, T.M., 2001. The speed of an isolume: A shrimp's eye view. Marine 
Biology 138, 669-677. 

Zylinski, S., Johnsen, S., 2011. Mesopelagic cephalopods switch between transparency 
and pigmentation to optimize camouflage in the deep. Current Biology 21, 1937-1941. 


	2016
	DEDICATION
	TABLE OF CONTENTS
	LIST OF DEFINITIONS, SYMBOLS, AND ACRONYMS
	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGEMENTS
	VITA
	ABSTRACT OF THE DISSERTATION
	Introduction
	Chapter 1. Effects of Inelastic Radiative Processes on the Determination of Water-leaving Spectral Radiance from Extrapolation of Underwater Near-surface Measurements
	1.0. Abstract
	1.1. Introduction
	1.2. Methods
	1.2.1. Radiative Transfer Simulations
	1.2.2. Analysis of Uncertainties in Extrapolated Values of Lu(z = 0-, λ)

	1.3. Results and Discussion
	1.3.1. Lu and KLu within the Near-surface Layer
	1.3.2. Effects of Solar Zenith Angle on KLu
	1.3.3. Evaluation of Extrapolation Errors
	1.3.4. Measurement Requirements for Achieving Desired Extrapolation Accuracy
	1.3.5. Estimation of Surface Radiance from a Single-Depth Measurement

	1.4. Conclusions
	1.5. Acknowledgements
	1.6. Figures
	1.7. Tables
	1.8. References

	Chapter 2. Characterization of Oceanic Light Fields and Apparent Optical Properties in the Euphotic Layer with an Emphasis on Distinctive Features Caused by Inelastic Radiative Processes
	2.0. Abstract
	2.1. Introduction
	2.2. Field and Laboratory Measurements
	2.2.1. CTD Measurements
	2.2.2. Radiometric Quantities and Apparent Optical Properties
	2.2.3. Chlorophyll-a Concentration
	2.2.4. Inherent Optical Properties
	2.2.4.1. Spectra of ap, ad, and aph for Discrete Water Samples
	2.2.4.2. In Situ Absorption and Beam Attenuation Coefficients from ac-9


	2.3. Radiative Transfer Simulations
	2.4. Results and Discussion
	2.4.1. Epipelagic Light Field and AOPs
	2.4.1.1. General Description based on Field Measurements
	2.4.1.2. Contributions of Inelastic Processes based on Radiative Transfer Simulations

	2.4.2. Apparent Optical Properties and Their Variations
	2.4.2.1. Irradiance Reflectance R
	2.4.2.2. Diffuse Attenuation Coefficients K
	2.4.2.3. Average Cosines  ,  , and

	2.4.3. Gershun's Equation
	2.4.4. PAR, PUR, and Heating in the Epipelagic Ocean

	2.5. Conclusions
	2.6. Acknowledgements
	/
	2.8. Tables
	2.9. References

	Chapter 3. Characterization of the Solar Light Field within the Ocean Mesopelagic Zone based on Radiative Transfer Simulations
	3.0. Abstract
	3.1. Introduction
	3.2. Radiative Transfer Simulations
	3.2.1. Simulation Design and Boundary Conditions
	3.2.2. Determinations of Inherent Optical Properties of Seawater
	3.2.3. Inelastic Radiative Processes

	3.3. Results and Discussion
	3.3.1. Irradiance Field
	3.3.2. Radiance Field
	3.3.3. Apparent Optical Properties
	3.3.3.1. Irradiance Reflectance
	3.3.3.2. Average Cosines of the Light Field
	3.3.3.3. Diffuse Attenuation Coefficients

	3.3.4. Nearly-asymptotic Light Field

	3.4. Conclusions
	3.5. Acknowledgments
	3.6. Figures
	3.7. Tables
	3.8. References




