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ABSTRACT 

Waste discharge by the Los Angeles County Sanitation 

District (LACSD) affects sunlight in the ocean. Increased 

sunlight attenuance affects productivity and changes in 

ocean surface color could be useful for monitoring dispersal. 

Temperature, sunlight irradiance in five colors, light 

beam attenuance, and particle size distributions were simul~ 

taneously measured as a function of water depth. A limited 

number of samples were analyzed by a co~worker for particu­

late percent organic carbon and particulate carbon isotope 

ratio. Background field stations included Catalina, Dana 

Point, and Rocky Point. Stations in the vicinity of the 

LACSD outfall at Whites Point represented a dispersing sewage 

field. The most significant result was that pollutants 

decreased the optical albedo of ocean water, increasing the 

extinction of sunlight irradiance as a function of optical 

depth. 

Additional findings were that 1) pollutants decreased 

euphotic zone depths by as much as 60 percent (depending 

upon particle concentrations), 2) water surface color spectra 

indicated that pollutants increased light absorption at short 

wavelengths (violet, blue and green), 3) the average particle 

concentration in polluted waters was twice that of background 

waters, 4) the LACSD discharge caused a bimodal increase in 
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particle numbers as a function of particle size: there was 

a dramatic increase for particles less than 1.5 microns and 

a secondary increase at 8 microns, 5) assuming real particle 

refractive indices (no light absorption by particles), 

scattering by natural and sewage particles was maximum be­

tween particle diameters 3 and 8 microns, 6) calculations 

assuming complex refractive indices (absorbing particles) 

indicated that light absorption by sewage particles was 

maximum for particles less than 1.5 microns in diameter, and 

7) heavy (high specific gravity) particles had lower percent 

organic carbon and a lower carbon isotope ratio. 
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CHAPTER 1 

INTRODUCTION 

One billion gallons of sewage per day are discharged 

into Southern California waters. Significantly altered 

chemical and biological conditions have been demonstrated 

(42) • In particular, a significant decrease in the number 

and variety of marine plants has been reported (1, 20, 32 

42) • 

Basic factors affecting the survivability and growth 

of marine plants are nutrients, tolerable temperatures, 

and sufficient sunlight. It has been suggested that 

increased turbidity in the vicinity of sewage outfalls 

decreases the amount of sunlight for photosynthesis (1). 

This study quantitatively examines the relationship between 

discharged sewage particulates and sunlight attenuation in 

coastal ocean water. 

The study was conducted at selected stations near the 

Los Angeles County Sanitation Districts (LACSD) sewer outfall 

at Whites Point, Palos Verdes. Other stations in relatively 

natural areas represented background conditions. 

About one third of Southern California's ocean dis­

charge is managed by the LACSD facility (370 million gallons 

per day in 1971). Treatment is primary (settleable and 

floatable solids are removed in retention tanks). 

ppm of particulate matter remain in suspension. 

About 300 

This 
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amounts to a suspended solids discharge rate of 500 tons per 

day at Whites Point. This rate is comparable to natural 

coastal transport of sediments in some areas (42). 

The majority of the material is transported through 

two large pipes (90 and 120 inches in diameter) to diffuser 

sections (lengths of pipe with discharge ports along the 

vertical portion of the pipe wall). The diffusers lie on 

the sea floor at water depths ranging between 165 and 195 

feet. During most of the year, the ocean is thermally 

stratified. Surface waters are warmer than 

sea floor temperatures. This retards vertical mixing and 

prevents the discharged wastes from reaching the ocean 

surface. 

During the winter months, however, the surface waters 

cool off and winter swells increase vertical mixing. At 

times the thermal stratification is too weak to prevent the 

buoyant (warmer) sewage effluents from reaching the surface. 

Driven by winds or currents, the polluted waters are then 

able to reach the shoreline (Figure 1-1). Several miles of 

coastline can be affected. The polluted water does not 

always reach the shore. Wind driven surface currents may 

transport the sewage field seaward (Figure 1-2). 
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Sewage discharge began in 1934 at the rate of 17 million 

gallons per day (MGD). Prior to that time aerial photographs 

show that large beds of kelp (Macrocystis) were growing along 

the Palos Verdes Peninsula (Figure 1-3). This plant, 

harvested for chemicals, animal foods, and fertilizer, is 

commercially valuable. 

fishes and shellfish. 

It is also an important habitat for 

Between the years 1934 and 1958, the sewage discharge 

rate tripled each decade. Disappearance of the beds began 

around 1940 and continued steadily until 1955 when all of 

the major beds near the outfall had disappeared. During that 

year the sewage discharge rate was half of that reported in 

1971. 

Deterioration of plant communities near sewer outfalls 

has been attributed to various causes. Grigg and Kiwala (20) 

suggested that sedimentation upon normally rocky surfaces 

prevents settling by microscopic planktonic larvae. North 

(1) has demonstrated large popUlations of grazing sea urchins 

in the vicinity of destroyed kelp plants. It has been hypoth-

esized that dissolved organics near the LACSD outfall are 

utilized by absorption through the sea urchin dermis, result-

ing in large urchin popUlations (42). Deterioration of the 

Point Lorna kelp bed near San Diego was halted and reversed 

after urchin populations were brought under control (42). 



1960 

-6-

1959 

, ,IP 
MILES 

PALOS VERDES PENINSULA • 
Kelp areas shown in black. Dotted 
enclosure indicates a kelp area was 
not photographed so outline from 
previous map was traced in. 

Figure 1-3. Historical charts of the Palos Verdes 
coastline, showing gradual disappearance of kelp 
beds. Kelp areas drawn in black. Only two adult 
plants could be found here in summer, 1967. 
Average sewage discharge rate for each year given in 
MGD (32, 42). 



The observed scarcity of attached algae in the deeper 

areas near out falls suggests that light incident on the 

bottom may be insufficient for plant growth to keep pace 

with grazing (1). Thus the combined effects of decreased 

light and artificially supported urchin predation is a 

possible explanation for the inability of kelp beds to return 

to their natural state. 

The 1928 kelp beds extended to water depths of 60 feet. 

The seaward edge of the beds was smooth, extending farthest 

from shore where the bottom slope was least at Rocky Point 

and Whites Point. This indicates that the outer edge 

generally followed a constant depth contour or relatively 

constant sea floor illumination level. Hence, penetration 

of juvenile plants into deeper waters might have been limited 

by insufficient light. If light was a limiting factor in 

kelp bed size in 1928, attenuation of sunlight by pollutants 

after 1934 would have been a factor in the receding of kelp 

beds to shallower waters in 1945 and 1947 (Figure 1-3). 

This study investigates the effects of pollutants upon 

sunlight penetration by simultaneously measuring sunlight 

irradiance, light beam attenuance, and particle size distri-

bution as a function of water depth. Temperature depth 

profiles were also measured to assess thermal stratification 

effects. A small boat was used to acquire the data. Sunlight 
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irradiance in five colors was measured using SCUBA diving 

gear and a hand held bank of light meters with color filters. 

A transmissometer and temperature probe were lowered from the 

boat. Light beam attenuance and temperature were recorded 

on deck. Water samples were taken to a laboratory. A 

Coulter Counter was used to measure size distributions. 

The most significant result was that pollutants decreased 

the optical albedo of ocean water, increasing the extinction 

of sunlight irradiance as a function of optical depth. The 

contrast between polluted water and natural water particle 

concentrations, the effects of pollutants upon particle size 

distribution, and the dependence of euphotic zone depth upon 

particle concentration were also determined. Scattering and 

absorption by particles were calculated for real and complex 

particle refractive indices. 

Water surface color spectra were measured just below the 

water surface. The dependence of color spectrum upon 

particle concentration was noted. In addition, a limited 

number of samples were analyzed by a co-worker, E. Myers 

(41), for particulate percent organic carbon and particu-

late carbon isotope ratio. The organic carbon data indicated 

the fraction of material resulting from organic processes. 
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The isotopic composition indicated whether the material was 

primarily of marine or terrestrial origin. 

Chapter 2 presents theory and background information 

necessary for interpreting the experimental results presented 

in Chapter 4. Chapter 3 describes the procedures and 

apparatus. Chapter 5 summarizes the results. 

There are two appendices. Appendix A contains the 

preliminary results of a sunlight propagation model. 

B tabularizes the particle size spectrum data. 

Appendix 
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CHAPTER 2 

BACKGROUND AND THEORETICAL DEVELOPMENT 

2.1 Introduction 

This chapter is grouped into two sections (2.2 and 2.3). 

The first involves measurement and mathematical modeling of 

sunlight propagation in the ocean. The second involves 

physical, optical and chemical properties of suspended ocean 

particles. These sections provide relationships for inter-

preting the sunlight and particle measurements in polluted 

and natural waters (Ch~pter 4). 

Section 2.2 is divided into three parts: 

1) downwelling irradiance data--exponential 

decrease of sunlight with depth for different 

ocean water types, thermal stratification 

effects, changes in color ratios and rate of 

attenuance due to varying chlorophyll concen-

trations, 

2) the euphotic zone--dependence of photosynthesis 

upon wavelength and sunlight intensity, and 

3) surface ocean color--dependence upon particle 

types and concentrations. 
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Section 2.3 summarizes theory and measurements of 

particle properties and has three parts: 

1) scattering and absorption by particles--dependence 

upon particle size and index of refraction, calcula­

tions of extinction and absorption efficiences for 

three complex refractive indices based upon the 

van de Hulst (70) "anomalous diffraction" theory, 

2) size distributions--discussion of the optically 

important size range, contrasting examples of 

open ocean and coastal particle size distributions, 

and 

3) carbon isotope composition--carbon isotope ratios 

(C 13 /C 12 ) as indicative of terrestrial or marine 

origin of suspended particles. 

The experimental results, Chapter 4, are similarly 

grouped into two main sections (4.2 Sunlight Propagation in 

Polluted and Natural Waters, and 4.3 Particle Properties in 

Polluted and Natural Waters) for efficient cross reference 

between the two chapters. 



-12~ 

2.2 Sunlight Propagation 

2.2.1 Downwelling Irradiance Data 

A number of investigators have studied the penetration 

of sunlight in natural waters (4, 14, 24, 25, 29, 43, 59, 

68) • Figure 2-1 depicts the penetration range for oceanic 

and coastal waters. Of special interest is the energy level 

needed for positive net photosynthesis (compensation point). 

Photosynthetic carbon fixation exceeds respiration require­

ments at this light intensity and plants can grow. It is 

generally accepted (14, 25) that one percent of the sunlight 

irradiance at the ocean surface fulfills compensation point 

requirements. The region in a specific body of water for 

which irradiance exceeds compensation is termed the euphotic 

zone. 

The maximum depth of the euphotic zone ranges from 5 

meters in turbid coastal waters (river plumes, estuaries, 

harbors) to several hundred meters in the clearest ocean 

waters (Figure 2-1). The clearest coastal waters display 

euphotic depths of 30 to 40 meters. Since this study is 

primarily concerned with the coastal environment, euphotic 

zone depths of 5 to 40 meters represent the appropriate 

range of natural conditions. However, these values should 

not be used as criteria for water quality management. The 

ultimate goal should be a minimum effect by man upon existing 

conditions. 
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In Chapter 4 the effects of the Los Angeles County 

sewer outfall upon the natural environment at Whites Point 

are estimated by comparing sunlight levels in the outfall 

area with levels at selected natural background sites. In 

this regard, two parameters are of interest; compensation 

point depth, z (meters), and the diffuse irradiance atten­
c 

-1 
uance, k (m ). Since the actual data plots in Figure 2-1 

are nearly linear, the propagation of downwelling irradiance 

(diffuse light flux penetrating a horizontal plane in the 

earthward direction) can be approximated by a first order 

exponential: 

(2-1) 

where z 

= E 
s 

exp(-kz) 

= depth in the water (meters) 

Ed = downwelling irradiance at depth z (watts/m 2 ) 

E = downwelling irradiance just beneath the 
s 

2 water surface (watts/m ) 

Using one percent of E as a criterion for effective photo­
s 

synthesis, the compensation depth is then related to the 

diffuse irradiance attenuance by 
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z = -In(.Ol)/k 
c 

~ 4.6/k (meters). 

Using this relationship, the diffuse attenuance values for 

-1 
clear and turbid coastal waters are approximately O.lm and 

-1 1.Om respectively. 

Qualitatively k is a function of absorption due to 

water, dissolved material and suspended particulates, and a 

function of the directional character of water molecule and 

particle scattering. In the more turbid coastal zone, the 

effect of water molecule scattering is negligible. The 

directional scattering character of ocean water is similar 

over a wide range of turbidities (17). Therefore in the 

Southern California coastal zone the controlling factors are 

the concentrations and the spectral absorption character of 

suspended particulates and dissolved material. 

With respect to dissolved substances, the important 

species are natural dissolved organic substances ("yellow 

substance") and pollutants. Jerlov (25) summarizes the work 

by Kalle (30, 31) concerning the origin and nature of yellow 

substance. Briefly it is a product formed in the presence 

of carbohydrates and amino acids and has both terrestrial 
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and marine origins. It is usually associated with large 

river runoffs and some coastal upwelling regions. It 

strongly absorbs in the ultraviolet and blue wavelengths. 

None of the natural water data in Chapter 4 exhibit these 

properties and the special case of yellow substance will 

not be discussed further. 

The literature yielded little information regarding 

sunlight attenuation due to dissolved pollutants in the 

marine environment. Losses due to scattering and 

absorption by pollutants are assessed in the data analysis 

sections of Chapter 4. 

There are four prominent sources of suspended 

particulates. These are entrained bottom sediments, 

terrestrial runoff, plankton (living creatures and products 

of decay), and pollutants. Only a minor portion of this 

study dealt with terrestrial runoff. The major work was 

devoted to pollution particulates and natural particulates, 

mainly originating from plankton or bottom sediments. 

Boden, Kampa and Snodgrass (4) studied effects of 

phytoplankton upon sunlight propagation in the Bay of Biscay 

(Figures 2-2 and 2-3). The depth of the euphotic zone was 
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Temperature (oe) 

10 12 14 8 
o 

100 

200 
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for Bay of Biscay Station (Figure 2-2). 
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approximately 50 meters and there was a strong 6 0 C ther~o~ 

cline (a sharp temperature gradient that restricts vertical 

mixing). The diffuse attenuance coefficient, k, was approxi-

-1 1 mately 0.08m above the thermocline and 0.02- below the 

thermocline. A "turbid micro-layer" of phytoplankton above 

the thermocline accounted for the different attenuance. 

This illustrates effects of a thermocline on stabiliz-

ing layers of contra~ting water masses. Stratification is 

important for interpreting the pollution data in Chapter 4. 

The sewer outfall system at Whites Point was designed to 

utilize stability of the thermocline to prevent effluents 

from reaching the water surface, thus eliminating transport 

to the shoreline. Chapter 4 analyzes measurements of 

turbidity and suspended load to determine capacity of a 

thermocline to prevent vertical transport of the sewage 

field. 

The irradiance data (Figure 2-2) also show an enhance-

ment of the green wavelength (540 nm.) relative to the blue 

(460 nm.) as light passed through the upper layer. This is 

most probably due to the blue absorption band of the chloro-

phyll pigments in phytoplankton. Measurements of scattering 

and absorption by algae as a function of wavelenth show that 

the scattering minima nearly coincides with the absorption 

peaks (Figure 2-4). The absorption data by Yentsch (73) was 
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taken by filtering samples of sea water and scanning the 

residue with a spectrometer. Latimer and Rabinowitch (35) 

analyzed spectrometrically a light beam after transmission 

through a suspension of green algae. Scattering was measured 

o at 90 and the gross attenuation upbeam measured absorption. 

In coastal waters,light irradiance at depths greater 

than a few meters primarily results from previous scattering 

by suspended particles. Hence spectral dependence of parti-

culate scattering largely determines the color of underwater 

irradiance. Chlorophyll pigmented particles have a sharp 

scattering maximum in the green and a minimum in the blue 

(Figure 2-4), so enhancement of green light relative to blue 

light indicates an abundance of phytoplankton. This property 

is used in Chapter 4 to distinguish phytoplankton particu-

lates from pollution and entrained bottom particulates. 

Johnson, Burbank and Pyke (29) established a 

correlation between downwelling color and chlorophyll con-

centration as determined by spectrophotometric absorption 

measurements (Figure 2-5). In the upper water layers, the 

blue wavelength (480 nm.) was enhanced at low chlorophyll 

concentrations. The green wavelength (520 nm.) dominated 

3 
when chlorophyll concentrations exceeded 1 mg/m. The 

experimental results presented in Chapter 4 show similar 

color alterations. 
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2 . 2 . 2 The Euphotic Zone 

As discussed in the previous section, one percent of 

surface irradiance is generally accepted as a reasonable 

value for defining the depth of the euphotic zone. A more 

detailed discussion of photosynthesis requirements is given 

here. The basic reference is an introductory review of 

requirements by Strickland (62). 

Light between the wavelengths of 380 nm. and 720 nm. 

is effective for photosynthetic production. Wavelengths 

smaller than 300 nm. can be damaging and wavelengths larger 

than 700 nm. are strongly attenuated by water. The total 

amount of sunlight energy is as 

distribution. 

important as the spectral 

Chlorophyll must be present for photosynthesis to occur 

and spectral efficiency closely follows the absorption curve 

(data plot B, Figure 2-4). For plants such as the green 

algae whose predominant pigment is chlorophyll, some of the 

sun's energy is not absorbed and is wasted. However, 

marine plants may also contain carotene~ fucoxanthin, and 

phycobilins which together extend photosynthetic activity 

to wavelenths outside the chlorophyll absorption band. 

Light energy. is absorbed by these accessory photosynthetic 

pigments and transferred to the chlorophyll for photo­

synthesis. The red and blue-green algae contain pigments 

(phycoerythrin phycocyanin and chromoprotein phycobilins) 
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which absorb and support photosynthesis throughout most of 

the visible spectrum (400 to 700 nm.). Due to the variety 

of pigments present, the total radiant energy in the visible 

spectrum must be considered in photosynthetic studies. 

At low light levels, phytoplankton demonstrate a 

constant quantum efficiency (Figure 2-6). Beyond a certain 

intensity (0.05 to 0.25 langleys/min., depending upon the 

class of phytoplankton), increasing intensities inhibit photo­

synthesis. Except for dinoflagellates, the growth rate at 

0.5 langleys/min. falls to only a few percent of the maximum. 

For a mixed phytoplankton population, 0.15 langleys/min. is 

a practical value for maximum photosynthesis. 

The solar radiation constant (energy flux above the 

atmosphere normal to the earth's surface) is approximately 

1.9 langleys/minute. On a clear day in the summer at 50 

degrees latitude, radiation at the ocean surface rarely 

exceeds 1.5 langleys/min. Atmospheric conditions may reduce 

this by 70 percent. Effects due to season and latitude 

variations may reduce the intensity by one order of magni-

tude. Losses at the air-sea interface vary from a few per-

cent to over 30 percent depending upon sun zenith angle, 

cloud cover and sea state (ocean surface condition). 

Considering all these effects, the range of 0 to 1.5 

langleys/min. is realistic for expected energy flux in the 
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A. Chlorophyta 

B. Diatoms 

C . Dinoflagellates 

o .1 .2 .3 .4 . 5 

Total Radiant Energy (langleys/minute) 

Figure 2-6. Photosynthesis vs Light Intensity for 
Three Classes of Phytoplankton. For 
more details see Ryther (1956) 
(1 langley/min. = 0.07 watt/cm 2 ) 
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upper layers of the ocean. The optimum depth for phyto-

plankton production (corresponding to the maximum growth 

rate intensities depicted in Figure 2-6) will vary with 

turbidity. Intense stratification by plankton occurs (Figure 

2-7). The depth at which the maximum phytoplankton popula-

tion occurs, however, is not simply a function of light 

intensity. It is most usually a complex function of light, 

temperature, nutrients and predators. 

The determination of the depth of the euphotic zone is 

less complex because by definition the limiting factor is 

light energy. This study will examine the "photic health" 

of polluted areas by assuming that one percent of surface 

illumination represents the lower limit of the euphotic zone. 

Figure 2-8 shows depths at which irradiance levels are one 

percent of the surface levels as a function of wavelength 

for different water types. This same format will be used 

in Chapter 4 to compare euphotic depths of areas affected 

by the Los Angeles County Sanitation Districts (LACSD) 

sewer outfall with those of the natural southern California 

waters. 

The one percent criterion for compen&ation intensity is 

approximate and not always valid. Since photosynthesis 

competes with respiration on a diurnal cycle, the appro­

priate specification for the compensation intensity should 
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be in terms of langleys per day. Strickland (62) concludes 

that a practical value for temperate seas (regions between 

the tropic of Cancer and the arctic circle or between the 

tropic of Capricorn and the antarctic circle) is 5 

langleys/day. 

At latitude 50 o N, the 24-hour mean figure for solar 

radiation at the ocean surface has an average value of 

0.28 langleys/min. in June and 0.04 langleys/min. in December 

(62). This corresponds to 400 langleys/day in June and 60 

langleys/day in December. Considering effects due to longer 

days in the winter and increased solar elevation angles, 

Southern California average surface irradiance (latitude 

34
o

N) is 450 langleys/day in the summer and 100 langleys/day 

in the winter. Comparing these surface intensity values 

with the required compensation intensity of 5 langleys/day, 

one percent of surface light for the lower limit of the 

euphotic zone is valid in the summer (5/450), while 5 per­

cent of surface light is appropriate in the winter months 

(5/100). 

2.2.3 Surface Ocean Color 

The potential for contributions by aircraft and 

satellites in detection of oceanic pollution and for under­

standing sources of nutrition in the sea has been a 
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motivation for current research in remote sensing of water 

quality. Point measurements or transects over an ocean area 

by buoys or ships are often inadequate to gather necessary 

synoptic information. Aircraft or satellite earth resources 

observations may coordinate surface measurements so that 

large scale dynamics are described more accurately. Remote 

measurements observe only upper layer phenomena, but deep 

water processes sometimes produce surface effects. Further-

more, basic productivity is confined to the upper layer 

since photosynthesis requires sunlight. "Ground truth" 

measurements or quantitative correlations of remote measure­

ments with shipboard determinations are presently necessary. 

There are four major spectral regions employed for 

remote sensing with various applications (Table 2-1). These 

information possibilities indicate how several spectral 

regions may work in tandem to observe the same phenomenon or 

process. Remote sensing of subsurface water quality is 

possible only in the visible region. Blue wavelengths in 

clear waters may reveal features at depths up to 30 meters. 

In turbid waters the resolution limit may be only a few 

meters. In the visible region, color shifts due to changes 

in water depth and quantitative correlations of color 

spectrum with chlorophyll concentrations have yielded best 

results to date. 
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Table 2-1. Spectral regions and associated applications 
for remote sensing of water quality. 

Spectral regions 

Visible 
(400-700 nm.) 

Near infrared 
(700-2500 nm.) 

Infrared 
(3-5 and 8-14 microns) 

Microwave 
(1-100 centimeters) 

Information Po~sibilities 

Pollution 
Turbidity 
Chlorophyll 
Water depth 
Sea state 
Surface slicks 

Surface plant growth 
Surface slicks 

Surface temperature 

Surface temperature 
Surface salinity 
Sea state 
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Light reaching an aircraft or spacecraft comes from 

several sources: atmospheric scattering, reflection at the 

surface of the sea, scattering by particles and water mole­

cules in the ocean and reflection from the bottom of the 

sea. The initial step in remotely measuring water quality 

involves measuring effects upon the spectrum of upwelling 

light at the ocean surface. Downwelling and upwelling 

spectral irradiance should be measured as a function of 

depth. Water quality parameters such as chlorophyll concen-

tration, turbidity or pollutants are simultaneously measured 

to correlate with color. General models of light pro-

pagation in the ocean-atmosphere system can then be developed 

to predict information available for remote detection and 

instrumentation sensitivity requirements. 

This study represents an initial step toward remotely 

sensing distributions of sewage fields from municipal out-

falls. Measured parameters of water quality included 

turbidity (light beam attenuation per meter for a single 

wavelength), total particulate suspended load (parts per 

million by volume), particle size distribution, temperature 

(for determining effects due to the thermocline) and depth. 

Upwelling and downwelling irradiance were measured in five 

color bands covering the visible spectrum from violet to 

orange (see Figure 3-2). 
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There is a continuing interest in spectral measurements 

of upwelling irradiance (13, 14, 15, 17, 23, 25, 26, 36, 38, 

47, 51, 61, 71). The remainder of this section presents a 

summary of water color for a range of ocean water types and 

an example of remotely acquired spectral data for contrasting 

chlorophyll concentrations. 

Apparent color of ocean water is related to the beam 

attenuation coefficient (Figure 2-9). Beam attenuance, c 

(not to be confused with the previously discussed diffuse 

sunlight attenuance, k) is the rate of exponential decay of a 

collimated beam (parallel rays of light) as a function of 

distance from the light source. Beam attenuance (the sum of 

absorption and scattering coefficients) is measured with a 

transmissometer (Section 3.1) which has a light source and a 

light detector separated by a known distance. The detector 

is located in the path of the light beam and produces a signal 

proportional to light intensity. 

The instrument is lowered into the water with a cable 

that supplies power and transmits the detector output to the 

vessel. Ocean water passes freely between the detector and 

light source. The detector is shielded from stray sunlight 

so that the detector signal is proportional to the amount of 

the light beam that is not scattered or absorbed. The rela-

tionship between light bBam intensity at the detector, I 

(watts), and light beam attenuation coefficient, c(m-
l
), is 
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Figure 2-9. Relationship between beam attenuation per 
meter, wavelength of maximum light trans­
mission and apparent water color. Derived 
by Lepley (1968) according to data by 
Clarke (1939), Jerlov (1964), Kinney (1967) 
and Moore (1947). 
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where I 
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-cd 
I = I e = I e-(a+b)d 

o o 

= light beam intensity at 
0 

d = distance between source 

(meters), 

a = absorption coefficient 

b = scattering coefficient 

the source(watts), 

and detector 

-1 (m ) , and 

-1 (m ) . 

The beam transmissibility, T (percent/meter), is the percent 

of light that is not scattered or absorbed in a one meter 

distance. 

(2-4) T = 100(I/1 ) = 100e-c
. 

o 

The beam attenuance ~s a function of the concentration 

of dissolved or suspended material. At low concentrations 

(c <0.05) the color of the ocean is blue and independent of 

concentration (Figure 2-9). At intermediate concentrations 

(0.05 <c <0.5) color changes rapidly with concentration from 

blue to green. At high concentrations (c >0.5) color is 

again independent of concentration and reflects the actual 

color of the suspended or dissolved material. Remote sensing 

of ocean color to determine concentrations of pollutants or 

natural materials may therefore be limited to intermediate 

concentrations. 
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In natural waters this can be explained by comparing 

the optical effects of pure water with the optical effects 

of suspended material (Figure 2-10). At very low concentra-

tions of suspended material (in deep oceans such as the 

Sargasso Sea), scattering by water molecules is a significant 

source of upwelling light flux at the ocean surface. Molec-

ular scattering increases with decreasing wavelength 

(inverse fourth power with wavelength according to Rayleigh 

small particle scattering theory). The transmission of pure 

water is maximum at 475 nm. This accounts for the blue 

color of the deep oceans. 

Scattering by suspended ocean particles is relatively 

independent of wavelength. Scattering by chlorophyll pig~ 

mented phytoplankton is minimal in the blue. The blue color 

of ocean water, therefore, shifts to green when scattering 

by plankton or particles exceeds the blue enhanced scatter-

ing by water molecules. 

Molecular scattering by water is an order of magnitude 

less than pure water attenuation. The shift from blue to 

green, therefore, occurs at small additions of suspended 

matter with small increases in total ocean water attenuation. 

This accounts for the rapid shift in ocean color with small 

-1 
changes in beam attenuance at c = 0.05 m . 
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Figure 2-10. Comparison between optical effects of water and 
optical effects of suspended materialo 
Ao Particle attenuation, concentration unknown, 

Burt (1958) 
B. Scattering by green alga, Chlorella, 

arbitrary concentration, Latimer and 
Rabinowitch (1957) 

C. Water attenuation, Clark and James (1939) 
Do Water molecule scattering, Jer10v (1968) 
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The Woods Hole C-54 research aircraft data provide an 

example of a large shift in color spectrum with a small 

change in chlorophyll concentration (Figure 2-11). Using a 

spectrometer designed by TRW Systems (15), ocean color 

spectra were acquired at low altitude (305 m.) on a flight 

path from low chlorophyll waters in the Sargasso Sea to 

waters of high productivity over George's Shoals. The 

chlorophyll measurements, performed by the Woods Hole vessel 

Crawford, were taken within one day of the aircraft over-

flight. Unfortunately time did not permit the ship to reach 

the Sargasso Sea. The chlorophyll concentration there was 

3 
estimated to be less than 0.1 mg/m . Chlorophyll concentra-

3 
tions varied from 0.1 to 3.0 mg/m , but most of the color 

3 
shift occurred between 0.3 and 0.6 mg/m . 
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Figure 2~J,.1. Spectra of backscattered light measured from 
an aircraft at an altitude of 305 meters. 
Clarke, Ewing and Lorenzen (1970). 
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2.3 Particle Properties 

2.3.1 Scattering and Absorption 

The general Mie theory predicts light scattering by 

large and small particles. Based upon classical electro-

magnetics, the theory describes the perturbation of a plane 

monochromatic wave by spherical nonabsorbing particles. The 

particle 

(2-5) 

where 

scattering coefficient, b , is given by 
p 

b = Lb. = L N. (~'lfs.2)K (s.,A,n) 
p i 1 ill sca 1 

s. = particle diameter 
1 

b. 
1 

N. 
1 

= scattering by all the particles 
of diameter s. 

1 

= number of particles per unit 
volume with diameter s. 

1 

( 28) : 

n = particle refractive index (relative 
to water) 

K sca 

= wavelength of scattered light 

= scattering efficiency 

The scattering efficiency (effective area coefficient) 

increases rapidly with particle diameter at diameters below 

two microns (Figure 2-12). Hard refractive indices (high n 

values) greatly enhance small particle scattering. Maximum 
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light, A =500 nm.) After Burt (1956). 
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K values can exceed 3 for particles the same order 

of size as the wavelength. After some fluctuations, K 
sca 

approaches a constant value of 2 for large particle sizes, 

regardless of refractive index or light wavelength. Hence, a 

large particle scatters twice the amount of light intercepted 

by its geometric cross-section. 

Burt (7) and Jerlov (28) indicate that refractive indices 

for ocean particles range from 1.0 to 1.4. Bacteria and 

animal and plant material have low values while hard materials 

(minerals, oxides, carbonates) have high values. In a phyto-

plankton culture (Isochrysis galbana) Carder, Tomlinson, and 

Beardsley (11) found that refractive indices varied from 1.026 

to 1.036 over a 12 day sampling period using green and yellow 

wavelengths. 

Absorption by particles is treated by introducing a com-

plex refractive index, m, into the Mie theory calculations 

(28, 70): 

(2-6) m = n - in' 

where n' = a'A/4n 
1 

i = (_1)'2 

a' = absorption coefficient of the 

particle material 
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G~rdon and Brown (19) compared light scattering measurements 

with particle size distributions (acquired by different 

investigators) for the Sargasso Sea and found an average index 

m = 1.05 -(O.Ol)i at A = 632.8 nm. Using this value the Mie 

calculations predicted scattering with an average error of 

about 20 percent. 

Introducing a complex refractive index results in three 

efficiency factors (33, 37): 

( 2 - 7 ) K = K b + K ext a s sca 

where 

K 
ext = extinction efficiency 

Kabs = absorption efficiency 

K = scattering efficiency. sca 

Equation 2-5 is still valid for calculating the particle 

scattering coefficient, b (replacing n by m). 
p 

The particle 

absorption coefficient, a , and the particle extinction 
p 

coefficient, c , (c = a +b ) have similar expressions: p p p p 

a = L N.(~1TS.2)K b (SqA,m) 
p i 

J. J. a s J. 
( 2 _8 ) 

(2 -9 ) c = L N.(~1TS.2)K t(s.,A.,m) 
p i 

J. J. ex J. 
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where N., s. and A are the same as before (equation 2-5). 
1 1 

Van de Hulst (70) simplified the Mie equations for the 

limiting case (m-l)+O and TIS»A (m = refractive index, 

s = particle diameter, A = light wavelength). Termed 

anomalous diffraction, the resulting expressions for K (70) 
ext 

and K b (33) are 
a s 

( 2 -10 ) K 

(2-11) K 

= ext 

= abs 

2 4exp(-RtanB) cosB - R 

- 4exp(-RtanB) (cosB)2 
R 

+ 4 (cosB)2 
R cos2B 

1 + 
eX12(-2RtanB) 

RtanB 

+ eX12(-2RtanB) - 1 

2R 2tan 2B 

where m = n - in' 

R = 2a(n-l) 

sineR-B) 

cos(R-2B) 

a = TIS/A = classical size parameter 

tanB n' = n..,.l 
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Moore, Bryant and Latimer (37) compared the accuracies 

of these expressions with the exact Mie calculations. K 
abs 

was accurate to within 20 percent over the following parameter 

values: 1.0<n<1.1, O.OOl<n'<O.l, 0.1< TIs/A <100. K twas ex 

accurate to within 10 percent for 1.0<n<1.1, O<n'<O.l, and 

5<ns/A <100. Correction factors were given that improved 

accuracies to within a few percent. 

Using equations 2~O, 2~1 and the correction factors 

(37), K band K t were calculated for m = 1.05 - (O.OOl)i, a s ex 

1 . 0 5 - (0. 01 ) ian d 1. 0 5 - (0. 1 ) i . a t A = 5 0 0 n m . ( Fig u r e 2 -1 3 ) . 

Increasing n ' from 0.01 to 0.1 greatly enhanced particle 

extinction for s<3 microns and particle absorption for s <10 

microns. 

For n' <.001, K b is less than 15 percent of K t for - a s ex 

the particle size range in Figure 2-13 For n ' >0.1, K b - a s 
is 

>0.5K 
ext 

From equations 2-S and 2-9 , particle albedos, A 
p 

( = 1 - a /c ) would therefore be greater than 0.S5 for 
p p 

n' < 0.001 and less than 0.5 for n' > 0.1 .. If particle .atten-

uance was greater than attenuance due to water or dissolved 

materials, changes in particle albedo would significantly 

affect downwelling irradiance (See Appendix A for effects of 

albedo upon extinction of downwelling irradiance). 
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2.3.2. Size Distrib~tions 

Using a Coulter Counter, Sheldon and Parsons (56) 

measured the size distribution of particulate matter in 

Saanich Inlet, British Columbia (Figure 2-14). The resulting 

curve represented a mixture of inorganic and organic (both 

living and dead) particulates. The maxima indicated blooms 

of various planktonic species, confirmed by microscopic 

examination. 

Plankton are traditionally grouped into three size 

categories, nanno-, micro-, and macroplankton (56). The 

greatest biomass in the Saanich Inlet sample occurred among 

the nannoplankton (unidentified). The microplankton consisted 

mainly of copepod eggs and two diatoms, Chaetoceros socialis 

and Chaetoceros debilis. A portion of the macroplankton 

were represented by the copepod Pseudocalanus minutus. 

The Coulter Counter actually measures particle volume 

(Section 3.2). Particle diameters determined by Coulter 

counting refers to that of a sphere with the same volume. For 

example, microscopic measurements of the two diatoms (56) 

showed that C. socialis consisted of 30-cell chains, each 

cell 10 microns in diameter (or 16,000~3 per chain). C.debilis 

had about 20 cells per chain, each cell 20 microns in diameter 

3 
(84)000~ per chain). The calculated chain volumes corres-

pond to equivalent sphere diameters of 31 and 54 microns, 
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comparing favorably with the Coulter determined diameters 

(Figure 2~14). 

Particle scattering as a function of diameter, b. 
l 

(equation 2-5 ), was calculated for the Saanich Inlet 

particles using n = 1.05 and A = 500 nm .. (curve B, Figure 

2-14). Particles larger than 16 microns in diameter do not 

significantly contribute to total scattering. Gordon and 

Brown (19) concluded that the number of particles with 

diameters greater than 20 microns in the Sargasso Sea were 

optically insignificant. Calculations in Chapter 4 show 

that 20 microns also represents an upper limit of optical 

significance for California coastal waters. 

In the optically important size range, coastal water 

and open ocean water particle concentrations differ by one 

to two orders of magnitude (Figure 2-15). Terrestrial 

runoff, wave action,entrained bottom sediments, nutrient-

stimulated phytoplankton production and municipal waste dis-

charges represent possible causes of coastal turbidity. For 

example, the discharge of untreated sewage by the cities of 

Halifax and Dartmouth enriched the waters inside Bedford 

Basin relative to waters outside the channel entrance (48). 

Nannoplankton-size particle concentrations were 3 to 4 times 

greater inside the basin (Figure 2-15). 
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Particle concentrations in the nutrient-poor open ocean 

waters of the Equatoral Pacific (Figure 2-15) and the 

Sargasso Sea (55) can be less than 0.02 ppm throughout the 

nannoplankton size range. This compares with peak values of 

0.1 and 0.4 ppm for the Chilean coast and Bedford Basin 

(Figure 2-15). Values for polluted waters greater than 4 ppm 

are reported in Chapter 4. 

2.3. 3 Carbon Isotope Composition 

Carbon isotopic composition indicates the origin of 

marine particulates. Terrestrial plants are in constant 

equilibrium with atmospheric CO 2 , The dissolved CO 2 utilized 

by marine plants is partially supplied by air-sea exchange. 

When the exchange rate is insufficient, however, the CO
2 

demand is satisfied by the reaction 

( 2 -12 ) 

according to carbon dioxide-bicarbonate-carbonate (dissolved 

= - C0
3 

) equilibrium requirements. Bicarbonate 

in sea water has a higher carbon isotope ratio (C
13

/C
12

) 

than atmospheric CO 2 , Accordingly, it has been shown that 

carbon photosynthetically fixed in the ocean has a higher 

13/ 12 . h . 11 f' d b (4l) C C ratlo t an terrestrla Y lxe car on . 
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Differences in 
13 12 . 

C IC ratlo are used in Chapter 4 to 

indicate a terrestrial influence on suspended particles 

(e.g., land runoff, waste discharge or airborne fallout). 

Isotopic data of this type are typically reported as 0pDB 

values (41): 

(2_13) 

where 

R 
8 = 1000 (~ - 1) 

PDB R 

R 
s 

R 
o 

o 

= C13
/C

12 
of the filtered ocean 

particulates 

13 12 = C IC of a reference sample 
prepared from a Cretaceous belemnite, 
Belemnitella americana, found in the 
Peedee formation or- South Carolina 
(hence the subscript, "PDB") 

Typical values for 0pDB vary from -25 for recent fresh water 

deposits to 0 for marine limestones (Table 2-2). Land 

organic carbon (oPDB ~ -25) is five units lighter than 

marine organic carbon (oPDB ~ -20). This difference is 

consistent with the 7 unit difference between atmospheric 

CO
2 

and bicarbonate in sea water. 
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Table 2-2. Dependence of 0PDB upon carbon reservoir(4l) 

Carbon Reservoir Typical ° PDB Values . 
Marine Limestones 0% 

Bicarbonate in Sea Water o 

Atmospheric CO 2 - 7 

Marine Organic Carbon -20 

Recent Marine Sediments -20 

Land Organic Carbon -25 

Recent Fresh Water Deposits -25 
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CHAPTER 3 

PROCEDURES AND APPARATUS 

3.1 Field Work 

Field data were acquired using small open vessels 

(primarily 18 foot and 22 foot boats manufactured by 

Thunderbird Products, Inc., Paso Robles, California). For 

the work at Palos Verdes, a boat was trailered from Pasadena 

and launched at San Pedro, a 15 minute boat ride from the 

LACSD sewer outfall. For work at the various background 

stations, other arrangements were made. At Corona Del Mar 

and Dana Point stations, the Caltech Marine Laboratory boats 

were used (moored in Newport Harbor). For work in distant 

areas (such as Morro Bay and Humboldt Bay) a commercial fish­

ing vessel was chartered. 

Once on station~ the boat was anchored (water depth 

permitting) and water depth was determined by sounding or the 

use of various fathometer systems (manufactured by either 

Bendix or Seafarer). A transmissometer and water sampler 

(both manufactured by Hydro Products, San Diego) were lowered 

into the water to measure light beam attenuance and to acquire 

water samples for laboratory analysis. The depth of the 

measurement and sampling was monitored by length of line 

payout (the transmissometer had 200 feet of cable), account­

ing for plumb angle(angle from vertical) errors. Occasionally 
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the length of line payout was monitored on the fathometer. 

The mean spectral response of the transmissometer (Model 

612 S) is at 514 nm (Figure 3-1). Functionally described in 

Section 2.2.3, the instrument has a collimated light beam and 

a detector that measures the attenuation of light per meter 

of ocean path length. The spectral response represents a 

convolution of the light source power spectrum and the 

detector response spectrum. This would be measured in air 

(i.e. without the spectral absorption effects of water) by 

placing a series of narrow bandwidth filters of known trans­

mittance in the beam path and measuring the instrument output 

as a function of filter wavelength. The spectral response 

curve was supplied by the manufacturer. 

Field trips were scheduled such that data were acquired 

during high sun angles (between 11 a.m. and 1 p.m.). Weather 

permitting (cloud free skies and safe sea conditions) a dive 

was performed to acquire sunlight irradiance data as a func-

tion of water depth. Standard SCUBA diving gear was used. 

A line with loops was lowered into the water. By placing 

an arm into a loop a constant depth was maintained while 

measuring the downwelling (earthward) and upwelling (skyward) 

irradiance. The depth was determined by knowing the distance 

between loops. Depth values were occasionally compared with 

diver depth gauge measurements. 
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The device for measuring irradiance was designed and 

described by North (32). It incorporated a series of 

Weston Master V light meters as sensors. Each was fitted 

with a combination of interference filters designed to 

transmit a narrow portion of the visible spectrum (Figure 

3-2). A thin sheet of opalescent plastic was affixed to the 

outside of the watertight case to serve as a diffuser. The 

system was calculated for response as a function of percent 

of full scale irradiance using a series of neutral density 

filters. A porous plastic sheet served as a writing surface 

for recording meter values and was affixed to the reading 

side of the instrument. 

Temperature as a function of depth was measured either 

with a mercury thermometer during the dive or, when available, 

a temperature probe was lowered with the transmissometer and 

temperature was recorded on deck. 

3.2 Laboratory Work 

Samples from three field trips were analyzed by E. 

Myers for particulate percent organic carbon and particulate 

carbon isotope ratio. 

in his thesis (41). 

Procedures and apparatus are described 
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Water samples were routinely analyzed for suspended 

particle concentration in the Ocean Systems Department 

Laboratory, TRW Systems, Redondo Beach. During transmittal 

from the ocean station, samples were stored in a light tight 

box at 10 to 15 0 C. Typical travel time from the LACSD out-_ 

fall stations to the laboratory was 1-2 hours. Water sample 

collection was the final task performed at each station to 

minimize storage time before analysis. In general, only one 

station was visited per field trip. Travel time was one hour 

longer from the Orange County stations (Corona Del Mar and 

Dana Point). From more distant stations (Morro Bay and 

Humboldt Bay water samples were flown to the Los Angeles area 

by light aircraft. Travel time to the laboratory for distant 

stations was 6-8 hours. 

Changes in particle size distribution as a function of 

sample storage time were analyzed. Water samples were 

collected off the Hermosa Beach Pier and driven to the 

laboratory. Analysis began 30 minutes after collection. 

Measurements were repeated at 1, 2, 4, 8, 12, and 24 hours. 

Significant changes (15 to 20 percent) occurred in the 

number of 1 to 5 micron diameter particles after 24 hours. 

Measurement errors were 5 to 10 percent after 8 hours. 

These additional particles were presumably due to 

aggregates of bacteria. In a sample of well filtered ocean 

water from Departure Bay, British Columbia, (0.22 micron 
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filters), Sheldon, Evelyn, and Parsons (58) demonstrated a 

growth of 1.5 to 4 micron particles after 24 hours. They 

attributed the phenomenon to growth of bacterial aggregates, 

The growth amounted to a total particle volume concentration 

change of 0.02 ppm in 24 hours. This amount is small com~ 

pared to the concentrations encountered in this study (0.3 to 

4.0 ppm). 

Particle size distributions were measured using a particle 

counter manufactured by Coulter Electronics Corporation, 

Hialeah, Florida. Operation of the instrument is described 

by Sheldon and Parsons (57). Seawater and suspended particles 

are caused to pass through a glass aperture (very small 

round hole). Simultaneously an electrical current is driven 

through the aperture by two electrodes. Changes in res is-

tivity at the aperture are caused by particles passing through 

the aperture. The change in resistivity is proportional to 

the particle volume and results in a proportional change in 

voltage at the constant current source. An electrical pulse 

height analyzer counts the number and size of particles. The 

instrument is designed to stop counting after a known volume 

of fluid has passed through the aperture. 

The instrument was ~ecently purchased by TRW Systems. 

It is a new model (Model 2Z) especially designed for marine 

work. Automatic compensation provides for changes in salinity, 
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The size distribution was measured over the diameter 

range 0.5 to 20 microns. Particle diameters greater than 

20 microns were assumed to be optically insignificant 

(Section 2.3.1). Instrument noise prohibited measurement 

of smaller diameters. Since the Coulter Counter actually 

measures particle volume, particle diameter refers to that 

of a sphere with the same volume. 

The use of three different aperture sizes was required. 

Coulter specifies that the noise free diameter range for 

each aperture should be 2 to 40 percent of the aperture 

diameter. This specification evidently fails for the very 

small aperture. Aperture diameters used and correspond-

ing noise free diameter ranges were as follows: 

1) 11 micron aperture;, diameter range 0.5 - 4 microns 

2) 30 microns aperture, diameter range 0.8 - 10 microns 

3) 100 micron aperture, diameter range 2 - 40 microns 

The 11 micron aperture was the smallest manufactured by 

Coulter. It clogged easily and was not used routinely. It 

was especially useful, however, in determining whether there 

was a maximum in the particle size spectrum between 0.5 and 

1 micron (there wasn't, see Figure 4-19). Routine measure-

ments were made over the diameter range 0.8 to 20 microns. 

Polystyrene latex particles of known size were used to 

calibrate the output of the pulse height analyzer. The 
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instrument incorporated a logerithmic scale for the particle 

size determination. Therefore, only two calibration particle 

sizes were required for each aperture calibration. A third 

size was added to test the accuracy of the log scale. The 

determination of the third size agreed to within 5 percent 

of the particle manufacturer's determination. The three 

calibration particle diameters used for each aperture were 

as follows: 

1) 11 micron aperture; 0.71, 1.1, and 1.3 microns 

2) 30 micron aperture; 1.3, 3.5, and 5.7 microns 

3) 100 micron aperture; 3.5, 5.7, and 9.5 microns 

Before each run a sample was filtered with a 0.22 micron 

millipore filter to test for noise levels due to electrical 

or possible physical sources (such as bubbles). The measure-

ment of especially turbid samples required dilution with the 

filtered seawater. All three apertures had overlapping size 

ranges. Results were compared for the 30 and 100 micron 

apertures in the overlapping diameter range, 2-10 microns. 

The standard error of estimate using results from both 

apertures was 0.08 ppm over 76 measurements. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 Introduction 

The experimental results presented in this chapter are 

grouped into two main sections. The first (Section 4.2) 

deals with sunlight propagation. The second (Section 4.3) 

is concerned with optical and physical properties of 

particles. 

Section 4.2 presents multi-color measurements of 

sunlight propagation into municipally polluted and into 

relatively clean coastal waters. In each case correlative 

data are presented depicting vertical temperature profiles, 

transmissometer readings and suspended particulate load. 

Comparisons are made between natural and polluted water 

environments as related to sunlight penetration, depth of the 

euphotic zone, and color information at the water surface 

that might be utilized for remote sensing of pollutants. 

To determine if natural and polluted waters differ with 

respect to optical albedo (ratio of scattering to total 

attenuation), sunlight irradiance measurements are plotted 

as a function of optical ocean depth. 
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Section 4.3, treating particle properties, is divided 

into five parts: 

1) particle size distributions--environmental back­

ground data showing the range of particle sizes 

and numbers sampled by this investigation including 

differences between polluted and natural samples, 

2) vertical distributions of particulate con centra­

tions--differences between polluted and natural 

waters, 

3) particulate optical densities--correlations between 

concentrations of particulates and total attenua­

tion coefficients, 

4) particle scattering and absorption--estimates of 

particle refractive index, calculation of particle 

scattering and absorption assuming real and complex 

refractive indices, and 

5) physical-chemical investigations--correlations 

between particle density (mass per volume) and 

two chemical parameters (percent organic carbon 

and carbon isotope ratio). 
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4.2 Sunlight Propagation in Polluted and Natural Waters 

4.2.1 Field Station Locations 

Six field stations were selected along the Los Angeles 

and Orange County coastline to study sunlight propagation in 

natural and polluted coastal waters (Figure 4-1). Station 1 

at Whites Landing on Catalina Island and Station 2, about 

four miles off Dana Point in Orange County, represented back-

ground conditions. Both sites are more than ten miles from 

a major sewer outlet. The bottom at Catalina was a mixture 

of rock and sand. Depth at the Dana Point station exceeded 

600 feet so surface waters were not affected by the bottom. 

The site was off a submarine canyon that experiences a 

moderate amount of natural terrestrial runoff. 

Station 3, at Rocky Point, was eight nautical miles 

westerly from the LACSD sewer outfall. The site was 

sufficiently far from the outfall to be relatively clean yet 

close enough to have a similar bottom and coastal structure. 

Station 3 and the outfall area usually experience similar 

currents and waves. Thus suspended load and sunlight con-

ditions at Station 3 should represent Whites Point without 

the outfall installation. 

The remaining three stations were strongly influenced 

by the LACSD outfall. Station 4 was at Bunker Point, about 

a mile westerly from Whites Point. Stations 5 and 6 were 
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at Whites Point midway between the two ~ain diffu~er pipes, 

approximately 1 1/4 and 3/4 miles from the shoreline. 

4.2.2 Sunlight Irradiance Data 

Results of the field measurements were divided into two 

groups, the three natural background stations and the three 

sites near the outfall (Figures 4-2 through 4-13). 

station yielded the following data: 

1) Date and time of day to nearest hour 

Each 

2) Corresponding sun zenith angle to nearest 5 degrees 

3) Bottom depth and distance from shore (feet and 

miles) 

4) Vertical temperature profile (oC) 

5) Vertical transmissibility profile (percent/meter) 

6) Vertical profile of the suspended particulate 

load (ppm by volume for particles ranging in 

diameter from 0.8 microns to 20 microns) 

7) Vertical profiles of downwelling and upwelling 

sunlight irradiance in four colors, presented as 

percent of downwelling irradiance at the ocean 

surface (as measured just below the surface). 

Particle size spectra are presented in tabular form in 

Appendix B. 
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Station 1: 

depth: 130 feet (natural backJSround site,' w'eakt'hermoc~, 

uniform t u r bid i t 1 ), T ig u res 4 ~ 2 and~ ~ 3 . 

The temperature profile depicted a shallow winter thermo-

cline of low intensity while the transmissometer indicated 

a vertically homogeneous suspended particulate load at a 

level of turbidity moderate for natural coastal conditions. 

A single water sample was taken at 50 feet. Coulter Counter 

measurements indicated a suspended load of 0.71 ppm. 

Optically, this represents a simple, non-stratified 

case. Visibility observations during the dive (a dive was 

required for measuring irradiance using the hand held photo~ 

meter package described in Chapter 3) indicated a green 

ocean with no detectable stratification. The irradiance 

data confirmed these observations. All colors showed a rela~ 

tively constant diffuse attenuation coefficient (constant 

slope on the semi-log irradiance plot) for both downwelling 

and upwelling light, except for reduced values in the up-

welling data near the surface. The downwelling color was 

predominately green. Green and blue decayed with depth at 

equal rates. Decay rate for yellow wavelengths exceeded 

blue, green and violet at all depths. 
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Station 2: Dan,a.Foin t ,5/15/73" b ot t.omde;p~h: >600 

feet (natural background site,. str,op&.thermocline, productive 

surface waters, cle~rd~ep ~at~rs) Tigu~e~ ~-4 and 4-5. 

The early summer data showed a strong four degree 

thermocline. The transmissometer and suspended load measure-

ments showed stratifications that correlated with the thermo-

cline depth. Profiles were typical for a moderate phyto-

plankton bloom. Suspended load and turbidity peaked in the 

depth range 10 to 30 feet. Waters below the thermocline were 

very clear for coastal environments. The sea floor depth 

was too deep for entrained bottom sediments to affect trans~ 

missibilities at 150 feet. The 75 percent/meter trans-

missibility measured beneath the thermocline was the highest 

value obtained during this study. This compares with values 

greater than 90 percent/meter in the Sargasso Sea (25). The 

suspended particulate load off Dana Point was 0.2 ppm. This 

was the lowest value encountered in this coastal survey. 

Values as low as 0.02 ppm occur in the Sargasso Sea (55). 

The irradiance profiles showed strong enhancement for 

green wavelengths in the surface layers, presumably due to 

chlorophyll absorption. Below the thermocline, blue and 

green were attenuated equally. Diving observations indicated 
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a sharp transition from blue-green to blue at a depth of 75 

feet. Visibilities exceeded 100 feet below the transition. 

Station 3: Rocky Point, 11/29/72, bottom depth: 100 

feet (no thermocline, uniform light turbidity, upwelling 

conditions), Figures 4-6 and 4-7. 

By the end of November the summer thermocline had dis-

appeared at Rocky Point. Both the transmissometer and 

temperature profiles were fairly uniform. Transmissibility 

increased slightly with depth. Suspended particulates 

caused slightly higher turbidity in the upper layers,pre­

sumably due to phytoplankton or suspended bottom sediments. 

The fraction of suspended load due to non-living parti­

culates was greater than experienced at Stations 1 and 2. 

There were strong Santa Ana (off shore) winds during the 

study period,possibly causing upwelling or introducing 

particulates of terrestrial origin. The temperature profile 

was typical for upwelling conditions (cold and uniform). 

Seas were calm and underwater visibility uniformly good. 

Suspended particulates gradually increased below 50 feet, 

indicating bottom entrainment. Reduced attenuance in the 

blue and violet relative to green suggested a lower fraction 

of chlorophyll pigmented plant material 
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Station 4: Bunker Point, 10/12/73, bottom deEth:, 125 

feet (strong thermocline, turbid sewage field held beneath 

thermocline), Figu~es 4-8 and 4~9. 

There was a typical late-summer, strong thermocline. 

The transmissometer indicated moderately turbid waters above 

the thermocline and very turbid conditions in the sewage 

field below the thermocline. The suspended sediment profile 

peaked at 15 feet, suggesting a layer of phytoplankton 

material in the upper layers. The suspended load was great~ 

est in the upper layers. But the transmissometer indicated 

less attenuance in the upper layers than in the subthermo-

cline sewage field. This suggests a large amount of light-

absorbing dissolved material was present in the sewage field. 

Blue and violet were enhanced in the top 20 feet. A 

transition to green occurred from 20 to 50 foot depths due 

to absorption by phytoplankton chlorophyll. Diffuse 

attenuance increased dramatically below 50 feet for all 

colors due to the sewage plume. Upwelling blue and green 

irradiance was fairly constant down to about 40 feet where 

the sewage field began. Most of the upwelling light at this 

station was thus due to backscattering by particulates in 

the sewage field (as if the sewage field was a diffuse 

reflector) . 
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Diving observations revealed 15 to 20 foot visibilities 

above the sewage field and less than a few feet within the 

field. The dive was terminated at 70 feet because the light 

meters could no longer be read. Assuming that one percent 

of the surface irradiance represents compensation, the Station 

4 data indicate the depth of the euphotic zone was about 

60 to 70 feet. Compensation levels for the background 

stations were 150 feet to over 200 feet. Reduced intensity 

of upwelling light also differentiated Station 4 from the 

background stations. This implies the ratio of absorption 

to scattering was greater in the sewage field than in natural 

waters. The cause could be due either to increased dissolved 

material or to a difference in particle optics. 

Station 5: Whites Point, 11/2/72, bottom depth: 140 

feet (strong thermocline, moderate sewage field, clear surface 

waters), Figures 4-10 and 4-11. 

o 
By early November the surface waters had cooled to 18 C 

but the thermocline gradient resembled October data from 

Station 4. Transmissometer readings and low suspended 

particle measurements both indicated upper waters were very 

clear relative to other coastal measurements of this study. 

In the sewage field, below the thermocline, waters were 

moderately turbid. The data for both Stations 5 and 6 demon-

strate how a strong thermocline effectively protects the 

surface waters against penetration by the sewage field. 
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Blue and green were equally enhanced in the surface 

layers where the particulate load was less than 0.8 ppm. 

From 20 feet to 40 feet the particle load increased, trans-

missometer values dropped below 70 percent/meter, and the 

downwelling irradiance became dominantly green. Below 70 

feet the dense portion of the sewage field was reached. The 

diffuse attenuance (slope of the semi-log irradiance plots) 

increased in all colors except yellow. Upwelling irradiance 

values at the surface were low relative to the natural back-

ground stations and resembled the Station 4 data. 

Diving observations yielded surface visibilities greater 

than 20 feet. Visibilities decreased to 5 feet as the 

sewage field was entered. The compensation depth extended 

below 100 feet. This was deeper than the other stations 

in the LACSD outfall area, but not sufficiently deep to 

reach the benthic zone (zone of bottom dwelling organisms). 

Station 6: Whites Point, 2/27/73, bottom depth: 100 

feet (weak thermocline, turbid surface waters, extremely 

turbid sewage field below thermocline), Figures 4-12 and 

4-13. 

The data, acquired in late February, showed a typical 

weak winter thermocline 
o (less than 1 C temperature 

difference between deep and surface waters). Transmissometer 

readings and measurements of suspended particulates both 
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demonstrated that the sewage field penetrated the thermocline 

to the surface waters. However, even this weak thermocline 

apparently prevented the majority of the pollutants from 

reaching the surface waters. Data given below (Section 

4.3.2) show that typical natural values for particle con­

centrations along the California coast are 1.0 ppm above the 

thermocline and 0.8 ppm below the thermocline. Assuming such 

values represent background, we can speculate that 0.4 ppm 

above the thermocline and 1.0 ppm below the thermocline were 

particulate additions attributed to the outfall system. 

Surface values for stations 4 and 5 in the outfall area were 

similar to the 1.0 ppm background value, indicating that the 

sewage field did not significantly penetrate thermoclines 

where temperature differences between deep and surface 

wa t ers were greater than 4 0 C. 

All colors were attenuated rapidly at all depths. 

Attenuance increased sharply as light entered the sewage 

field. Resembling other stations in the sewage-affected 

areas, upwelled irradiance at the surface was lower than 

that found in natural background areas. Both upwelled and 

downwelled yellow irradiance was stronger relative to the 

other three colors in the polluted water data compared to 

the natural background data. 
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Underwater visibilities were about 10 feet in the top 

layers, decreasing to 2 to 3 feet in the sewage field. The 

dive was discontinued at 70 feet. The depth of the euphotic 

zone was approximately 60 feet. 

For the above presentation of the field data, depths 

are reported in feet. Metric units are assumed for the 

remainder of the data analysis. 

4 . 2 . 3 Depth of the Euphotic Zone 

Using the downwelling irradiance data presented in 

Section 4.2.2 to estimate euphotic zone depths we find that 

euphotic depths extend to 20 to 35 meters in the Los Angeles 

County outfall area and 40 to 65 meters in the natural water 

areas (Figure 4-14). These values compare with an environ-

mental range of 10 meters in very turbid coastal waters to 

30 meters in clear coastal waters (Figure 2-8). Values of 

70 to 80 meters are typical in the clearest ocean waters. 

This suggests euphotic zones in southern California are 

significantly deeper than most coastal environments reported 

in the literature. 

As discussed in Chapter 2, 5 percent of surface 

irradiance is a better criterion for the bottom of the 

euphotic zone during the winter months. Using the 5 percent 
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criterion, depth of the euphotic zone during winter varied 

from 15 to 25 meters in the outfall area and from 25 to 40 

meters in the natural water areas. If energy requirements 

for the benthic plants (sea floor plants such as attached 

algae) were similar to plankton requirements outlined in 

Chapter 2, the pollution field would cause a 50 percent 

reduction in euphotic depth. Other effects such as floccu-

lant deposition and toxicities may also be injurious so that 

light levels may represent only one factor limiting benthic 

plant survival. 

For the six stations discussed in Section 4.2.2, 

average particulate concentrations ranged from 1.60 to 0.64 

ppm (Figure 4-14). These values represent parts per million 

by volume as measured by the Coulter Counter over the size 

range of 0.65 microns to 20 microns (see procedures in 

Chapter 3). Increasing concentrations of particulates 

clearly reduces the euphotic depth. 

The open symbols in Figure 4~15 depict the relationship 

between particulate concentrations (average values above the 

compensation depth) and the compensation depths for the green 

wavelength (530 nm.). The solid symbols are diffuse 

attenuance values calculated from the instantaneous slopes of 

the downwelling irradiance profiles (Figures 4-2, 4, 6, 8, 

10, 12). Attenuance is plotted against the measured 
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particle concentration at the depth of the attenuance cal-

culation. The one percent euphotic dep th 5 Z 5 is related 
e 

to the diffuse attenuance coefficient 5 k5 by equation 2-2, 

Chapter 2. 

Data from 10 field stations (Figure 4-24) show that 

average particle concentrations over the depth range 0-25 

meters are 1.5 ppm in the polluted waters and 0.8 ppm in the 

natural waters of Southern California. This corresponds to 

projected average euphotic zone depths of 25 meters in 

polluted waters and 50 meters in natural waters (Figure 4~15). 

This is consistent with the light measurement determinations 

of polluted and natural water euphotic depths (Figure 4-14). 

Again, the compensation depth in polluted waters is appro xi-

mately half that of natural waters. 
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4.2.4 Surface Ocean Color 

The ratio of upwelling to downwelling irradiance just 

below the water surface was greater in natural waters than 

in polluted waters (Figure 4-16). The difference was most 

pronounced in the violet, blue, and green wavelengths. An 

apparent high absorption of these colors in the sewage field 

results in a yellow-brown surface color. One of the polluted 

water stations (station 5 at Whites Point) displayed the 

more natural blue-green color. Temperature and beam 

attenuance data for that day (Figure 4-11) showed a strong 

thermocline at 10 to 15 meters, a moderately turbid sewage 

field beneath the thermocline and clear waters above the 

thermocline. 

Natural water ocean color appeared to be independent of 

particle concentration. Beam attenuance values were suffi-

-1 
ciently high (0.4 to 0.7 m ) such that apparent surface 

color was more dependent upon particle type than particle 

concentration (Section 2.2.3). Catalina had the highest 

concentrations, yet the bluest water. Dana Point had the 

greenest water with strong chlorophyll absorption at 0.47 

microns. 

The Rocky Point spectrum was similar in shape to the 

spectrum at station 5 (Whites Point). Upwelling of bottom 

waters was suspected (see discussion, Section 4.2.2). The 
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Rocky Point station was 8 nautical miles from the LACSD 

outfall (Figure 4-1). The bottom sediments at Rocky Point 

are affected by the effluents (41). Possibly upwelled bottom 

sewage particulates were affecting surface color. 

In the polluted waters, the upwelling violet and blue 

irradiance was inversely related to particle concentration. 

The spectral character of polluted water reflected a mixture 

of natural and sewage particles with possible additions of 

dissolved effluent components. Assuming relatively constant 

background particle concentrations, the average particle 

characteristics in the dispersing sewage field, and therefore 

surface water color, will vary according to total particle 

concentration. Pollutants from the LACSD outfall apparently 

absorbed the violet and blue wavelengths strongly. 

4.2.5 Sunlight Irradiance as a Function 
of Ocean Optical Depth 

Sunlight is transmitted, scattered, or absorbed as it 

propagates from surface waters to deep waters. In ocean 

waters, 98 percent of light scattering is forward (See 

Appendix A). Therefore most of the scattered sunlight con-

tinues to propagate to deeper waters. Absorbed sunlight, 

however, is lost from the visible radiation spectrum and 

converted to other forms (e.g. heat or photo-chemical 

products). 
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An optical parameter for classifying ocean waters 

according to depth of sunlight energy penetration is the 

albedo, A. It is the ratio of the scattering coefficient to 

the beam attenuation coefficient. 

(4-1) A = blc = b/(a+b) 

where b = scattering coefficient 

c = attenuation coefficient 

a = absorption coefficient 

Given waters with equal values of beam attenuance, those 

waters with greater albedos have deeper euphotic zones. A 

lower fraction of the attenuated light is absorbed (more is 

scattered forward). Given waters with unequal attenuance, 

those waters with greater albedos will have deeper sunlight 

penetration as a function of optical depth (real depth weighted 

by attenuance). 

Plotting the sunlight irradiance data as a function of 

ocean optical depth required conversion of real water depth, 

z (meters), to optical depth, T. The beam attenuation 

coefficient (Figure 4-17) was integrated with respect to 

depth, z. 

(4-2) 
z 

T(Z) = f c(z')dz ' 
o 
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Four field stations were selected for contrasting con­

ditions of natural versus polluted waters and strong versus 

weak thermoclines (Figure 4-18). The bandpass of the green 

irradiance filter (Figure 3-2) displayed best agreement with 

the transmissometer response (Figure 3~1). Calculations of 

optical depth were most accurate for that wavelength 

(530 nm). 

Downwelling sunlight irradiance decayed more 

rapidly with optical depth in the sewage field than in 

natural waters. At station 6 the weak thermocline failed to 

keep the sewage field from reaching the surface waters result~ 

ing in rapid light attenuation at all depths. Attenuation 

above the strong thermocline at station 4 was similar to that 

of natural waters. There was a sharp transition to higher 

attenuation in the dense sewage field below the thermocline. 

Attenuation in natural waters appeared to be unaffected by 

the amount of thermal stratification. 

Compared to polluted water~ natural waters return to 

the atmosphere a greater percent of sunlight entering the 

ocean (high surface upwelling irradiances for natural waters 

in Figure 4-18). A greater percent also reaches the deep 

optical depths in natural waters. Therefore less of the 

light passing through an ocean layer of unit optical depth 

is absorbed in natural waters than in polluted waters. 
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Hence, natural waters have lower ratios of absorption, a, 

to total attenuation, c, or higher albedos, A (since from 

equation 4-1, A = 1 - a/c). 

Appendix A presents a sunlight propagation model. The 

model calculates upwelling and downwelling sunlight irradiance 

as a function of optical depth, z, and albedo, A. Results 

are compared with the field data in this section (Figure 

4-18). Albedo values for the polluted and natural water 

stations are estimated. The results are preliminary. 

Further development of the model is required to increase 

confidence in the albedo estimates. 
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4.3 Particle Properties in Polluted and Natural Waters 

4.3.1 Size Distributions 

The particle size spectrum, dN/ds (N = number of 

particles per milliliter, s = particle diameter), varies 

approximately as the inverse fourth power of diameter in both 

polluted and natural waters (Figure 4-19). The slope of the 

polluted water spectrum increased to fifth power at diameters 

below 2 microns. There were ten times as many particles in 

very turbid polluted waters (samples from the sewage field at 

Whites Point) as in very clear natural waters (samples from 

below the thermocline at Corona Del Mar and Dana Point). 

Measurements of beam attenuation, c, show the same ten-fold 

difference. One sample, taken less than a meter from one of 

the discharge ports at the Laguna Beach outfall, had about 

twice as many particles as the Whites Point sewage field 

samples. Particle size spectra are presented in tabular 

form in Appendix B. 

Comparison between sample size distributions is facili­

tated by conversion to the volume distribution: 
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Location Date 
6. Laguna Beach 4/15/72 

Outfall Port 
OWhi tes Point 4/12/73 
o Whi tes Point 11/2/72 

Mar12/2/72 

Attenuation,c 
(m- l ) 
2.3 

.67 
·.41 
.28 

~': 

5/15/73 

*Sample taken at outfall port-­
accurate transmissometry not feasible. 

0.1 1.0 
Particle Diameter, s (microns) 

DeEth 
23 m 

38 
23 
17 
43 

10 

Figure 4-19. Particle size distributions--environ­
mental range. Data include the most 
turbid and clearest waters measured. 
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(4 - 3) dV/d(logs) = (~) ( ds ) 
ds d(logs) 

3 
(dN/ds) = (ITS (slns) 

6 

where V = volume concentration of 
particles (ppm) 

Ins = natural logarithm of s 

If dV/d(logs) is plotted as a function of loges), the 

integrated area under the curve from slto s2 (any two 

diameters) represents the volume concentration of particulates 

between sl and s2 (Figure 4-20). 

Heavily polluted waters in the sewage field (classified 

as "turbid polluted" in Figure 4-20) have particle volume 

distributions that peak between 6 and 10 microns. Peak values 

may exceed 4 ppm. Phytoplankton activity in "turbid natural" 

waters produces distribution peaks in the same size range. 

However, peak values do not exceed 1 ppm except during intense 

blooms. The volume distribution for the clearest water 

sampled at Whites Point ("clear polluted") was similar to 

that of the turbid natural water. The volume distribution 

for the clearest natural water (sampled 43 meters deep at 

Dana Point) was less than 0.25 ppm throughout the measured 

size range. 
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Figure 4- 2 o. Particle size distributions by volume, V: 
environmental range for polluted and 
natural waters. 

Location 
• Whi tes Pt. 

• • • 
Whites Pt . 
Catalina 
Dana Pt . 

Date Depth (m) 
4/12/73 38 
11/2/72 0 
4/8/73 8 
5/15/73 43 

Water Type 
Turbid polluted 
Clear polluted 
Turbid natural 
Clear natural 
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Most water samples showed an increase in volume concen­

tration with decreasing particle size below 1.5 microns. 

However, in the sewage field the increase was dramatic 

("turbid polluted" in Figure 4-20) indicating that sub-micron 

particles are a major component in the discharge effluent. 

This is reasonable. Primary waste treatment (used by the 

LACSD prior to discharge) essentially removes particulates 

that settle or float. Sub-micron particles remain in sus-

pension by Brownian motion. 

Particle size distributions were routinely measured 

between 0.8 and 20 microns (the larger diameter representing 

the upper limit of optical significance, Section 2.3.2). 

This required the use of two Coulter counter apertures, 30 

and 100 microns in diameter (Section 3.2). Using a third 

aperture, 11 microns in diameter, some samples were analyzed 

for particle diameters as small as 0.5 microns (Figure 4- 19 ). 

A sub-micron maximum was never detected in any of the sewage 

field particle volume dist~ibutions. 

The presence of a strong thermocline had a significant 

affect upon particle size distributions as a function of 

water depth. Two natural water stations had contrasting 

thermocline conditions (Figure 4-21). At Rocky Point the 

absence of a strong thermocline resulted in a relatively 
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Figure 4- 21. Particle size distributions at various 

depths for two natural water stations. 
Rocky Point had a weak thermocline. 
Dana Point had a strong thermocline. 
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constant particle size spectrum with sample depth. Light 

beam attenuation, c, and volume concentration, V (ppm), is 

given for each spectrum 
s = 20 

(4- 4) V J dV 
- d(logs) d(logs) 

s = 0.65 

The shallow water spectra at Dana Point had more 

structure than the Rocky Point samples, indicating a higher 

level of phytoplankton activity. This would be expected 

when comparing May and November samples. For all depths, 

attenuance increased with concentration. Below the thermo-

cline at Dana Point, the spectrum indicated a low level of 

productivity, volume concentration was very low, and the 

light attenuation was the lowest encountered for the duration 

of the study. 

The effect of thermal stratification was dramatic in 

polluted waters (Figure 4-22). The strong thermocline at 

Bunker Point prevented most of the sewage field from reaching 

the surface. The volume concentration at the surface was 

typical for natural waters (see Figure 4-24). The surface 

particle size spectrum showed an absence of the small 

(s < 1.5 microns) sewage particles present in the sub-
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Figure 4-22. Particle size distributions at various 
depths for two polluted water stations. 
Bunker Point had a strong thermocline. 
Whites Point had a weak thermocline. 

-



-107-

thermocline sewage field. 

concentration, v. 

Attenuance again increased with 

Lack of a strong thermocline at Whites Point allowed 

the sewage field to penetrate to surface waters. The small 

sizes were abundant at all depths. A large increase in 

attenuance for a relatively moderate increase in concentra­

tion was noted for the deepest sample in the sewage field. 

This was attributed to instrument error. The transmisso-

meter was not accurate in very turbid waters. Transmissi-

bility was less than 5 percent per meter for the deep sample 

(Figure 4-13). 

The size spectra for 70 water samples were categor-

ized according to water depth (above thermocline or below 

thermocline) and water type (polluted or natural). The 

average size distribution was calculated (Figure 4-23A). 

Above the thermocline, the spectra for natural and polluted 

waters were remarkably similar. The difference between the 

polluted and natural water distributions (Figure 4-23B) 

represents the average addition of sewage particles as a 

function of size. The average addition clearly demonstrated 

a bimodal increase in particle numbers (a significant 

increase for particle diameters less than 1.5 microns and 

a secondary increase at 8 microns) below the thermocline. 
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4.3.2. Vertical Distributions 

The average particle concentration in polluted waters 

was twice that of natural waters (Figure 4- 24). Average 

concentrations as a function of depth showed that concen­

trations increased with depth near the water surface due to 

an increase in phytoplankton productivity (stratification 

of phytoplankton is discussed in Section 2.2.2). After 

reaching a maximum, concentration decreased with depth as 

light f.or' photosynthesis dwindled. The standard error of 

estimate was less than 0.2 ppm indicating the trends were 

statistically significant (an increase from 0.73 ppm at the 

surface to a maximum of 0.95 ppm and a decrease to 0.62 ppm 

at 22 meters). 

In contrast, the variation of the polluted water data 

was too high for the average trend to be statistically 

significant. The standard error of estimate was 0.58 ppm, 

much greater than changes in the average curve with depth. 

However, the difference between the natural and polluted 

concentration profiles was significant at all depths. 

4.3.3 Optical Densities 

The measured light beam attenuation, c, was plotted 

as a function of particle volume concentration, V, for polluted 

and natural waters (Figure 4-25). The least squares 

linear fit was calculated for each water type, requiring 
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Figure 4-24. Vertical distribution of particles. Concen­
tration values obtained by integrating 
particle size distributions over the diameter 
range 0.65 microns to 22.5 microns. 

- -- - Average concentration for natural waters. 
(standard error of estimate = 0.19 ppm.) 

Average concentration for polluted waters 
(standard error of estimate = 0.58 ppm.) 

Natural waters 
o Rocky Pt. 11/29/72 
~ Corona Del Mar 12/2/72 
D Catalina 4/8/73 
o Dana Pt. 5/15/73 

Polluted waters 
• Bunker Pt. 10/12/72 
"Whites Pt. 11/2/72 
.Whites Pt. 2/27/73 
tWhites Pt. 3/29/73 
.Whites Pt. 4/12/73 
.Whites Pt. 4/12/73 
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the attenuation coefficient be equal to the pure water value 

-1 
(0.02m at 500 nm., Figure 2-10) for zero particle volume 

concentration. On the average~ the natural waters showed 

higher attenuation values for equal particle concentrations, 

but the standard error of estimates were greater than the 

difference between the least square fit lines between 0 and 

2 ppm. 

Assuming real refractive indices, the next section 

shows that natural particles have a higher average index than 

particles in the polluted waters. This would account for 

increased scattering by natural particles and hence increased 

attenuation. However, it will be shown that this conclusion 

is not necessarily true if complex refractive indices are 

considered. 

4.3.4 Scattering and Absorption 

Scattering and absorption by particles were calculated 

assuming real and complex refractive indices. Water samples 

from 18 field stations were categorized according to water 

depth (above or below thermocline) and water type (natural or 

polluted) . Assuming real refractive indices (the case for 

non-absorbing particles, see discussion in Section 2.3.1), 

the average refractive index for each category was calculated 

(Figure 4-26). 
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Relative Refractive Index 
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"V . o 
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Figure 4- 2:6. Calculated refractive index of particles 
(relative to water) for natural and pollvted 
waters (assuming non-absorbing particles). 

Natural waters 
Rocky Pt. 11/29/72 
Corona Del Mar 12/2/72 
Catalina 1/19/73 
Mid-Channel 1/20/73 
Morro Bay 2/14/73 
Humboldt Bay 3/18/73 
Mid-Channel 4/12/73 
Dana Pt. 5/15/73 
San Simeon 6/11/73 
Whalers Cove 6/11/73 
Cypress Pt. 6/11/73 

Polluted waters 
• Bunker Pt. 10/12/72 
• Whites Pt. 11/2/72 
.Whites Pt. 11/29/72 
• Whites Pt. 2/27/73 
.Whites Pt. 3/29/73 
.Whites Pt. 4/12/73 
• Whites Pt. 4/12/73 

Average Indices (± standard deviations) 

Above thermocline 
Below thermocline 
All samples 

Natural waters 
1.069 (±.033) 
1.056 (±.016 
1.064 (±.027) 

Polluted waters 
1.039 (±.OlO) 
1.034 (±.014) 
1.037 (±.012) 
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This was accomplished by iterative calculations of 

particle scattering using different refractive indices 

(equation 2-5) and the particle size spectra (Appendix B). 

It was assumed that the measured attenuance, c, was equal to 

the sum of scattering by particles, absorption by water, and 

absorption by dissolved material. Scattering by water 

molecules was assumed negligible. Albedo values from 

Appendix A were used to estimate the fraction of attenuance 

due to particle scattering. 

At all depths the average refractive index of natural 

water particles was statistically greater than the average 

index for polluted water particles. Of special note was the 

large standard deviation for above thermocline natural waters. 

A large variation can be encountered in natural surface 

waters due to high index land runoff particles (high in 

minerals) and low index biological particles (due to plankton 

blooms, Section 2.3.1). 

Using the average particle size distributions (Figure 

4-23A) and the average real refractive indices (Figure 4-26), 

the average distribution of the particle scattering coeffi-

cient, b , as a function of particle diameter, s, was 
p 

calculated (Figure 4-27). Results show that even though 

polluted waters had a large number of small particles 

(s < 1.5 microns), contribution to the total scattering 

coefficient by small sewage particles was small. This was 
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Figure 4-27. Distribution of scattering coefficient, b p ' 
with particle size. Calculations assumed green 
light (A = 500 nm), average particle size dis­
tributions given in Figure 4-25 and nonabsorbing 
particle refractive indices from Figure 4-28). 

Water type 

• • Polluted, above thermocline 
A • Polluted, below thermocline 
D- - - 0 Natural, above thermocline 
0- - - 0 Natural, below thermocline 

Refractive index 

1.039 
1. 034 
1.069 
1.056 
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attributed to the low refractive index (see Figure 2-12). 

Reduced scattering by particles larger than 10 microns was 

attributed to a smaller number of large particles in both 

natural and polluted waters. 

Using the van de Hulst "anomalous diffraction" equations 

(2-10 and 2-11) and the correction factors by Moore, Bryant 

and Latimer (Section 2.3.1), the distribution of particle 

extinction (particle attenuation), c , and particle absorp­
p 

tion, a , with particle diameter was calculated for two 
p 

values of complex refractive indices (Figure 4-28). Low 

albedos in the sewage field (Section 4.2.5) suggested that 

sewage particles were most likely to be absorbing in 

character. Therefore, the below thermocline polluted water 

size distribution (Figure 4-23A) and the corresponding real 

index (n = 1.034, Figure 4-26) were used in the calculation. 

As the complex part of the refractive index (nl) was 

increased from 0.001 to 0.005, absorption and extinction by 

small particles (s < 1.5) became very significant and 

particle albedo decreased from 0.92 to 0.70. Hence, the low 

albedo of polluted waters could have been caused by either 

absorption due to dissolved pollutants or by absorption due 

to sewage particles. 
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Particle Diameter, s (microns) 

Distribution of particle extinction, c , and 
particle absorption, a p ' with particlePdiameter 
for below-thermocline polluted waters. Calcula­
tions assumed particle size distribution in 
Figure 4-2SA, green light (A= SOO nm), and 
three examples of refractive index. 

Refractive Index, m = n-in' 

.. 1. 034 
• 1.034 - i(O.OOI) 
• 1.034 - i(O.OOS) 

Particle Albedo,A 

1. 00 
.92 
.70 

= I-a Ic p p 
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4.3.5 Physical Density, Percent Organic Carbon, and 

Carbon Isotope Ratio 

Water samples from three field stations were analyzed 

for carbon isotope composition, percent organic carbon, and 

mass concentration (mg/liter) of particulates. The labora-

tory work was performed by E. Myers (41). The organic 

carbon data indicated the fraction of material resulting 

from organic processes. The isotopic composition indicated 

whether the material was primarily of marine or terrestrial 

origin (Section 2.3.3). The particle volume concentration 

data (Figure 4-29A)were measured on the Coulter Counter. 

The particle density (specific gravity) was determined by 

dividing the mass data by the volume data (Figure 4-29B). 

The data taken over the Y-diffuser at Whites Point (the 

most westerly diffuser in Figure 4-1) indicated that samples 

were taken above, in, and below a dense sewage field 

(particle concentrations exceeded 3 ppm). The data taken 

4 nautical miles off-shore from Whites Point indicated a 

natural condition of high spring phytoplankton activity 

(high surface concentrations with decreasing concentrations 

below the thermocline). The Dana Point data were taken off 

the end of a submarine canyon that experiences a moderate 

amount of terrestrial runoff. Very high particle densities 

were noted (Figure 4-29B) indicating heavier mineral particles. 
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Low percent organic carbon and low isotope ratios 

(more negative 0PDB' see Section 2.3.3) were found in the 

sewage field at Whites Point relative to surface waters 

(Figure 4-30, Y-diffuser data). The low isotope ratio 

reflected the terrestrial influence of the sewer outfall. 

The high surface percent organic carbon at the off-shore 

Whites Point station was attributed to the high productivity. 

One suggestion was a transport of the sewer discharge by 

subsurface currents. 

The low percent organic carbon and the low carbon 

isotope data from Dana Point were consistent with the high 

density data, indicating a high inorganic (mineral) terres­

trial influence. 

Particulate percent organic carbon and particulate 

carbon isotope ratio correlated with particle density 

(Figures 4-31 and 4-32). Percent organic carbon and carbon 

isotope ratio decreased with increasing particle density. 
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CHAPTER 5 

SUMMARY 

Basic factors affecting the survivability and growth of 

marine plants are nutrients, tolerable temperatures, and 

sufficient sunlight. It has been suggested that increased 

turbidity in the vicinity of the LACSD sewer outfall decreases 

the amount of sunlight for photosynthesis. Another effect 

of the sewage discharge is a change in ocean surface color. 

Sophisticated remote sensing equipment could take advantage 

of relationships between color spectrum and pollution con-

centration for monitoring of dispersal. These considerations 

motivated a study of the effects of pollutants upon sunlight 

propagation in the ocean. 

Sunlight irradiance, light beam attenuance, and particle 

size distributions were simultaneously measured as a function 

of depth. Temperature depth profiles were also measured 

to assess thermal stratification effects. Field stations in 

the vicinity of the LACSD outfall at Whites Point repre-

sented a dispersing sewage field. Background stations 

included Catalina, Dana Point, and Rocky Point. 

A small boat was used to acquire the data. Sunlight 

irradiance in five colors was measured using SCUBA diving 

gear and a hand held bank of light meters. Each meter 

was fitted with a combination of interference filters 



-125-

designed to transmit a narrow portion of the visible spectrum. 

A transmissometer and temperature probe were lowered from 

the boat. Light beam attenuance and temperature were recorded 

on deck. Water samples were taken to the Ocean Systems 

Laboratory at TRW Systems. There, a Coulter Counter was 

used to measure particle size distributions. The most 

significant result was that pollutants decreased the optical 

albedo of ocean water. 

Changes in albedo have a significant effect upon ocean 

sunlight penetration. Light beam attenuation is the sum of 

light scattering and light absorption. Albedo is defined 

as the ratio of light scattering to light beam attenuation. 

Low albedo therefore means that the fraction of light beam 

attenuation due to scattering is small (i.e. the fraction 

due to absorption is high). Light scattering by ocean 

particles does not significantly alter sunlight penetration 

(98 percent is scattered in the forward direction). How­

ever, absorbed light is energy lost from the radiation field. 

Therefore, given waters with equal values of beam attenuance, 

waters with higher albedos allow deeper penetration of sun­

light energy. 
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The euphotic zone is the portion of the ocean in which 

there is sufficient sunlight for plant photosynthesis to 

exceed plant respiration. It has been shown that one 

percent of surface irradiance is a reasonable estimate for 

the energy needs of phytoplankton. Using one percent of 

surface irradiance as a criterion, it was found that the 

average depth of the euphotic zone in natural waters was 

about 50 meters. Depending upon particle concentration, 

euphotic zone depths varied from 20 to 35 meters in the 

vicinity of the LACSD outfall, representing a 30 to 60 per­

cent decrease from natural conditions. 

Prior to the beginning of sewage discharge at Whites 

Point (1934) large kelp beds extended to water depths of 

60 feet. Between 1940 and 1955, the kelp beds gradually 

disappeared as the rate of sewage discharge increased from 

an initial 17 MGD to 180 MGD. Large populations of sea 

urchins in the vicinity of destroyed kelp beds coupled with 

studies showing that dissolved organics from the waste 

discharge could be utilized by urchins indicate that increased 

predation is preventing the kelp beds from returning to their 

original state. 

It is suggested that decreased light penetration is 

also a factor. Data from the natural water stations show 

that 60 feet (the depth to which the original kelp beds 
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grew) corresponds to 10 percent of surface illumination. 

Pollutants in the vicinity of the outfall have reduced 

the depth of 10 percent penetration to 30 feet. 

Water surface color spectra indicated that pollutants 

increased light absorption at all wavelengths. Of the light 

entering the ocean, a smaller percent was returned to the 

atmosphere in polluted waters compared to natural waters. 

The difference between natural and polluted waters was most 

pronounced in the violet, blue, and green. A spectral 

dependence upon particle concentration was noted. 

concentrations produced a yellow surface color. 

High 

The average particle concentration in polluted waters 

was twice that of background waters. The LACSD discharge 

caused a bimodal increase in particle numbers as a function 

of particle diameter: there was a significant increase for 

particles less than 1.5 microns and a secondary increase 

at 8 microns. 

Scattering and absorption by particles were calculated 

assuming real and complex particle refractive indices. 

Assuming real refractive indices (the case of non-absorbing 

particles) the average refractive index for natural waters 

was calculated to be 1.064. The average refractive index 

for polluted waters was 1.037. (The average value was 

1.034 in the most polluted waters below the thermocline.) 
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The lower index for polluted waters indicated that light 

scattering by small (less than 1.S micron diameter) sewage 

particles was less significant than an equivalent concen-

tration of natural particles. This effect should be taken 

into account if optical methods are used to measure sewage 

particle concentrations. 

Assuming the above ~eal particle refractive indices 

and the average particle size distributions for polluted 

and natural waters, scattering for both types of waters was 

maximum between particle diameters 3 and 8 microns. Calcu-

lations assuming complex refractive indices, m = 1.034, 

1.034 - i(O.OOl), and 1.034 - i(O.OOS), showed that light 

absorption by sewage particles less than 1.S microns in 

diameters became very significant as the complex part was 

increased. If sewage particles were absorbing in character, 

this would account for the lower albedo in polluted waters. 

Water samples from three field stations were analyzed 

for carbon isotope composition, percent organic carbon, and 

mass concentration (mg/liter) of particulates. The labora-

tory work was performed by E. Myers, a fellow graduate 

student studying sewage discharge effects upon marine 

sediment carbon composition (41). Particles in a dense sub­

thermocline sewage field had a lower percent organic carbon 
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and a lower carbon isotope ratio than surface water particles. 

The organic carbon data indicated the fraction of 

material resulting from organic processes. The isotope 

composition indicated whether the material was primarily 

of marine or terrestrial origin. The carbon composition 

data were correlated with the particle size and mass data. 

Particles with a higher terrestrial influence and particles 

with lower percent organic carbon had a higher specific 

gravity. Correlation in each case was statistically 

significant. 
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APPENDIX A 

Sunlight Propagation Model--Preliminary Results 

This appendix presents a sunlight propagation model 

that calculates upwelling and downwelling irradiance as a 

function of optical depth, T, and albedo, A. Results were 

compared with the field data reported in Section 4.2.5. 

This afforded quantitative estimates of A for the polluted 

and natural water stations. The results are preliminary. 

Further development of the model will increase confidence in 

the albedo estimates. Dr. W. H. White provided guidance in 

developing the model and wrote the computer program for the 

IBM 370/155 computer (72). 

Sunlight is transmitted, scattered, or absorbed as it 

propagates from surface waters to deep waters. In ocean 

waters, 98 percent of light scattering is forward (28). 

Therefore most of the scattered sunlight continues to prop-

agate to deeper waters. Absorbed sunlight is lost from the 

visible radiation spectrum and converted to other forms (e.g. 

heat or photo-chemical products). 
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An optical parameter for classifying ocean waters 

according to depth of sunlight energy penetration is the 

albedo, A. It is the ratio of scattering coefficient to 

beam attenuation coefficient. 

(A-1) 

where 

A = blc = b/(a+b) 

b = scattering coefficient 

c = attenuation coefficient 

a = absorption coefficient 

Given water with equal values of beam attenuance, those 

waters with greater albedos have deeper euphotic zones. A 

lower fraction of the attenuated light is absorbed (more is 

scattered forward). The following is a sunlight radiative 

transfer model that predicts attenuance of downwelling and 

upwelling sunlight irradiance as a function of ocean optical 

depth (real depth weighted by attenuance) for various albedos 

( 72) • The sunlight irradiance data from Chapter 4 will be 

compared with the model results for estimating the albedo 

differences between polluted and natural waters. 

If L (z, y, ~) represents the radiance (watt/m
2

-

steradian) at depth z (meters) in the direction defined by 

the azimuth angle and the zenith angle y (Figure A-1), 
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Figure A-1. Coordinate system for sunlight propagation 
model. 

CP,CP' = azimuth angles 

y,y' = zenith angles 

L(z,y,CP) = radiance in direction (y,cp) at depth, z, 
below water surface. 

e = scattering angle between the directions 
of L(z,y',cp') and L(z,y,<j» 

dr = incremental distance in direction (y,cp) 
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the change in radiance, dL, over the distance, dr is given 

by the radiative transfer equation (28, 49): 

(A-2) 

where 

dL 
dr 

L 

= -cL + L;" 

= L(z,y,cp 

7T 

f S(y,q,;y' ,q,' )L(z,y' ,q,' )siny'dy'dq,' 
o 0 

S(y,q,;y',q,') = S (8) 

= volume scattering function 

8 = angle between the directions (y,q,) 

and (y',q,'). 

c = beam attenuation coefficient (m- 1 ) 

The first term on the right of equation A-2 represents loss 

by attenuation. The second term, L*, is the path radiance 

(49) and represents gain by scattering from all directions 

into the direction (y,<jl). The scattering coefficient is the 

integral over q, of the volume scattering function: 

(A-3) b 
7T 

= 27T f S(8)sin8d<jl 
o 

To introduce the parameters albedo and optical depth 

into the basic transfer equation, an angUlar albedo function, 

p(<jl), is defined such that 
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(A-4) S ( <jl ) = cp(<jl). 

Since A = blc, 

(A-5) 
1T 

A = 21TOf sin6p(8)d6 

Dividing both sides of equation 2-6 by c (assuming isotropic 

beam attenuance) and using equation A-4, the radiative 

transfer equation can be expressed as 

(A-6) 

where 

1T 1T 

f f p(y,<jl;y',<jl')L(T,y',<jl')siny'dy'd<jl' 
o 0 

dp = incremental optical distance (cdr) 

T = ocean optical depth 

= 

c(z) = beam attenuance as a function of water 

depth 
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Equation A-6 was solved numerically for the angular 

radiance distribution as a function of ocean optical depth. 

The problem was first converted to one of azimuth symmetry 

by assuming a symmetrical radiance boundary condition just 

below the ocean surface (Figure A-2). The sun was simu-

lated by an annular ring. This was assumed permissible 

since the model results were to be compared to field 

irradiance data measured on a horizontal plane. 

Zero reflectance for upwelling irradiance was assumed 

at the water surface. Near-surface comparisons between model 

results and field data would therefore be inaccurate. The 

boundary condition at z = 00 was that solutions monotonically 

decrease in value with depth. 

The angular albedo function, p(e), is proportional to 

the volume scattering function, s(e) (equation A-4). To 

save computation time, a single exponential was used to 

approximate the shape of the volume scattering data (Figure 

A-3). Similarly, 

(A-7) 

where values for B
1

, B
2

, and N are given in Figure A-3. 

The value for K (a constant of proportionality) depends 

upon the albedo, A (equation A-5). 
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Volume scattering function for sunlight 
propagation model. 
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Using the method of discrete ordinates, after 

Chandrasekhar (12), the angular radiance distribution at 

optical depth, T, was represented by 30 radiance "streams" 

(one stream for each six degrees of zenith between 0 and 

180 0
). This resulted in a set of integro-differential 

equations (one for each stream) amenable to standard numer-

ical solutions (18). The upwelling irradiance, E , and the 
u 

downwelling irradiance, Ed' were then obtained by integrating 

the radiance distributions at each optical depth. 

TI 
(A-8) E ( T ) 

u = f L(T,y)sinydy 
TI 

TI/2 
Ed(T) = ! L(T,y)sinydy 

0 
(A-9) 

The problem was programmed on an IBM 370/155 computer (72) 

and results were obtained for albedo values from 0.4 to 0.99 

(Figure A-4). The computed irradiance profiles were then 

compared with the measured profiles in Chapter 4 to estimate 

the albedo of polluted and natural waters. 
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Comparing the results of the sunlight propagation 

model with the natural water irradiance profiles (Figure A-5), 

natural water albedos ranged from 0.7 to 0.9 for optical depths 

greater than 5 (estimates made by comparing attenuance values 

or slopes). Near-surface estimates were greater than 0.99. 

At station 4 in the polluted waters (Figure A-6) A 

ranged from 0.9 above the strong thermocline (5 < T <10) to 

0.4 in the sewage field below the thermocline. For a weak 

thermocline (station 6) the field was distributed from 

surface to deep waters and the albedo was more uniform rang-

ing from 0.7 to 0.9 (for T> 5). Near surface estimates were 

again high: 0.99 at station 4 and 0.95 at station 6. 

The absorption coefficient for pure water at 530 nm. is 

0.04 (attenuation less scattering, Figure 2-10). Near-

surface total attenuation (Figure 4-17) ranged from 0.3 at 

station 5 to 0.9 at station 6. Maximum possible near-surface 

albedos (assuming a mixture of pure water and non-absorbing 

particles) would therefore range from 0.87 to 0.96 

(A = 1 - a/c). Comparing field data with the model calcula-

tions results in significantly higher estimates for near-

surface albedo. However, near-surface inaccuracies were 
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expected since the water surface boundary condition for the 

model calculations did not account for reflection of upwell­

ing irradiance. 

Again, the above model results are preliminary. 

effort is required in the following areas: 

Further 

1) Zero reflectance was assumed for upwelling irradiance 

at the water surface. Reflectance should be accounted for or 

the resulting errors analyzed. 

2) The single exponential fit for 8(e) (solid curve, 

Figure A-3) should be improved to better fit the volume 

scattering measurements (dotted curves, Figure A-3). 

3) Effects of varying sun zenith angle should be analyzed. 

The 40 0 assumption for the model calculations (Figure A-2) 

agrees with the field data for two of the stations (stations 

4 and 6, Figure A-6). However, the sun zenith for stations 

I and 2 (Figure A-5) were 50 0 and 15 0 respectively. The small 

sun zenith angle (y in Figure A-1) might account for the 

increased sunlight penetration at Station 2. 

4) Possible errors due to the azimuth symmetry assump­

tion for the surface boundary condition (Figure A-2) should 

be investigated. 
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APPENDIX B 

PARTICLE SIZE SPECTRA 

This Appendix presents the particle size distribution 

data in tabular form. Each table gives the station location, 

date of sampling, and depths of samples (feet). The sizes of 

Coulter Counter apertures (microns) used to make the measure­

ments are also included (see discussion in Section 3.2). The 

data are presented in chronological order. 



Tfl.Bl.E 8-1 PARTICLE SIZE SPECTRA, dN/ds (number/m1/micron) 

STATION: Laguna DATE: 4/15/72 

Beach Outfal1* 

,.- -1'------'- I l Co,,"I+"'r 1 P'\r+-i c' e f LI I ..... '.;~ I U I"'. !-

l'.-c. ~+-J(e ; Di '.nleter dflj ds. I j "i"- I '-.,.1 ~ , ell! 

~ (mi C~OI*~Cl'on) (number/ml /mi eren 

480,0.00,000 1 i 0.5 
! ! 0.6 210,000,000 i I 0.7 65,000,000 ! 

I 0.8 
I 

30,000,000 I 

I O,g 13,000,000 
I : .0 7,000,000 I 

! ! I I 1.25 1,100,000 

I 1.5 53Q,000 I 
I ! ! 2.0 200,000 
I ~ .. ,._._. __ ._,,,_. __ ~L,_ ... ,-. __ . __ L, _______ •• : ___ .... 

* Sample taken directly in front of outfall disch:arge part 
at water depth 75 feet. 

I 
I-" 
.j::" 
(Jl 

I 



Caul ter Particle 
Aperture Diameter 
(microns) (microns) 

0.7 
0.8 

30 1.0 
1.25 
1.5 
2.0 
3.0 

2 
3 
4 

100 6 
8 

10 
15 . 

20 

TABLE B-2 PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: Bunker Point DATE: 10-12-72 

WATER SAMPLE DEPTH (Feet) 

0 15 30 45 60 75 

200 x 104 240 x 104 220 x 104 350 x 104 580 x 104 860 x 104 

87 x 104 120 x 104 120 x 104 170 x 104 300 x 104 390 x 104 

26 x 104 45 x 104 48 x 104 52 x 104 ' 120 x 104 83 x 104 

10 x 104 16 x 104 14 x 104 17 x 104 24 x io4 24 x 104 

51,000 10 x 104 71 ,000 59,000 92,000 84,000 
28,000 47,000 28,000 13,000 20,000 21,000 
4,400 7.400 5 100 5.100 4.400 7.400 

12,000 24,000 . 18,000 23,000 35,000 23,000 
2,800 7,100 6,600 5,600 5,000 6,000 
1 ,500 . 3,700 3,000 2,700 2,300 2,800 

590 1 ,100 870 750 610 780 
150 280 190 220 130 180 

68 130 110 120 
. 

70 96 
11 30 7 . 15 8 13 
0 6 0 ° 0 0 

I 

I 
t-" 
+=' 
O'l 
I 



~oulter Particle 
Aperture Di a.meter 
(microns) (mi crons) 

0.7 

0.8 

30 1.0 

1.25 

1.5 
2.0 

3.0 
2 

3 

4 

100 6 

8 

10 

15 

20 

TABLE B-3 PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: Whites' Point DATE: 11/2/72 

WATER SAMPLE DEPTH (Feet) 

0 15 30 45 60 75 

120 x 104 160 x 104 150 x 104 300 x 104 320 x 104 600 x 104 
52 If 86 If 79 x If 180 x If 180 x If 300 x If 

22 If 39 II 32 II 110 x 11 55 x 11 96 11 

64,000 13 II 12 If 27 If 15 x 11 23 If 

40,000 68,000 51,000 11 ' II 74,000 12 If 

19,000 22,000 33,000 39,000 28,000 34,000 
5,100 6.600 6.600 10.000 1,700 R,100 

28,000 * ,* 23,000 23,000 33,000 \ 

2,300 4,900 8,100 4,600 3,500 6,400 
1 ,100 2,300 2,300 2,200 1,700 2,100 

270 390 470 500 330 570 
99 99 99 110 71 150 
23 31 34 51 ; 28 90 
4.1 3.7 3.7 7.5 .. 9.4 15 
0 0 0 0 0 0 

*Excess noise in measurement 
o No counts registered during count period 
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TABLE B-3· (cant I d) PARTICLE SIZl: SPECTRA, dN Ids (number/ml/mi cron) 

STATION: W~ITES POINT Date: 11/2/72 

rCillllter I Partie' 
t. Apertur2 i Di arnett.; ,-

I 
1 

I 
I 

0 15 

WATER SAMPLE DEPTH (Feet) 

r 90 
.-'-- ~ I 45 60 

-
75 I (rni erons )Gmi cron 

!--- -
0.5 I 870 x 1U4 17Ux 105 

* 520 x 105 680 x 105. 410' x 105 

I 0.6 

11 I 0.7 

I 0.8 
I I 1.0 L ___ .. __ _ 

380 II 50 II * 94 II 58 II 91 II , 

120 II 16 II 153 x 104 30 II 32 II 60 II 

31 II i 42 x 104 60 II 17 II 22 II 49 II 
'-

48,000 14 II 20 II 56 x 104 76 x 104 23 11 

*Excess noise in counts 

-1 
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Coulter Particle 
Aperture Di ameter 

(microns) (microns) 

0.7 
I 0.8 

30 1. ° 
1.25 
1.5 
2.0 

3.0 
2 

3 

4 

100 6 

8 
10 

15 . 

20 

TABLE B-4 PARTICLE SIZESPECTRA, dN/ds (number/ml/micron) 

STATION: Rocky Poi nt DATE: 11 /29/72 

WATER SAMPLE DEPTH (Feet) 

° 15 30 45 60 7~ 

190 x 104 220 x 104 350 x 104 280 x 104 300 x 104 380 x 104 

77 II 120 . II 180 II 120 II 150 II 140 II 

24 II 47 II 28 II 28 II 46 II 33 II 

11 II 16 II 14 II 92,000 11 II 11 II 

63,000 71,000 60,000 41,000 37,000 59,000 

22,000 29,000 17,000 18,000 10,000 20,000 

6~600 8.200 4 500 4 100 3.800 4 100 
14,000 21 ,000 . 16,OQO 14,000 13,000 16,000 
6,600 5,100 2,500 3,600 3,500 . 4 ~OOO 
1 ,400 1,700 1 ,400 1 ,400 2,300. 1 ,700 

360 640 400 300 260 450 
100 180 110 82 73 120 

54 90 56 41 36 61 
9 12 9 4.5 4.5 7.5 
0 0 0 0 0 ° 

o No counts registered during count period. 
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TABLE B-4 (Conti d.) PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: ROCKY POINT Date: 11/29/72 

I P ,. 1 artlC e WATER SAMPLE DEPTH (Feet) 
Di ameter I 
(mi crons ) I a 15 30 45 60 75 

1100 x 105 210 x 105 340 x 105 79 x 105 95 x 105 160' x 105 0.5 

I 0.6 23 II 41 II 63 II 46 II ... 39 II 45 II 

0.7 14 II 22 II 36 II 26 II, 26, II 31 II 

0.8 77 II 12 II 18 II 12 II 15 II, 14 II 

1.0 15 II 42 x 104 
39 x 104 23 x 104 ~O x l(}4 45 x 104 

! 

I 

I 
f-.>. 
<.n 
o 
I 



Coulter Particle 
Aperture Diameter 
(m; crons) (microns) 

0.7 
0.8 

30 1.0 
1.25 
1.5 
2.0 
3.0 

2 

3 
4 

100 6 
8 

10 

15 
20 

TABLE B-5 PARTICLE SIZE SPECTRA, dN/ds (number/m1/micron) 

STATION: White s Poi nt 

WATER SAMPLE DEPTH (Feet) 

10' 302 

270 x 104 140 x 104 

180 II 62 II 

94 II 20 •• 

25 II 58,000 
82,000 25,000 
27,000 9,300 
5.300 1 .800 

27,000 9,000 
6,300 2,200 
2,800 ' 930 

990 270 
340 56 
140 36 
7.5 4.5 
3.3 ° 

o No counts registered during count period 
Sample taken in surfacing sewage plume 

DATE: 11/29/72 

I 
I--" 
U1 
I--" 
I 

2 Sample taken in apparently clear water adjacent to surfacing sewage plume 



TABLE B-6 PARTJ CLE SIZE SPECTRA, dN/ds (number/m1 /m; cron) 

STATION: Corona Del Mar DATE: 12/2/72 

-
Cou·' ter Particle 

~JATER SAMPLE DEPTH (Feet) Aperture Diameter 
(microns) (microns) 0 10 25 40 55 

0.7 110 x 104 74 x 104 94 x 104 89 x 104 92 x 104 

0.8 69 x II 47 II 52 II 62 II 54 II 

1.0 33 II 24 II 23 )J 35 II 25 II 30 
1.25 11 II 58,000 77 ,000. 58,000 60,000 
1.5 46,000 31 ,000 34,000 24,000 27,000 
2.0 13,000 10,000 9,100 8,000 8,100 
3.0 4,900 1 ,700 2.200 1.300 2.000 

2 12,500 16,000 18,000 11 ,000 11,000 
3 2,900 2,900 4,200 2,000 

! 

3,000 
4 1 ,000 . 1,600 1,700 1 ,100 1 ,500 

100 6 260 430 480 280 , 400 
8 56 100 120 62 88 

10 29 59 63 32· 43 
15 7.5 4.5 7.5 4.5 7.5 
20 ° 0 1.1 0 0 

o No counts registered during count period 

I 
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TABLE B-6 ~Cont'd) PARTICLE SIZE SPECTRA, d'NIds (number/m1/mi eran) 
STATION: Corona Del Mar:- Date: 12/2/72 

j'--'--------J---'------! CO'1 1 ;.., 'n " ~ "t i c 1. ~ , I '..,~ ( j...:. I • 

f j\P2rture Di G!,l(~t 

I ('I"; "f'or)s) ("'-1' r'v' : II I I.,.. 1 t I I "-' ~ "V 

«--... ' .. ----~ t ----... -.-

I I 0.5 
) 0.6 
I 

I 11 0.7 
I ' 
\ i:J. 8 

L_--L_~'O 

._.,,- ------ -
le WATER SAMPLE DEPTH (Feet) 
er 

o I 10 , 25 I ~1 40 _'1.5. 

79 x 10
5 '~~:-;-;;SI81 x 105 

i 

89 x 105 . 96 x .105 I 

15 II 16 II 11 II 13 II 12 II 

98 x 10
4 

70 x 104 68 x 104 
75 x 104 

76'x io4 
I I i 

I r 9 II 47 II 52 II \62 II 54 II' 

23 II 17 II 17 II ~2 II 15 II 

, 

i 

---- ---

I 
f-> 
(J1 

W 
I 



TABLE B-7 PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: CATALINA DATE: 1/19/73 

Coulter Particle WATER SAMPLE DEPTH (Feet) Aperture Diameter 
(microns) (microns) 55\ 

I 0.7 666 x 104 
330 II 

0.8 
1.0 180 II 

30 
1.25 40 II 

1.5 60,000 

2.0 18,000 

3.0 2,200 
2 7,600 
3 1 ,200 
4 310 

laO 6 37 
8 14 

10 5.6 
15 . a 
20 a 

a No counts registered during count period 

Sample taken 100 yards off White1s Landing. High counts for diameters less than 2 microns 
probably due to bacteria growth during sample storage (-8 hours). 

\ 
...... 
(J1 
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TABLE B-8 PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: Mid-Channel DATE: 1-20-74 

Coulter Particle 
Aperture Diameter WATER SAMPLE DEPTH (Feet) 

(microns) (microns) 30 

0.7 440 x 104 

0.8 230 x 104 

30 1.0 145 II 

1.25 38 II 

1.5 52,000 

2.0 19,000 

3.0 3,700 
2 5,600 
3 1,500 
4 1 ,000 

100 6 47 
8 14 

l 
10 5.6 
15 0 

20 0 
o No counts 

Sample taken midway between Catalina Island and Los Angeles Harbor. 

High counts for diameters less than 2 microns probably due to bacteria growth during 
sample storage (-6 hours1 

1 
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TABLE B-9 PARTICLE: SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: MORRO BAy6 DATE: 2-14-74 

Coulter Particle WATER SAMPLE DEPTH (Feet) Aperture Diameter 
01 

(microns) (mi crans) 02 2.03 204 05 

0.7 280 x 104 270 x 104 160- x 10.4 308 x 104 250 x 104 
- -

0.8 160 II 150 II 70 II 34 II 130 II 

30 1.0 100 II 98 II 42 /I 22 /I 71 /I 

1.25 58 II 55 II 25 IJ 12 I.J 39- IJ 

1.5 26 II 29 II 14 II 58,000" 16 II 

2.0 96,000 10 II 42,000 17,000 52,000 
3.0 21,000 19.000 7.3nn LL.nnn Q linn -

2 33,00.. 38,000 15~QQO' 6,500 25,000 3 9,000 9,900 3,400 1,000 4,800 
4 3,100 3,4.00 1,000 340 1 ,500 
6 710 520 240 120 290 100 

210 110 50 21 71 8 

10 100 59 17 22- 5" 
15 7.5 3.8 0 0 0 
20 0 a 0 n . () 

° No counts regtstered during count period 3 100 yds. offshore from disch.arge canal 
1 intake to power plant 4 1 mile offshore 
2 power plant discharge cnnal . 5 channel entrance to Morro Bay 
6 data taken after storm duriog.heavy land runoff. 

I 
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U1 
(J) 

I 



TABLE 8-10 PARTICLE SIZE,SPECTRA, dN/ds (number/ml/micron) 

STATION: Whites Point (200 1 depth) DATE: 2/27/73 

Coulter Particle WATER SAMPLE DEPTH (Feet) Aperture Diameter 

(microns) (microns) 0 30 70 

0.7 800 x 104 720 x 104 1300 x 104 

0.8 250 II 270 II 530 II 

30 1.0 72 II 94 II 160 II 

1.25 23 II 29 II 58 II 

1.5 73,000 81,000 17 II 

2.0 33,000 33,000 62,000 

3.0 9,200 11 ,000 9,100 
, 2 29,000 30,000 52,000\, 

3 6,900 7,100 9,100 
4 2,800 2,600 3,~000 

100 6 780 560 700 
8 260 180 210 

10 120 130 120 
15 14 13 11 

20 0 2.4 0 

o No counts registered during count period. 

. 
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TABLE B-ll PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: Humboldt Bay DATE: 3/18/73 

Coulter Particle 
WATER SAMPLE DEPTH {Feetl Aperture Di ameter 

(microns) (m; crons) 50 01 02 

0.7 120 x 104 350 x 104 38'0 x 104 

0.8 72 JJ 210 JJ 130 II 

30 1.0 42 II 140 II 68 ,II 

1.25 22 II 82 II 34 II 

1.5 97,000 37 JJ 21 II 

2.0 31,000 15 II 77,000 

3.0 7.200 40.000 15 000 
2 28,000 120,000 120 ,OOO~ 
3 4,700 32,000 28,000 
4 2,200 13,000 10,000 

100 6 440 3,300 2,500 
8 105 750 640 

10 28 320 340 
15 . 0 7.6 13 
20 ° ° 0 

o No counts registered during count period 
1 Sample taken at entrance channel to Humbo1t Bay 
2 Sample taken at power plant cooling water discharge site 

I 
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~ 
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TABLE B-12 PARTICLE SIZE SPECTRA, dN/ds (number/m1/m;cron) 

STATION: WHITES POINT (200' depth) DATE: 3/29/73 

Caul ter Particle WATER SAMPLE DEPTH (Feet) Aperture Diameter 
(microns) (m; crans) 0 RO 

0.7 630 x 104 270 x 104 

0.8 340 1/ 260 II 

30 1.0 125 1/ 180 II 

1.25 35 II 45 II 

1.5 92,000 78,000 

2.0 25,000 22,000 

3.0 6,400 5.900 
2 27,000 23,000 
3 4,800 . 4,000 
4 1,800 1,500 

100 6 440 350 
8 130 94 

10 73 67 
15 5~7 3.8 
20 ......., 0 a 

° No counts registered during count period 

I 
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Coulter Particle 
Aperture Diameter 
(micro:ls) (microns) 

0.7 
0.8 

30 1.0 
1.25 

1.5 
2.0 
3.0 

2 
3 
4 

100 6 
8 

10 

15 
20 

TABLE B-13 PARTICLE SIZE SPECTRA, dN/ds (number/m1/micron) 
, , 

STATION: WHITE S POINT (150' depth) DATE: 4/12/74 

WATER SAMPLE DEPTH (Feet) 

5 50 
1500 x lOq 2300 x 10

q 

470 II 740 II 

72 II 120 1/ 

23 II 21 1/ 

11 II 62,000 
28,000 26,000 
7,900 6,800 

40,000 58,000 
4,300 ' 4,400 
2,100 2,400 

480 840 
170 300 
100 180 

25 25 
6.1 9.1 

I 
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TABLE B-14 PARTICLE SIZE SPECTRA, dN/ds (number/m1/micron) 

STATION: WHITES POINT (200 1 depth) DATE: 

Cou1 ter Particle WATER SAMPLE DEPTH {Feetl Aperture Diameter 
(microns) (microns) 

~ ?!=i 1:\('1 ..ID 1'1:\ 1-' w 

0.7 1000 x 104 2100 x 104 3400 x 104 1100x 104 ~ 500 x 104 

0.8 350 II 710 II 263 II 470 II 680 II 

30 loG 87 II 85 II 69 II 180 II 230 II 

1.25 21 II 17 II 15 II 54 -¥ 66 II 

1.5 88,000 64,000 47,000 17 . II 23 II 

2.0 28,000 31,000 14,000 71,000 52,000 
3.0 13,000 5,800 3,200 22,000 21,000 

2 23,000 25,000 25,000 I 69,000 93,000 
3 4,600 4,400 3,600 14,000 21,000 

I 

4 1,800 2,2,00 2,700 6,300 8,300, 

100 6 530 760 1,300 2,200 2,300 

8 210 240 280 490 610 

10 150 160. ; 170 240 270' 

15 ' 41 25 15 21 25 

20 18 9 .. 1 .2.8 3 3 
o - ,~o~countsregistered durinq count period 

4/12/73 

70 

652 x 104 

290 II 

110 II 

33 II 

13 II 

54,000 
11 ,000 

57,000 
14,000 
4,700 
980 
300 

150 

8 

° 

, 
I ... 

I ,.... 
OJ ,.... 
I 



Coulter Particle 
. Aperture Di ameter 

(microns) (microns) 

0.7 
0.8 

30 1.0 

1.25 
1.5 
2.0 
3.0 , 

2 
3 
4 

100 6 

8 
10 
15 
20 

l....L ______ . ___ 

TABLE B-15 PARTICLE SIZE SPECTRA, dN/ds (number/m1/micron) 

STATION: Mid Channel (4 miles off DATE: 
.. -

WATER SAMPLE DEPTH (Feet) 

5 25 50 75 100 

890 x 104 2100 x 104 320 x 104 420 x'104 230 x 104 

250 " 270 " 89 " 92 " 80 " 
54 II 53 II 27 , " 31 " . 27 II 

14 II 17 II 76,000 98,000 98,000 
54,000 66,000 41,000 38,000 41',000 
22,000 30,000 17,000 14,000 17,000 
5,4000 6,000 3,200 3..2.200 3.200 

27,000 25,000 22,00P 14,000 15,000 
4,900 5,600 5,700 4,100 

\ 

4,000 
2,300 3,300 3,100 3,500 3,200 

870 1 ,300 1,200 680 ' 540 
330 330 250 210 120 
130 200 160 

. 
100 81 

54 33 19 5~7 5.7 
15 15 5.6 1.5 1.4 

4/12/73 

125 

300 x 104 

94 " 
34 II 

11 II 

44,000 
24,000 

4.700 
19,000 
5,100 

2,900 
730 
140 

73 
82 

° 

I ... 
I 
I 

...... 
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N 
I 



Couiter Particle 
Aperture Di ameter 

(microns) (microns) 

0.7 
0.8 

30 1.0 

1.25 

1.5 
2.0 

3.0 
2 

3 

4 

100 6 

8 

10 

15 

20 

TABLE 8-16 PARTICLE SIZE SPECTRA, dN/ds (number/ml/micron) 

STATION: Dana Point. (4 mil es offshor~TE:: . 5/15173 

WATER SAMPLE DEPTH (FeetJ 

5 ?I=; 50 75 100 14n 

306 x 104 170x 104 146. x 104 92 x 104 49 x 104 58 x 104 

140 II 125 II 86 II 28 II 18 II 21 II 

45 II 100 II 110 II 26 II 12 II 10 II 

96,000 16 II 26 11 II 64,000 53,000 
26,000 80,000 55,000 31,000 31,000 22,000 
10,000 21 ,000 13,000 7,900 9,000 8,000 

? lnn 1 Q(1() .1 l11f1 ?l1ll1 1 900 2..200._ 
l2,600 30,000 19:000 10:000 15,000 6.300 I 

3,000 6,400 3,900 2,200 3,300 1,500 
1,600 . 2,~00 1 ,500 1,000 1,200 450 

380 560 360 260 ,290 130 
100 140 170 95 60 30 

92 88 150 108· . 39' 18 
20 9 10 4.3 4.1 0 
4.8 2.2 ° ° 0 0 ° No counts reaistered durina count period 

~ 
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NOTATION 

albedo, ratio of scattering coefficient 
to' beam attenuation coefficient 

absorption coefficient (m- l ) 

particle absorption coefficient 

scattering coefficient (m-
l

) 

scattering by all the particles of 
diameter s. 

l 

particle scattering coefficient 

volume scattering function 

b . f·' Cm- l ) earn attenuatlon coef lClent 

particle extinction coefficient 

carbon isotope ratio 

zenith angle 

Rs 
1000 (- -1) 

R 
o 

downwelling irradiance at depth z 

downwelling irradiance just beneath 
the water surface (watts/m 2 ) 

upwelling irradiance at depth z 

scattering angle 

square root of -1 

(m - l ) diffuse irradiance attenuance 

absorption efficiency 



K ext 

K 
sca 

L 

LACSD 

m 

MGD 

N 

n 

nl 

N. 
1 

pes) 

ppm 

R 
o 

R 
s 

s 

T 

= 

= 

= 

= 

= 

= 

= 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 
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NOTATION (continued) 

extinction efficiency 

scattering efficiency 

radiance (watts/m2~steradian) 

path radiance 

Los Angeles County Sanitation District 

wavelength of scattered light (nm.) 

complex refractive index 

million gallons per day 

number of particles per milliliter 

particle refractive index (relative 
to water) 

imaginary part of m 

number of particles per unit 
volume with diameter s. 

1 

angular albedo function 

parts per million 

13 12 
C /C of a reference sample 
prepared from a Cretaceous belemnite, 
Belemnitella americana, found in the 
Peedee formation of South Carolina 
(hence the subscript, "PDB") 

particle diameter (microns) 

azimuth angle 

beam transmissibility (percent/meter) 



v 

z 

z 
c 

= 

= 

= 

= 
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NOTATION (continued) 

ocean optical depth 

volume concentration of particles (ppm) 

depth in the water (meters) 

compensation point depth (meters) 
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