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GLOSSARY OF SYMBOLS

wavelength dependant absorption coefficient [m']]

wavelength depepdant collimated extinction
coefficient [m ']

wavelength dependant scattering coefficient[m']]

fraction of b(A) scattered in the back direction

[i.e. 90° to 180°]

fraction of down (or up) welling irradiance

scattered into the back direction by the entire
atmospheric column beneath (or above) the detector

fractian of down (or up) welling radiance

scattered into the back direction by the entire -
atmospheric column beneath (or above) the detector

wavelength dependant parameter Bs(k)/Bé(Tu)

[m

wagfiength dependant diffuse extinction coefficient

upwelling radiant flux per unitzprojected area

of a horizontal surface [Watt/m"]

colour index

constant of proportiona]ity in analytic expression

for volume reflectance
average particle scattering efficiency

upwelling radiant flux per unit solid angle
unit projecteq area of a horizontal surface

wéve]ength:'
index of refraction

ratio of observed downward irradiance to the
irradiance at the top of the atmosphere

i

watt/msr ]

...'T“;‘..
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R (A)

)

R.(A)
Ry(2)
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apparent irradiance ratio at sensor altitude z
and defined as the ratio of up to down-welling
irradiance Eu(A)/Ed(A)

apparent radiance ratio at sensor altitude z
and defined as the ratio of upwelling radiance
to downwe111ng irradiance L (A)/E (r) [sr ']

volume ref]ectance or irradiance ratio
just beneath the water surface

radiance ratio just beneath the water surface
R (A)_= R (A) :

mean particle radius

surface irradiance reflectivity [air/water]
surface .irradiance reflectivity [water/air]
surface radiance ref]ectfvity [air/water]
solar altitude

two way atmospheric attenuation

altitude or depth
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1.0 INTRODUCTION

1.1 Remote Sensing Methods in Water Quality Studies (Perspective)

A remote sensing method applied to water quality studies includes any
technique wheréby information re]ating to the 'inherenf' volume

or surface properties of a particular water regime is obtained or
deduced from electromagnetic energy which has interacted with the
water regime and propagated to a femote detector which will be

located on some platform situated above the water surface. For practical

considerations, there are two kinds of platforms, satellite and airborne.

Remote sensing instrumentation itself may be either active or passive.

In an active system, the e]ectromagnetic energy is supplied by some
source located on the remote platform (i.e. radar) while passive

systems rely upon natural radiation sources (i.e. sunlight)

The nature of the information extracted from the remote detector may

be qualitative, semi-quantitative or quantitative depending upon

user requirements, instrumental sophistication and interpretive
effort. As an example, infrared imagery is capable of conveying
information about water temperature. One user interested in
pinpointing thermal sources may be satisfied with such qua]itative
descriptors as 'warmer than' or ‘colder than' in the interpretation
of sucﬁ imagery. A second interpreter or user, may have

an interest in measuring the net thermal input into a
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known body of water from a thermal source (i.e. a power plant) and thu§
may be satisfied if the information "2%¢ warmer than the surrounding
water" is available. This semi-quantitative measure mightin

such cases be all that will be required, especia]]y if the temperature

of the surrounding waters is known either by inference or

‘available from an independent source ( ground truthing craft or

data buoys). In the absolute gquantitative interpretation of

“infrared imagery, (i.e. 2°C’within known Timits, say 20%), a good

deq] more interpretive effort must be applied. Not only must

there be more interpretive effort, there may also be a need for
additional out complementary measurements on such phenomena as surface
effects.and atmospheric contributions to the Signa]. Thus, a

quantitative measurement may indeed be possible, often using

existing measurement techniques, but only after some added considerations

on the physics of the measurement as well as the measurement process itself.

The current state of the art in remote sensing capabilities as
applied to water quality studies includes the instrumental
capabi]ity to measure, with varying degrees of success (on a

quantitative scale as discussed above) the following set of parameters

(Elder, 1974).

1) Temperature
2) Conductivity
3) Colour



These three parameters can each be related to various aspects

of water qudlity. Quantitative measurements of water colour

for instance (i.e. reflectivity as a function of wavelength), can
be related to such non-conservative water quality parameters as
biomass, suspended load (or turbidity), light attenuation, and

photosynthetic photic zone depth. Conductivity or specific

conductance is a measure of the free ion concentration contained in
the water from which this measurement is obtained. This can be
shown in many instances to be directly related to fhe total dissolved
solids concentration in the water body of interest. As such,’
conductance may be regarded asa measure of a conserved water quality
parameter. Measurements of surface temperature are capable

of yielding a'wealth of interpretable

information not only on thermal structure but also on

water dynamics. These three measurables might constitute, when
adequately refined, a useful starting point for gquantitative

remote sensing applications to water quality studies.

For each of the three parameters discussed above, it is important

that we consider several aspects of the measurement process not always
considered in the past. The following three aspects of the measurement
must be considered where quantitative water quality diagnostics are

desired:
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) The source of energy -

2) The interference (and other sources of 'noise')

) The existence and validity of the analytic
relationships between the measured quantities
and the desired in situ parameters.

Most remote sensing studies have not concentrated upon accurate

knowledge of these three details. The greater the knowledge of the

interrelation of these details - the better the understanding and

potential benefits of the remotely gathered data.

1.2 Terms of Reference

The terms of reference for this contract focus upon an evaluation
of colour as a remote sensing diagnostic. The contract work statement,
including reference to relevant sections and technical appendices
reporting on the results of these investigations, is listed below:

You shall measure parameters of water colour by

remote means [J] and investigate how these parameters

are related to the physical [H],chemical [I],and

biological [E] processes in the Great Lakes. You shall

study the following specific topics and consult with

the Scientific Authority on your findings:

1. Which intrinsic optical parameters can be measured
remotely (2, A,B,C,D].

2. The physical limitations of remote measurements due
to:[3].

i) the intervening atmosphere [3.1]

ii) environmental conditions such as clear or overcast
skies [3.2, 5, 6]

iii) wind and waves [3.3, 6]

iv) limitations related to spectroscopy such as bandwidth
response and wavelength selection {3.4,F]

v) surface slicks such as oil and Algal blooms [3.5].



3. The nature of the relations in situ between the
measurement parameters and -the physical [H], chemical
[I], and biological [E] properties of the particular
water body examined,[4,6]

- 1) can optical data be used to discriminate between
organic and inorganic particulates [4.1, H]

ii) what effect has increasing biomass on the measured
parameters? (4.2, A,D,E]

ii1) which effect has increasing suspended sediment on the
measured parameters? [4.3, A,H,Jd ] '

iv) can in situ scattering measurements be used to determine
suspended load and what are the limitations of this
method [4.4, H]

1.3 Study Criteria

Before attempting to evolve a methodological approach encompassing
the broad based térms of reference listed above, the contractor

selected as a quide, the following set of study criteria:

1. The remote sensing approach must be practical.
While speculative and esoteric applications of
optical remote sensing to water quality are
intellectually fascinating, it is difficult to
relate many of these applications and related
phenomena to present water quality needs.

2. The measured and derived parameters of water colour
should be quantitative and reproducible.

3. The remote sensing methodology must as closely as
possible attempt to be all weather.

4. Active light sources (i.e. lasers) should be considered
within the framework of any model development as

'improved' source systems with numerous advantages
for quantitative water colour measurement.




5. The approach should have potential for realistic
implementation within the short (i.e. 1-2 years)
Term and shouTd be applicable to and compatable with
existing airborne (and satellite) spectroscopic
instrumentation.




2.0 REMOTE SENSING OF HYDRO-OPTICAL PHENOMENA

2.1 Volume Reflectance Spectroscopy Using Passive Techniques

In theory, a complete description of all of the optical properties
df a complex ensemble of scattering and absorbing particles would
entail a determination of a sixteen component or 4 x 4 scattering
matrix. Each of the sixteen components of such an 'S' matrix

will contain independent information on the absorbing, scattering
and polarization properties of the scattering medium. Careful
interpretation of these matrix elements will then yield valuable
information on the size, shape, concentration, orientation and
nature (i.e. composition) of the particles composing this

scattering ensemble.

In practical situations of real interest, it can be shown that
by relaxing the stringent requiremehts on knowledge of the
polarization and angular dependence of these matrix e]ements,
the scattering medium is sufficiently described by measurement
of only two quantities. These are the absorption and scattering
coefficients of the medium a (1) and b (1). These quantities
are regarded as unique or inherent physical properties of the
medium from which they are 6btained. Many presently used
techniques for assessing optical properties of the sea ignore
the effect of the absorption term a (1) and make their optical

('turbidity') determinations proportional to only a portion of the



scattering coeffiéient b (A), meésured ét some large scattering
angle (or range of angles). Such instrumentation, calibrated in
JTU's or FTU's - units of little physical significance - tan

6n1y be correlated to measurements made with 1nstruments of
identical optical design that have been calibrated against the
same S£andard 'suspensions' [Austin, R.W.]. Carefully calibrated
instrumentation desianed to measure either a (1) tabsorption
meters] or b (1) [scattering meters] or sdme direct combina-
tion of a (1) and b (1) [transmissometers] will yield useful,
quantitative information on the inherent optical propertie§ of

the sea. Even these measurements however unravel only part of

the information on these two quantities for they generally

ignore the wealth of spectral information contained in the

variation of these two quantities with wavelength.

The'object of remote sensing in the context of water quality

surveillance is to determine, quantitatively, some effective

measurement of water colour which may be reliably related to
some combination of these two inherent optical properties of

the sea.

Our research has demonstrated [appendix A,B,C,D,] that water
colour, quantified as volume reflectance, and expressed as a

generalized colour index, may be regarded as directly related




to these inherent optical properties of the sea.

Measurements of water colour, defined as volume reflectance, can
moreover be interpreted in a variety of ways to meaningfu]]y
classify, and quantify several important aspects of water
quality. Furthermore, colour indices may be reliably inter-
preted to yield meaningfu] data on photic zone depths, biomass

and suspended load.

There have been two major problems associated with attempts to
reliably and regularly measure colour index parameters from
remote airborne platforms«in the past:

(A) A failure to recognize the importance of simultaneous
determinations of the magnitude and composition of the
incident irradiance.

(B) Failure to account and correct for the competing effects

of atmospheric and surface phenomena.

Existing instrumentation may be reconfigured to account for
these problems. Some readjustment of the remote sensing
methodology will of course be required. The results of such
efforts, a quantified all weather measure of water colour
which is directly interpretable as a measure of certain

- important aspects of water quality, should be well worth the

effort.
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2.2 Volume Reflectance Spectroscopy'using Active Techniques.

A recognition of the capacity for quanfified measurements of
water colour through measufements of water colour indices

may open new application avenues for optica] systems using multi-
wavelength lasers as sources. These systems ,generally designed
for remote applications of bathymetry as well as for fluores-
cence [see Section 2.3 and Appendix F] might also be considered
for operation in a 'reflectance mode' for remote ‘all weather'
day/night determinations of volume reflectance parameters.
Active-source te;hniques might also allow simultaneous measure-
ment of surface and atmospheric effects for signal correction.
The ambiguity in the shape of the scattering phase function,

a problem with passive water colour measurements is also

removed when lasers are used as‘sources. Pulsed laser systems
might also allow a measure of reflectance parameters with depth,
through‘application of range gating technigues. The consideréb1e
advantages that such 'multi-wavelength' laser-source systems
might allow, in addition to their a]]lready‘demonstrafed
potentials for bathymetry, and Raman and fluorescence spectro-

scopy,warrant their serious attention for continued deve10pment.

2.3 Raman and Fluorescence Spectroscopy

In addition to the applications of reflectance spectroscopy,
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inherent in measurements of water colour via passive and
active techniques, active remote sensing of optical phenomena
will also allow extraction of information from application of
Raman and fluorescence phenomena. A brief review of the

physics of these phenomena is included as Appendix F.

The importance of fluorescence rests in the observation that
many substances of biological and chemical origin are seen to
exhibit strong broadband- and fairly unigue fluorescent
signatures which are spectrally independent of excitation

. wavelength.

Fluorescence also exhibits a high quantum efficiency, sometimes
of the order of 1%. It must be cautioned that f]uorescencé
mechanisms are a strong function of a number of highly

relevant quenching phenomena. [temperature, dissolved oxygen
concentration, impurity quenching] {Gu11ba1t,G.,(1967) } - these
quenching mechanisms may severely limit the application of
fluorescence phenomena in certain applications of quantitative

diagnostics, such as individual pollutant species concentrations.

Fluorescence phenomena may better yield important information
on the identitv of environmental species. A group at the University of

Toronto [Measures, et al., 1974] has demonstratea that the time decay of
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fluorescence [Fantasia, 1971] is a spectrally dependent quantity

that may have unique application in the remote indentification

of a number of important environmental pollutants.

The application of remote Bgmgn_techniqdes to several aspects

of interest to water quality using lasers as sources nas recently been

successfully demonstrated. A group at York University [Carswell, et al.,

1975] in particular, have dehonstrated that the Lidar generated
Raman siéna] from the water molecule, a sbecies whose concentra-
tion is known, may be used as a normalizing return about which
measurements of reflection, fluorescence and even returns from

other Raman active species may be referred [Measures et al.,1975].

Subsequent sections of this report deal with various aspects

relating to the remote measurement of volume reflectance using

passive multi-spectral techniques. Although this basic develop-
ment will apply to measurements obtained with passive instru-
mentation, the basic arguments are intended and expected, with

some modification, to apply to active-source systems.
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3.0  PHYSICAL LIMITATIONS OF T

This section will briefly review several of the more important
physical limitations imposed upon the remote measurement by a
variety of environmental conditions. Any consideration on

how remote sensing variables are effected by environmental
conditions is equivalent to asking how each of the several terms
contained within the transfer equation describing the remote
measurement is effected by each of these varying environmental
factors. In review, this transfer equation is written as

[See Appendix D, Equation (1)]
R, =R (1-p)(1-p )8+ o124 (3.1)
a v W s : )

where the apparent irradiance radio Ry (i.e. albedo) is
represented by contributions dominated by a volume reflectance

term R, (1-p)(1-pw)T2 » a surface term pT% and an atmospheric

term BS.

3.1 The Intervening Atmosphere

A study of the variation of the apparent irradiance ratio Ra
as afunction of wavelength and altitude has been published by
White (1971). We have calculated from White's data, the
contribution to the apparent irradiance by "path radiance" (or

the atmospheric term Bs)for the three wavelengths we have selected
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in definition of our colour indices. Theée_data are summarized
in Table (3.1) for two different altitudes, (.5 km and 7.6 km),

along with the derived two way atmospheric transmittance tern

T2, obtained from the approximation: T¢ = o9
Wavelength Backscatter Transmittance‘ Altitude
' 2

A -BS/Ra T z
(nm) - (%) (%) (km)
430 62% 93% 1.5
430 | 80% 84 7.6
530 29% 98% 1.5
530 | 58% 93% 7.6
630 224 99% 1.5
630 51 96% 7.6

Table 3.1 Contribution of 'path radiance', BS, to the apparent

irradiance ratio at 1.5 km & 7.6 km and at: 430 nm, 530 nm,

and 630 nm [adapted from White (1971)]

- As the data in Table (3.1) shows,the path radiance, B> contributes

a significant proportion of the measured a]bedo for altitudes
as low as 1.5 km and is seen to fanqe in maanitude from 22% of
the radiance ratio at630 nm (1.5 km ) to 80% of the
measured signal at 430 nm (7.6 km). The two way
atmospheric transmittance on the other hand, is seen to be

appreciably close to unity as to not significantly alter the
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often made assumption that T2 ~ 1.0. Only at short wavelengths
and high altitudes is T2 significantly less than unity [84% at 430 nm

and 7.6 km].

3.2  Effects of Clear and Uvercast Skies Upon the'Apparent

Irradiance.

The effect of the variation of the distribution of the incident
irradiance. uponthe apparent irradiance due to overcast skies

is threefold. First, under overcast skies, the incoming irradiance
is changed from being predominantly direct to almost comoletely
diffuse. There are certain advantages and disadvantages in these
situations. The major disadvantage is that although diffuse,

the incoming radiation is far from being constant. Consequently,
it is mandatory, under overcast skies, to continually monitor the

magnitude of the incoming radiation (See Appendix C).

The second major effect upon the apparent irradiance brought
about under overcast skies is that the contributions to the apparent

irradiance from the surface term p, in the Equation (3.1)

will be maximum. In addition, it is not possible to minimize

the magnitude of the relative contribution of this reflection
term to the apparent irradiance by minimizing the instrumental
field of view [See Section 5 for a complete description of this

technique].
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The third major consideration brought about under overcast skies
may be an advantage in that under diffuse illumination conditioné,

the ana]ytic.expkession for the volume reflectance becomes

nearly identical to the expression derived for

a Zenith sun [See Appendix A & D]. As a consequence, this .

removal of the dependence of solar altitude from the volume
reflectance under diffuse conditions allows this function to be
more reliably interpreted as directly proportional to the
scattering coefficient b(x). As a conseouencé, inferences on the

concentrations of suspended load obtained from volume reflectance

measurements may be more reliably made under conditions of diffuse

illumination (see Section(4.3)).

It is interesting to compute in a manner similar to that done for
the term BS in the previous section, the relative contribution
of the surface term p to the apparent irradiance ratio Ra under

conditions of direct and diffuse illumination. These calculations,

done for three solar elevations, [i.e. 320, 60° and 900],
are summarized in Table (3.2). For purnoses of ca]cu]atioh, the
inherent volume reflectance values are taken as 2% at 430nm ;

3% at 530nm and 1% at 630nm). The actual magnitudes of the
‘emergent' radiance ratios[defined as the first term in Eauation

(5.2), Section 5] used for these calculations will be:0.0034
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at 430 nm; 0.005 at 530 nm; and 0.00]7 at 630 nm. For simplicity,

these calculations are assumed to apply at low altifudes (i.e.

B; = 0 and (T2)' = 1.0). The magnitude of the surface term

p' is obtained from Equation (5.4)[p.37] while the values

for the components (6,R) or net surface reflectance are

found in Payne's tables [Appendix G]. The value for the parameter
R used in this calculation corresponds to a value for c]eaf

skies [i.e. 0.8]

Wavelength Surface Reflection Solar Altitude

Direct Diffuse

- A(nm) g g o g ]
430 86% 63% 87% 87% 32°
430 76% 57% 87% 87% sog
430 72% 50% 87% 87% 90
530 80% 50% 80% 80% 323
530 68% 44% 80% 80% 607
530 64% 384 80% 80% 90
630 92% 71% 80% 80% 323
630 86% 67% 80% 80% 60

630 84% 60% 80% 80% 90°

Table 3.2 Contkibutions of surface reflections to apparent

irradiance and radiance ratios (p,p') for three solar

elevations for both Hirect sun (real atmosphere) and diffuse

illumination at 430 nm, 530 nm, and 630 nm
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3.3 The Effects of Wind and Waves

Thé effects of wind and waves upon the remote sensing variables
may be restated as the 'net effect' of wind-speed induced surface
rduohenina uoon the 'time averaaed' air/water [i.e.p] and
water/air [i.e. pw] reflectance tefms in‘Equation(3ﬁ1). The
phenomena itself is due to variations in the'average' or 'mean’
angle of incidence of the incident radiation. For high solar
alevations (i.e. > 300), the mean or time averaged angle of
incidence is increased while for low (< 30°) e]evatiohsbthis

variation . ‘will " reduce the mean angle of incidence.

The net effect of these phenomena is to slightly increase the
time averaged reflection for high sun ang]eé. In contrast, the
reflectance for low sun angles is drastically reduced by wave

action.

In a recent study, Austin [Jerlov, N.G. (1974)] has determined
the magnitude of thé time averaged variation upon the two terms
p and o, in Equation (3.1) for wind speeds from zero to 16m/s
[35 Knots]. At a 30° solar elevation , o is found to be 15%
larger for wind speeds of 16 m/s than for zero wind speed

[i.e. p(6 = 30°) = 0.0709 at 16m/s and 0.0610 at O m/s]. At
larger elevations, this effect is reduced [i.e. o(6 = 60

0.039 for 16m/s and 0.0222 for 0 m/s].
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At Tow sun angles, p is very much reduced. For 6 = 100,
the reflectance is reduced by 42% at wind speeds of 16 m/s

[i.e. p (6 = 10°) = 0.2046 at 16 m/s and 0.3502 at O m/s].

The quantity Py O ‘time averaged' water/air reflectance term
in Equation (3.1) is nearly independent of sun angle and is
seen to decrease in magnitude with increasing wind speed by

as much as 4.5% [i.e. Py = 0.462 at 16 m/s and 0.485 at 0 m/s).

The sample calculation summarized in Table (3.3) illustrates

the 'net' effeét of variations in wind speed upon the aoparent
irradiance ratio parameter Ra brought about by changes in "

p and Pu In each case, the quantity Ra is calculated from-
Equation (3.1) with T2 taken as unity; BS/Ra as 0.29 [i.e. 240 m
altitude in Table (3.1)]; and a value of 0.03 for the volume

reflectance Rv'

Wind speed (m/s) Solar
Elevation
n 4 10 16, ]
0.097 0.102 0.108 0.110 30°
0.048 0.049 0.050 0.051 - 60°
0.047 0.047 0.047 0.048 90°

Table (3.3) Effect of wind speed upon the apparent irradiance

ratio Ra as a function of solar altitude o.
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When a flat surface is roughened by wind, the imége of the

sun formed by specular reflection 'explodes' into g]ittering |
points. This phenomena, called 'glitter', is more.noticeab]e
for solar elevations of 30° - 35° [Jerlov, (1968)]. For
practical interesf to remote sensing, g]ittér can be avoided

in the radiance measurements by judicious chofce of instrumental

field of view.

For certain applications however, glitter patterns may be
utilized as an indication of sea slope and a possible key
to certain dynamical features - a careful 1nterprétation of

this. phenomena could yield valuable information on a number of

Jake dynamics related phenomena [Bukata,R.P., McColl,W.D., 1973].

3.4 Bandwidth Selection and Wavelength Response.

A selection of the suitable bandwidth for application to remote
sensing is an important consideration in the measurement of

volume reflectance parameters.

If spectral bandwidth is too large, certain desirable absorption

features in the reflectance phenomena may be smoothed and obscured.
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Too narrow a selectionof bandwidth on the other hand will result

in unnecessary reduction in signal.

Grew [1973], in a study on the reflectance properties of
phytdp]ankton on inland lakes, determined, from a laboratory
study,that 5 nm was an optimum choice for sufficient resolution

of reflectance phenomena. The laboratorv absorption spectra
obtained bv Grew for successive degradations of spectral bandwidths
is illustrated in Figure (3.1). The smoothing of certain

salient spectral features in-these absorption spectra for |
bandwidth selections in excess of 10 nm isbespecially evident

in this demonstration.

The selection of optimum wavelengths will be dependent-upon the
nature of information desired. Fof reflectance phenomena
which are controlled by the absorption properties of the
substances contained in the water - usually phytoplankton,
knowledge of the absorption properties of the dominant
phvtoolankton soecies in the particular water reaime would be

useful in selection of ootimum wavelenoths.

The absorption spectra of four different phytoplankton species

[Grew, 1973] shown in Figure (3.2) illustrate the above discussion.
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Figure (3.1) Laboratory absorption spectra of 1socHRrRysIS GALBANA obtained
from successive degradations in spectral resolution [from

Grew, 19731.
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Figure (3.2) Laboratory absorption spectra for four selected species

of phytoplankton [from Grew, 1973].
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Our selection of wavelengths at - 430 nm, 530 nm and 630 nm
is affected by such absorbtion curves. For most plankton |
species, there is an absorption maximum near 430 nm with a
broad minimum befween 500 nm and 650 nm. The absorption

properties of water however increase quickly for wavelengths

- greater than about 600 nm. The choice of 630 nm as a useful

"normalizing' point in the definition of colour indices
[i.e. the index Ky = R (630 nm)/Rv(430nm)] is based on this
observation as such a choice successfully avoids the sharp
absorption maximum exhibited by most plankton species around
675 nm [Fig. 3.2]. The above discussion on bandwidth selection
and wavelength response . apply exclusively to remote sensing

applications to reflectance spectroscopy.

For most applications of fluorescence spectroscopy optimum
bandwidth selection will be the same as above (i.e. 5 nm)
as fluorescence spectra 'mirror' absorption spectra |

[See Appendix I]. For potential app]ications to Raman

‘spectroscopy, bandwidth and spectral selection requirements

will be a strong functionof the fine structure of individual

Raman lines [See Figure F.1].
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3.5 Surface Slicks (oil and algae)

The controlling factor governing the effect upon water colour
measurements from substances, such as oil and algae, floating
on the surface will arise from the incremental energy added to

or subtracted from the apparent irradiance by the

reflection contribution of the floating substances. The
enhanced surface_contribution to the apparent irradiance ratio
will be partially compensated by a reduction in the apparent

irradiance of the volume reflectance component [see Equation 3.1].

The magnitude of the surface contribution to the apparent
irradiance reflectivity for oils will be determined by the Fresnel
reflectance formula (for unpolarized radiation and normal incidence):
(n-1)2

(3.2)
(n+1)?

o (0il) =

Where n in Equation(3.2)is the index of refraction of the
floating substance. For most oil types, n will usually range,
depending upon o0il API,over a range of values from 1.4 to 1.6

[as opposed to a value of 1.34 for water].

The resultant values for p will then range (for normal incidence)

over values from 2.78% (for n = 1.4) to 5.33% (for n = 1.0).
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It is useful to recognize that these enhanced reflectidnvv
contributions, computed for normal incidence only, are
32% (for n = 1.4) to 153% (n = 1.6) greater than the
contribution that would be obtained from the water surface

~alone.

Summarized in fab]e(3.4)is a sample calculation of the

resultant effect upon the apparent reflectivity Ra which would

arise from oils of varying n as well as for a floating algae
~patch (p = 10%). The calculation assumptiOns are»simi]ar to

those obtained for the data in Table(3.3)for a solar altitude of

90° and zero wind_speed.

AR Surface
A —a Phenomena
0.047 : - Water
| ~(n=1.34)
0.038. - 19% 0il #]
v | : (n=1.4)
0.051 -+ 8.5% 0i1 #2
(n=1.5)
0.064 + 36% 0i1 #3
(n=1.6)
0.111 + 136% Algae patch
(p = 10%)

Table (3.4) Apparent irradiance reflectivity Ra and incremental

change in Ra from oils of varying n.
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The values for Ra listed in Table (3.4) were obtained from
the assumption that the first term contribution to Ra in

Equation (3.1) is zero when the oil or algae patch is present.

An interesting observation obtained on perusal of the data in
Table (3.4) is that oils of low n may actually bring about an
anomalous (negative) signal change,  while oils of large n’
should be 'seen' in the apparent reflectivity as significant

signal enhancements.

For detection, mapping, identification, surveillance and
thickness determinations of oil spills, a multi-sensor approach
shouid eventually yield an effective solution. Existing airborne
surveillance systems [Edgerton, (1975)] have demonstrated that
0il detection and mapping is feasible at ranges up to 12 nmi
using SLAR; while IR methods afford the 'best' demonstrated

capacity for oil thickness mapping.

For eventual remote identification of specific 0il types,
a combination of IR, reflection, fluorescence and even

laser-Raman techniques might be successful.
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4.0 IMMERSION SENSING OF HYDRO-OPTICAL PHENOMENA.

Immersion sensing of hydro-opti;al properties by absofption aﬁd/or
ref]ection spectroscopy may bé considered from two pdints.of |
view. First, for purposes of 'ground truthing', the most

suitable 'operational' parameter must be the volume réf]ectancé |

function Rv (X) spectrally determined from shipboard immersion

G 0 . =

spectroscopic instrumentation similar to the airborne systems.
However, an a]ternativé aspect of immersion sensing would view

the in situ measurement of volume reflectance (or similar parameter)
as an "inferior' approach to more gquantitative measurements of

the absorption and scattering properties of water by direct

techniques. -

As a result of an awareness of this 'dual' aspect in any approach -

- O e a e

to immersion sensing, the operational gnd research measurements

' of hydro-optical properties within the Remote Sensing section
at CCIW are divided into two classes. The first class of

. measurements consists of the 1'mmérs1'on sensing of the following

parameters (with typical sensors used given in parenthesis):

(1) Transmittance (transmissometer).
(2) Scatterance (KG11enberg scattering meter)

(3) Diffuse attenuance (spectrumeter).
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The results of a series of measurements of these parameters on
the Great Lakes as well as their application in the study of a number
of limnological properties is published elsewhere [Thomson et al,

1974].

For purposes both of 'ground truthing' and optical classification
of lakes, a second class of measurements is also now regularly

obtained:

(1) Volume Reflectance (spectrometer)

(2) Colour index (Colour Index meter; {Thomson,et al})

These two classes of measurements are not mutually exclusive.

Data on scatterance, absorptance and attenuance, obtained by the
first class of measurements has been and continues to be crucial
in establishing the functional validity of the deductions obtained
from the immersion measurements of volume reflectance and

colour indices.

4.1. The Use of Optical Data to Discriminate Between Organic

and Inorganic Particulates.

For purposes of this discussion, the reader is referred to

technical data included as Appendices F, H, and I.

The results of an extensive series of optical profiling

measurements of transmittance and scatterance on Lake Huron appear
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“to indicate that an often observed decrease in the magnitude of

the attenuation coefficient oo ( = a + b) in the region just beneath

the thermocline [Figure (H.Z)] may be attributed to an increase in
the relative concentration of detrital material in this region.
fhis phenomena, more quantitatively expressed in the observéd'
behaviouf of the 'indicatrix' o/b, also may have a simple physical
interpretation. Phytoplankton,in becoming detritus through
expiration, loses much of its fat soluble content§ this loss is
reflected as a relative increase in detrital density. The |
detrital material on becoming negatively buoyant can.penetrate
through the thermocline and into the hypolimnion. As a result,
the relative concentration of detrital material inrthe water column

should be maximum just below the thermocline.

Above and below the thermocline, the parameter o/b appears, from

a study of a number of these profiles, to regd]ar]y approach two
1imiting values. These values (1.4 within the epilimnion and

1.3 within the hypolimnion) may be characteristic of the
predominately biogenic (organic) and minerogenic (inorganic)
particle types expected to exist within these regimes. These
observed characteristic values of the parameter a/b are summarized

in Table (4.1).
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Particulate Depth o/b Limnological
Waterial ) T regime
Organic 0-20 1.4 Epilimnion
Detrital 20-40 1.2 Thermocline
Minerogenic 40-70_ 1.3 Hypolimnion

Table (4.1) Characteristic values for indicatrix a/b within

three 1imnological regimes.

4.2. Effect of Biomass Upon Measured Optical Parameters.

Summarized in Table IV [Appendix D] are the results of a series of
applications of linear regression analyses relating colour index
measurements to concentrations of chlorophyll a as obtained from
the 1974 Lake Huron/Georgian Bay Survey cruise data. These data
would appear to indicate that meaningful correlations between
colour index variables and biomass can he obtained from a

careful interpretation of volume refiectance parameters.

For a variefy of theoretical and practical reasons, some

variation of the 'corrected' blue/red colour index [i.e. K3-K2]
should eventually provide a basis for universal application to the
remote estimation of biomass. This index is defined in such a

way as to remove the contributions from suspended inorganic sediment
from the analytic expressions relating chlorophyll and volume

reflectance. Such a corrective approach might eventually minimize or

even eliminate the absolute need for 'ground truthing' of reflectance data.
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The fundamental validity of the approach relating these
meésurements of colour to biomass concentrations, by ménipu]ations
of the analytic expressions for volume reflectance,appear to‘be
confirmed by the theoretical calculations which have been

summarized as Appendix E.

4.3 Effect of Suspended Load Upon Measured Parameters.

Experimental confirmation of a linear relationship between
suspended load and reflected 1ight has recently been demonstrated
[Ritchié et al,1974]. These studies also confirm that the optimum
wavelength regime for observation of this nhenomena lies between
600 nm and 800 nm. The basis for this latter observatfbn may be
attributed theoretically to the small contribution in the reflected

signal from absorption mechanisms within this wavelength range.

An attempt to quantitatively relate volume reflectance measurements
to suspended load may be obtained by combining the semi-empirical
expression for the mass concentration pérameter, <conc>, [Appendix
H, Equation (H.4)] with the analytic expression for the volume

reflectance parameter RV () [Appendix D, Equation 7] to obtain

(» = 630 nm)
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4.6 a, (630 nm)
<conc> = Rv (630 nm) (4.1)

B

where we have replaced in Equation (4.1) the term (aW + Bb) with

t]

_aw(630 nm); while the parameter k (Equation D.7) is replaced by the
parameter B (Equation D.8)-this is expected to be a valid approximation

in the QSS model (Appendix D) for zenith sun or for diffuse illumination.

Utilizing a typical value of 1% for B along with the known value
for a (630 nm) {i.e. = 0.23}, Equation (4.1) may be approximated

as

<conc> =~ 106 Rv (630 nm) (4.2)

It is useful to compute from Equation (4.2) values for <conc>,
from the experimentally determined colour index data on Rv(630 nm)
listed in Tables II and III [Appendix D]. These calculations

have been summarized in Table (4.2)

Water Regime Bv (630 nm) <conc>
{ppm).
Mid Lake Huron. , 0.0041 0.4
Blue Mean. 0.0061 0.7
Green Mean. 0.0084 0.9
Red Mean. : 0.0160 1.7
Saginaw Bay. 0.0510 5.4

Table (4.2) Values for Suspended load <conc> obtained from Equation

(4.2) for values of Rv (630 nm) given in Appendix D [Table II & III].
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The values for <conc> listed in Table (4.2) are obtained for

total suspended load (i.e. organic and inorganic together).

Values for the parameter <conc> are no longer generally obtained

- during routine survey cruises on the Great Lakes. Measurements

of this parameter in the past do however indicate that this

calculated range of values is representative [K. Rodgers, 1975].

4.4, 1In situ scattering measurements.

Several useful applications of in situ scattering'measurements
in the determination of sUspended 1oad‘are summarized in Appendix H.
In éssence, these §tudies have shown that there are sound
theoretical reasons to expect a linear relationship between suspended
load and carefully determined light scattering measurements.
Thé principal physical 1imitations_of such methods rest upon the
several assumptions upon which the re]atioh relating scatterance
to suspended load is determined. These are in review.

1) Assumption that the mean particle specific qrav1tv

is near unity.

2) Assumption that the mean relative particle index of
refraction is 0.05.

3) Assumption that the mean particle size distribution
(diameters) ranaes between 0.2 u and 20.0 u.

4) Assumption that the particle ensemble is random,
irregular and polydisperse.
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5) Assumption that the incident (scattering) wavelength
chosen is close to 0.6py (red Tight)

6) Assumption that the radiance measurement obtained by
the 'Integrating scattering meter' is accurately
proportional to the scatterance b.

These 6 assumptions may act in certain instances to limit the
usefulness of this technique. Fof general application however,
there are good reasons to expect a meaningful relationship between
suspended load and scatterance. Perhaps of more importance to
practical applications of scatterance,is the non-destructive
capacity such measurements have for real time studies of
variations in mass concentrations with depth. Used in conjuhction
with simultaneous multi-wavelength measurements of transmittance,
scattering profile data should provide an invaluable source

of information not only on the concentration but also on the

character of the particles within a water column.
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5.0 ILLUSTRATED EXPERIMENTAL PROCEDURE

The following illustrated example will show step by step, the
series of calculations and corrections required for a single
calculation of a set of colour indices from an airborne platform equiped

with the instrumental capabilities outlined in Appendix A and C.

In practice, in order to minimize the contributions to the apparent

‘reflectance (Equation 1, Appendix D) due to surface and atmospheric

effects,a measurement of the upwelling radiant flux FlJ(X) within

a suitable solid angle AQ is determined. The resultant radiance value

(HJ(X) = ﬁ‘(%)/AQ) is compared with the incident, or downwelling

drradiance Ey (1) to obtain the quantity R:(A). After correction

for surface and atmospheric effects, the quantity RV (1) can be
obtained from the relation |
R,(2) =R (}) » . (5.1)

The resultant transfer equation will be writtén

RL(0) = R) ({10} (10} (TN + 81 () + o' (T(VA)' (5.2)

where the primes in Equation (5.2) indicate that these quantities
have been minimized. Note that the valuepin the first term of -
Equation (5.2) is not primed. The quantity p' is a measure of

the diffuse (sky) reflectance in the total surface reflectance.
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.Step 1. Near IR Measurement

Considerations similar to thore outlined in Appendix D will

yield from the near infrared (1u) measurement the expression

Ré = p'+ B; (5.3)

where we have assumed that atmospheric conditions are such that

2
p'(T)' is not significantly smaller than p'.

Step 2. Calculate p'

The quantity o' may be calculated from data supplied in Payne's
tables [Appendix G] if the parameters 6 (solar altitude) and R
(fraction of observed downward irradiance to the irradiance at

the top of the atmosphere) are known. Each value (o,R) determines

a unique value for the net surface albedo p(6,R). If it is assumed

that the quantity R is a reasonable measure of the fraction of
direct irradiance in the total downwelling irradiance, then the

value for p'(6,R) will be determined by the approximation
o' (8:R) =2[o(6,R) - Ro(0,R)] (5.4)

where o (6,1) is the fraction of direct reflectance in the total

reflectance o (8,R)
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Step 3. Solve for B'(1u)

Use the value for p' calculated from Equation (5.4)vt0'solye for

B, in Equation (5.3)

Step 4. Correct B' for wavelength dependence

In correcting for the wavelength dependence of the atmospheric.

term, the following functional form is useful
B(A) =e()Bi(lw) . - (5.6)

where’Bé(lu) was determined from Step 3. Values for the parameter
e(A) will vary somewhat depending upon the nature of the atmospheric
aerosol. Under most 'real’ atmospheric conditions, where scattering
in the lower atmosphere arises host]y'from a complex ensemble of
polydisperse particles of varying shapes, the parameter e(}) is

only weakly dependent upon wavelength. Values for €()) may be derived

from published data for various 'real' atmospheres. At the wavelengths

'of.interést'in the derivation of colour indices (i.e.,.4u,.54,.6u),

data on atmospheric extinction in the lower atmosphefe published

by Zuev{1970) will yield the followimg parameter values for €(X) _

A 1.0 p 0.6 u 0.5 u 0.4 u

e(}) 1.0 0.75 1.05 1.20
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Step 5. Calculate p' (T2(1))"

In this calculation of the third term in Equation (5.2), the
effects of atmospheric absorption upon the net atmospheric
attenuance (or transmittance)are assumed to be small. We

thus assume the approximation
(T8(0)" = e 285(A) (5.7)

The surface term p' is nearly independent of wavelength throughout

the visible; as a consequence, p'(Tz(A))' is determined.

Step 6. Solve for R ()

It is now possible to solve for the volume reflectance by combining

Equations (5.1) and (5.2) to yield

T

——RI(A) - {8(x) + 0" (T5(1))"}}(5.8)
(1 - 0)(1 - p N(T°(X))"

R, (V) =

Step 7. Calculate colour indicies

The desired and 'inherent' optical quantities (Appendix D) are

defined from the relation

K(r,.) = 1 (5.9)
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Suitable software coupled to existing data handling hardware
such as ADAS (CCRS), could provide the above 'corrections’

in real time.



41

6.0 WATER COLOUR AND WATER QUALITY

It has recently been suggested (Robertson,1975), that certain

aspects of water colour might formally and quantitatively be related

to water quality in a manner which is independent of the actual

nature of the substances which bring about such changes in water

colour. In this section, a numerical example for the absolute

values and allowable upper limits for several useful hydro-opfica]
parameters is provided according to a suggested variation on Robertson's

criterion.

The criterion, as adapted here for potential application in Remote

and Immersion sensing of Quantitative hydro-optical parameters might

be stated as fo]]ows:'

Profonged human activity should not be such as to

decrease the mean depth of the photic on Life support
zone by more than 25 % overn one daylight period on by
mone than 10 % fon morne than one daylight period over

seasonal noams.

The definition of the depth of the photic zone may be determined
in any number of ways. For purposes of these calculations, we have
defined the photic depth specifically as the 10% light level for

natural 1ight for a wavelength of 430 nm. The value 10% is used as
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o the numerical values for the photic depth derived from this 10% definition
closely approximate measured values for this parameter'usinc other technieues.
The choice of 430 nm in the definition of photic depth correspdnds _

to a chlorophyll absorpticn maximum. However, at 430 nm, a number

of additional factors could contribute to reductions in phbtic

depth. Absorption from dissolved and 'yellow' substances, as weli.

as suspended -particulates (organic and inorganic) will be observable

. at this wavelength. The removal of the 1ight due to these many

possible contributing factors.at this wavelength should be a most
sensitive measure ef‘the'depth below which photosynthetic production

can not efficient]x occur. Any reduction in this depth by the

additional introduction of colour arising from human activity wi]i

in effect compress (by remarkable degree in oTigotropnic waters)

the life suppert or'photic zone deptn. Any rea1 and prolonged

reduction in this depth by a significant amount 'forces"ali life

w1th1n the lake to a sha]lower zone. The effects of this reduction

in photic depth upon the entire ecosystem w1th1n the lake can be

“?~. complex in the extreme. In effect however, the process contributes

direct]y to and is an effective measure of the premature aging or

; _'eutrophication of a body of water

The data summarized in Table (6. 1) represents the numerical va]ues
~ for a variety of hydro- optical parameters corresponding to the
fivedoptical regimes determined'from experimenta] measurements on

Lake Huron and Georgian Bay (Appendix D, Tables II and III).
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The pertinant optical parameter from a remote sensing point of

view is the colour index K3 listed in the second column of Table (6.1)

The absorption coefficient in the third column of Table (6.1) is
obtained in each case from the definition of K3
a(430 nm) = a (630 nm)K. (6.1)
where it is assumed that the absorption at 630 nm is dominated by
absorption due to the water molecule (i.e..aw(630 nm). This
assumption should be valid over expected ranges of absortpion

values (see Table (E.1))

The photic or 1ife support depth, z(10%), in column four, is obtained

from the relation

]n(O.l)

2(10% © 430 nm) = (6.2)

a(430 nm)
The above relation assumes that the photic depth, which is regulated
by the diffuse attenuation coefficient, is closely approximated by

the absorption term.

The collimated attenuation coefficient a(430 nm) Tlisted in the
fifth column, is included for reference. The actual magnitude of
o is obtained in this case from the empirical relation (Jerome,dJ.,

et al.,1975)
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(b/a)g30 om = 3 - (6.3)

From Equation {6.3), o may be 'reconstructed' (i.e. a = 4a).

The collimated transmittance, as would be read from a transmissometer,

and which is defined by o, is listed in the sixth column.

The last column in Table (6.1), lists the equivalent mass (or volume)
concentration of suspended particulates which would be required to
yield equivalent values for the parameters T,a,z and K3.

The numerical values for this mass concentration are obtained from

the relation

<conc> = 4.6b (6.4)

the derivation of which is included in Appendix H.

If a water quality criteria based upon some variation of that
suggested above were adopted, the decrease in the photic or life
support zone by the defined (25%) degree would occur for changes

in the numerical values of the parameters in Table (6.1) by amounts

summarized in Table (6.2)

This 25% compression of the 46 m photic depth for the oligotrophic

mid lake Huron waters for example, would be observable as a net
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increase in the colour index K3 from values near 0.19 to values near
0.23. As the data in Tables (6.1) and (6.2) indicate, this resultant
13 m decrease in the photic zone depth could occur by increasing

by as 1ittle as 0.17 ppm, the equivalent concentration of
particulate material in suspension. This same effect could also

be deduced or ‘monitored' by the immersion measurements of

the diffuse attenuation coefficients or alternatively, reliably
inferred from the equivalent reduction in path transmittance (i.e.
for mid lake Huron this would be equivalent to a reduction in T

by 4 % from 82% to 78 %).

At the other extreme, the reduction in the photic depth of the
eutrophic Saginaw Bay waters by 0.9 m (i.e. to 1.9 m from 2.8 m)
would occur with an introduction of the equivalent of 2.1‘ppm of
particulate into suspension. This would be a much higher tolerance

than would be the case for mid lake Huron.

It is important to recognize that all of these very real changes

in water quality could be inferred directly and quantitatively

both from remote and immersion sensing of hydro-optical parameters.

From a water quality viewpoint, it is not important whether‘these
reductions in the photic depth are brought on by dissolved or
suspended (organic or inorganic) material.What is important to
realize is that these reductions can be quantitatively measured in
a way which is independent of the nature or composition of the

material causing the change.
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7.0 CONCLUSIONS

- 1. Quantitative airborne spectroscopic measurements of water colour,

defined as volume ref]ecfancé and determined by either passive
or active techniques, can be related to the inherent or intrinsic
hydro-opfica] properties of the sea (or lake). This'inherent
volume reflectance data cannot,ﬁowever be obtained‘rémotely,
unless provision is made for correction of-the albedo (the
quantity actually measured),for atmospheric and surface effects

(Sections 2.0 & 3.0)

. Albedo corrections for the above méntioned effects can be

reliably made through application of techniques similar to

those outlined in this report (Section 5.0)

. In situ or immersion sensina of hydro-optical properties

cbnfirm that it is possible to meaningfully relate volume
reflectance parameters to biomass, total suspended load, and

photic depth (Section 4.0).

. Certain aspects of water colour can be'direct1y related to

water quality in a manner which is independent of the nature

~of the substances causing the observed chanages in water colour.

The photic or life suppdrt depth in particular, a quantity which
can be conveniently measured by both remote and immersion sensing,
can be shown to be uniguely related to trophic state and hence

could fdrm the basis for a water colour/water quality criterion

(Section 6.0).
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8.0 RECOMMENDATIONS

It is recommended that:

1. Consideration be given to initiation on an bperationa] basis,
of a routine programme of measurements of water colour (as
defined herein), utilizing existing airborne instrumentation,

-but modified wherever possible to account for the atmospheric

and surface effects discussed in this report.

2. Immersion sensing systems, in their design, should incorporate

provision for measurement of volume reflectance parameters.

3. The importance and potential benefits to water quality
surveillance of establishing an effective water quality
criteria based upon water colour be recognized. Some
variation of the criterion suggested in this report should

be adopted.
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~ APPENDIX A

QUANTITATIVE WATER COLOUR MEASUREMENT BY REMOTE SENSING

This presentation contains an outline of severa1 important considerations
requ1red for a quant1tat1ve remote determination of 1ntr1n51c water colour

parameters The well estab11shed volume ref]ectance parameter is suggested

as a useab]e remote sensing variable which is amenable both to mode11ng
' p"and to ready 1nterpretat1on as long as the physical 11m1tat1ons 1mposed

'both by the atmosphere and the water surface are taken into account.

A d1scuss1on on the merits of active remote sens1ng ‘techniques is in-
cluded along with a brief resume of several of the more interesting

'technique' developments which could be applied to the quantitative remote

sensing of water colour.

Th1s paper was presented at the 2nd. Canadian Symposium on Remote Sensing

| he]d in May, 1974, at the University of Guelph and has been published in

those proceedings.
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PREFACE

Before any determination of a water quality parameter by remote means
is attempted, an awareness of three important objectives will be required:

First, for purposes of quantitative analysis, we must determine what

intrinsic optical barameters are amenable to remote sensing. Second,
having determined the desired set of [optical] parameters, it is
necessary to incorporate, in a useable remote sensing model, the

several physical limitations imposed by the atmosphere and water surface
-limitatations which do not affect the in situ measurements of these
same optical quantities. Third, we must determine what best 1imnological
interpretation can reasonably be applied to the corrected optical data.

A resume of progress in these three study areas is included below.
1 VOLUME REFLECTANCE - AN INTRINSIC OPTICAL PARAMETER

Defined as the ratio of up to downwelling irradiance as measured just
beneath the water surface, the wavelength dependant volume reflectance
function [often called the irradiance ratio] has long been known [JERLOV]
to be a relatively invariable [i.e. not a strong function of solar angle]
optical parameter and as such may be regarded as a reasonably intrinsic
optical quantity. Stimulated by developments in remote sensing, the volume
reflectance function has recently been given analytic meaning [GORDON &

BROWN; GORDON]. According to these studies, the volume reflectance funcion
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RV(A) is shown to be both proportional to the wavelength independant
particle scattering coefficient b and inversely proportional to the

diffuse extinction coefficient eA so.that

kb
R (1) = 75 S M
€ .

where k is a constant which depends.upon the shape of the particle-

dominant scattering phase function.

 Know1edge of the volume reflectance parameter RV(A) as'a_function”of

wavelength A will yield valuable optical informatibn on the absorption

and sCattering properties of the water body under study.

The application of suitable algorithms on RV(A) would then yield quantitative
information on a vafiety of Timnological parameters including: biomass,
sediment loading, Secchi depths, extinction coefficients (both collimated

and diffuse) and the photosynthetic photfc zone depth.
2 THE REMOTE SENSING MODEL

Having determined a suitable optical parameter, such as the volume
reflectance function, one must incorporate into a useable remote sensing
model, the various atmospheric and surface reflectance terms which

effectively interfere with an accurate determination of RV(A).
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In terms of the apparent reflectance or albedo Ra(A), which is the
quantity which would actually be measured at aircraft or satellite

altitude z, RV(A) may be expressed in the following manner.

1
RV(A) 1

T T, (R - 8 1TE0) - o) (2)

where BS(A) is the fraction of incident 1ight backscattered into the
receiver by the atmospheric column beneath the remote platform; TZ(A)
is the diffuse two-way atmospheric attenuation coefficient along the
path; p is the fraction of sky and sun light reflected from the water
surface; and Py is the fraction of diffuse upwelling light reflected

back into the medium [i.e. water] at the water-air interface.

Thus, in order to determine the interpretable parameter RV(A) remotely,
knowledge of the atmospheric [BS(A), TZ(A)] and reflectance [p,pw] terms
must also be remotely and preferably simultaneously obtained in some
independant manner - these corrections may then be applied through

Eqn.(2) to yield RV(A).

The problems inherent in a determination of these interference or

'noise’ terms may not be insurmountable. They may in fact have some elegant

solutions- several suggestions of which are discussed in some detail

elsewhere [MCNEIL & THOMSON].
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3 INTERPRETATION

The utilization of volume reflectance to obtain data of Timnological interest
depends of course upon user need. For any rapid 'quick look' but |
quantitative survey, knowledge of the extinction properties of a

particular water regime may often be all that would be required. Ih theée
cases, a measure of RV(A) at two or three breselected wavé1engths

would be all that may be necessary. According to this proposed method,

| one could obtain the limnologically interesting diffuse extinction coefficient €

by taking the ratio of the two measured reflectance parameters so that

from Eqn.(7) we would obtain

RV(A]) e)‘z ’ '

where we have designated this ratio as K for convenience of notation

If the two chosen wavelengths were a combination of any.two of 430 hm.
530 nm, or 630 nm, one could use an ihterpretive approach}deve1oped
by_VOLLENwEIDER [see also THOMSON.et al.] for in situ app]ication.
According to the Vollenweider approach, the mean extinction coeffiqient
z may be expressed in terms of the wavelength dependent coefficients eA
at any of the other three wavelengths Ai through relations of the form

€A1 = X; + yié ‘ (4)
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where X; and y; are known regression coefficients at each Ai'and have .been

[or may be] determined for the water regime of interest. Thus, € could

be determined from the expression

- _ kx(630) - x(530
€7 y?530))- K;§63og (5)

where K is defined by Egn.(3).

According to a second approach [MCNEIL & THOMSON] one could apply a
variety of algorithms and 1imnologically reasonable assumptions for each
of any suitable combination of reflectance values directly to obtain
information on sediment loading, biomass, Secchi depth (photic zone) etc.

- and all from an accurate spectral determination of RV(A)

One theoretical example of how sediment and chiorophyll data may be
extracted from reflectance spectra is illustrated in Figure (1). This

figure illustrates the behavior of RV(A) as chlorophyll a [in Fig.(1a)

and for A = 400 nm] and suspended sediment [in Fig.(1b) and for A = 700 nm]

are separately varied over the ranges of interest for most limnological
applications. These calculations are based upon manipulations of Eqn.(1)

using techniques and assumptions outlined elsewhere [MCNEIL & THOMSON].

In summary, one can utilize properly corrected reflectance data to obtain

information which is interpretable in terms of quantitative parameters
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(@) S *_g(p),

2.5 A = 400nm _ 1.0 A =700nm

OF—T—T T 71T 77171 Ot—TT T T T T T 71T 7
O 2 4 6 8 1 o 2 4 6 8 10
CHLOROPHYLL a (mg/m?) SUSPENDED SEDIMENT (ppm)

Figure (1) Variation of volume reflectance with concentration of

chlorophy11 a’(in (a)) and suspended sediment (in (b))

of 1imnological interest. The'ultimate accuracy of this data will be a
»stfdng function of the various model assumptions applied in each case.
Thése models are however, amenable both to empirical verification

through careful laboratory analysis and thereby Eefinement where and when

needed.
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4 ACTIVE REMOTE SENSING

In substance, active remote sensing in the visible portion of the
electromagnetic spectrum consists of utilizing some form of artificial

1light as source. The laser is usually employed for this task.

There are several advantages inherent in active remote sensina. These

include higher spectral intensities than available from natural light

[i.e. from four to ten orders of magnitude depending upon conditions and
source] along with an immediate twenty-four hour monitoring'capability.

In addition, an active technique will enable a study of reflectance phenomena
which would be free from ambiguities in the shape of the scattering phase
function-a problem where natural light is regarded as source [i.e. due

to variations both in the distribution of sun and sky light and in

changes in solar angle]. The high degree of laser beam collimation and

directionality is responsible for this advantage.

The high spectral intensity of the laser source also allows, as an
additional 'spin-off' advantage, access to the now embryonic areas of

remote fluorescence and Raman spectroscopy.

Operating in short pulsed modes, laser sources will also allow for
information retrieval as a function of depth and to high accuracy [i.e.

better than one centimeter resolutions are possible]-through the now well
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developed teehnique'of range-gating.

Careful safety‘and_cost_considerations must be weighed before routine-

deployment of laser based systems. However, ne%ther of these factors should:

- eventually negate the numerous advantages of an active system.

It is probable that some of the most useful remote sensing information
Will eventually arise from work in laser applications to simple reflectance

speCtroscopy uti]izing tunable pulsed and CW laser systems as sources.
5 SENSOR CAPABILITIES -

The brief summaries out]ined below are intended as a short'review of a

few of the more 1nterest1ng ‘technique’ developments, us1ng a varlety of

,1nstrumenta1 configurations, which have been, or may be app11ed to the

quant1tat1ve remote measurement of water colour parameters.

5.1 ERTS 1 The utilization of multispectral scanning techniques as especially

exemplified with the ERTS 1 resource satei]ite imagery, is now beginning'

| to reap some dividends in'its'app1ication'to quantitative water co]our

étudies. This has been especially evident in the apparent utility
of ERTS to clearly delineate sediment laden coastal-type waters from clearer

sediment-free water regimes.
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Both the use of the raw digital tape data [rather than the preprocessed
imagery] and the manipulation of this data through considerations
of a) atmospheric effects; b) surface phenomena; and c) the application

of semi-empirical algorithms to the several operational ERTS 1 channels,

is now beginning to show some limitéd quantitative success as evidénced

by recent studies [BUKATA & BRUTON; LANGHAM & ROCHON; GOWER & DANIEL; PARIS].

In its present configuration however, ERTS 1 data is far too broadband
[specfra] bandpass of 100 nm vs. an ideal of 5 nm] and limited [the
very 1mportant 400-500 nm band is missing] for accurate quantitative
remote sensing of water quality parameters. For classification studies

and water regime delineation studies ERTS is superb.

5.2 PHOTOGRAPHY The capacity for unique applications of conventionai
photographic technfques has been successfully demonstrated by PIECH.
The Piech SCS or Scene Color Standard technique basically utilizes

natural objects as control standards for the determination of volume

reflectance parameters.
Before any attempt to use photography as a quantitative tool in remote
measurements of water colour one would be advised to carefully examine

the SCS and similar techniques as a mimimum effort.

5.3 SPECTROSCOPY Aerial spectroscopy in its many and diverse forms offers
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the best promise for quantitatiVe remote sensing both from a

developmental and experimental basis.

Numerous pass1ve spectraI studies wh1ch have e1ther been successfu]]y
f]own [e.g. MILLER et al. GREw KERR] or simulated on the ground or near
the surface [e. g RITCHIE et al. BLANCHARD & LEAMER° NALKER et al. ]

have demonstrated that spectroscopy is capab]e of prov1d1ng 1nformat10n

- on water quality of a quantitative nature.

Despite these demonstrations, no single spectrometer-based sensor

is as yet capab]e»ofrproviding all of the infomation required for

.quant1tat1ve stud1es These 1nstrumenta1 requ1rements are based on

cons1derat1ons d1scussed ear11er and are summar1zed below:

[a] The ability to s1multaneous]y record both the up and downwelllng
1rrad1ance [or radiance or both] components within seIected increments

of the v1s1ble spectrum w1th a minimum spectra] resqut1on of 5 nm [GREN]

[b] The ability to simultaneously and separate]y recoro the effects

due to atmospheric backscatter and surface phenomena.

[c] The operational sensor must be packaged with due regard for cost, ~
alignment and other environmental factors [i.e. aircraft vibration],

and should be engineered with due regard for the addition at a later date,
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of an artifical source for active remote sensing studies and depending

upon user need.

Information currently available indicates that spectrometers based upon
reticon arrays [WALKER et al.] or image-intensifier OMAs [JEFFERS] offer
a number of practical advantages in terms of speed, signal to noise,
gating ability, spectral response, cost and suitability for aircraft or
satellite use. These advantages appear at present to favour these devices

over conventional PMT based spectrometers.

5.4 ACTIVE TECHNIQUES Active, airworthy and operational lidar systems,

with potential for application to water quality studies have been successfully
demonstrated by a number of investigators [CARSWELL et al.; O'NEIL et al.;
MUMOLA & JARRETT; BRISTOW &t al.; LEVIS et al.; HICKMAN & HOGG; FANTASIA;
KIM].

Most of these studies have concentrated on a utilization of either bathymetry
(for pulsed sources) or fluorescence spectroscopy (for CW sourses).

with varying degrees of success.

No active system can currently be said to be available for
routine survey work. The real success of a lidar based technique lies
in its potential bathymetric capability which used in conjunction with

remote reflectance spectroscopy may yield well determined information
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on volume reflectance as a function of wave]ength-and'depth.-Asidé

from the loss of ambiguity in the shape of the scattering function; the

laser based system is also able to more accurately determine-and

by a direct method-the étmospheric and reflection terms discussed

.earlier.

6 SUMMARY

The qdantitative measurement of water quality parameters from remote
platforms will Tikely be based upon the accurate measurement of
reflected 1ight. A simple, intrinsic, and easily interpretable optical

parameter which is readily amenable to remote measurement is the wavelength

dependent volume reflectance function RV(X).

The prqpef measurement of volume reflectance bf gome simi]ar 6ptica1

parameter involves an accurate and simultaneous determination of |

atmospheric backscatter and attenuation, as well as the reflectance
characteristics of the water surface. The measured albedo [apparent ref]ectahce]
must be corrected for these effects before the intrinsic opticalbdata

can be obtained.

-Sensor configurations which will allow quantitative remote measurements

of optical parameters will likely:evolve around spectrometer - based

OMA type devices which incorporate the sensor configuration
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characteristics discussed above.

Active or laser-based remote sensing systems should not be regarded as
specialized tools but rather as "improved source' systems with a number
of important advantages as well as several useful applications in

Raman and fluorescence spectroscopy.



L

64-B

APPENDIX B

PRINCIPLE OF SIGNAL CORRECTIONt

An example’of the remote sensing-apprdach required for quantitatfvel
water colour determinations (Appendix A) is included in this.Appendfx
Figure (B1) contains three curves Tabelled R, (direct), R, (indirect) and
R, (apparent reflectance). This data was obta1ned from a launch in ear]y
October, near noon under'overcast. conditions on Burlington Bay,YOntar1o,

using a scanning spectrometer (AB Incentives Ouanta meter).

The in situ vo]ume reflection-curue R (direct) was obtained at a depth
of about 30 cm., while the ‘remotely’ measured apparent reflectance curve
R was measured at an ( altitude' ) of 1 meter above the water surface

The quantity R (indirect) was obtained from Equation 2 (Append1x A)
using the values P, = 48%, B = 0 and T2 = 1.0.

The numerical value of 3.7% for o, the surface reflection term determ1ned
the "best' fit to R (direct). In a working airborne instrument, PsBys
and T2 would be carefully  (and simultaneously) measured by methods outlined
elsewhere in this report (See Section 5). The 'noise' in the signatl Ra and

RV (indirect is due primarily to surface wave effects. The example is
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illustrative of the necessity of obtaining simultaneous . reflection
corrections for quantitative remote measurements of water colour (volume;

reflectance).
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APPENDIX C

INSTRUMENTAL APPROACH TO WATER COLOUR MEASUREMENT

I1lustrated in Figure (C1) is a hypothetical photometer instrument
designed to convey the remote sensing insfrumenta1 requirements discussed
in Appendix A. The instrument itself is an adaptation of a Lidar receiver,
details of which are published elsewhere (McNeil, 1973).

As the Figure illustrates, simultaneity of measurement of the up- and
down-welling components is accomplished via twin receiver optics

(defined by the lenses L] and Lz) coupled to a rotating mirror M.

In such a receiving system, up- and down-welling radiance components
would be observable as a alternating series of pulses of differing
amplitudes. After a statistically suitable sample of paired pulses,

each of which defines oneRv(A) value, dispersion (or wavelength
selection) could be accomplished by 'stepping' of a filter wheel located

below K] and contained within 0.

A four-filter wheel, with filters selected at 430nm, 530nm, 630nm,
and 1.06u would enable measurements of the three colour indices defined
in Appendix D. The filter at 1.06u would also enable a first
approximation correction forthe combined atmospheric and surface re-

flection effects, also discussed in Appendix D.
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The radiance field of view could be continuously varied through an

- adjustable iris I controlled by Ko'

The signal, which would be rendered para11e1 before passing through

the filter wheel contained within O might then be analyzed by 'optional’
polarization optics contained within G and controlled at K2.

The fully analyzed signal could then proceed to some suitable

detector located beyond D.
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APPENDIX D

REMOTE.SPECTRAL MFASUREMENTS AND WATER QUALITY

fhe.f011owing is a preprint of the papef éntitTed: "The AppTication.bf
Remote Spectral Measurements to Water Qua]ity Monitoring", preéented to the
Aerospace Electronics Symposium in Halifax, dufing February, 1975. The

paper has been submitted for publication in the first issue of the Cahadian

Journal of Remote Sensing{

The authors of this paper submit that these studies represent aspects of
fundamental research which are of fundamental importance to understanding

of remote spectral measurements over water.



THE APPLICATION OF REMOTE SPECTRAL MEASUREMENTS
TO WATER QUALITY MONITORING

W.R. McNeilt, K.P.B. Thomson* and J. Jerome**

ABSTRACT

The apparent spectral reflectance over a water body measured by some
remote means, such as an airborne spectrograph, consists of 3 basic
components. These are: the volume reflectance of the water, a reflected
component from the water surface and a component due to atmospheric back-
scatter. However, it is only the volume reflectance which contains infor-
mation which can be related to the in situ properties of the water body.

A model is presented which defines in detail these principal components.
Essentially the model illustrates the methodology whereby the volume
reflectance function RV(A) can be extracted from the apparent reflectance

data.

The volume reflectance function RV(A) can then be expressed as a generalized

colour index Kij = RV(Ai) / Rv(xj). These colour indices conveniently

T W.R. McNeil & Associates Inc., 21 Dale Ave., Suite 629, Toronto MW 1K3
* Canada Centre for Remote Sensing, 717 Belfast Road, Ottawa K1A OE4

**Canada Centre for Inland Waters, P.0. Box 5050, Burlington, Ontario L7R 4A6
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disp]dy and quantify the-subt]e colour charaéteristfcs of a water mass.
These quantified colour indices are intrinsic 6ptf¢5] parameters Which
may'be directly related to the water quality. Iniaddition, other '
evidence is presented which shows the value of the colour index.concept

as a water quality surveillance parameter.

I. Introduction

This paper examines the several key concepts which are nécessaryvfor.a

duantitative rémote‘determihation of water quality parameters in the

visible portion of the electromagnetic spectrum. Most of the discussion

- pertains to a passive spectral measurement of the apparent irradiance

reflectivity of an infihite]y deep and homogeneously mixed ocean (or lake).

Whi1e this development is intended to apply to passive measurements of

“‘7$pectrél'irradiance,'éimi]ar arguments will and are intended to apply to

activeitechhiqdeé.' A]though most of the arguments as advanced herein apply

to spectral measurements of the irradiance reflectivity, a similar treat-

" ‘ment Wi]] apply to the 1imited field of view measuréménts of the radiance

reflectivity of the water body of interest.

"The'pépér assumes that the remote platform from whi¢h these irradiance

measurements are (or would be) obtained is equipped with the instrumental
capabilities to simu1taneous1y measure the up- and down-welling spectral

irradiance/radiance as defined herein. The quantity actually measured
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from the remote platform is the apparent reflectivity or spectral albedo
Ra(x,e,z). The relationship between this parameter and volume reflec-
tance RV(A, Q) is examined in detail. This is followed by a discussion
of selected methods for applying atmospheric and surface reflection
corrections to transform the measured apparent reflectance Ra(A, 0, z)

to the basic volume reflectance parameter RV(A, 0).

The theoretical discussion is extended to introduce the concept of the
generalized colour index. Experimental results are presented which demon-
strate the relation of these optical parameters to basic limnological

_properties.

IT  Apparent Reflectivity

The apparent reflectivity is defined as the ratio of the upward to downward -
irradiance measured in a horizontal plane from a remote platform
(satellite or airborne) situated at some altitude z, above the sea surface.
The apparent reflectivity Ra(A, 0, z) for solar altitude 0 (as measured

from the nadir) at wave length A may be shown to relate to the in-situ
irradiance ratio RV(A, ©) (usually called the volume reflectance) just
beneath the surface through the following simplified radiative transfer

expression [McNeil & Thomson]
Ry (X:0,2) = R (X,0){1-p(0)}1-p }T2(A0,2) + B.(,0,2) + p(0)T2(1,0,2) (1)

where BS(A,O,Z) is the fraction of the incident irradiance (from sun and sky)

which is backscattered into the sensor from the atmospheric column beneath
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the }emdte platform; p(@) i§ the'fractibnal irradiance (from sun and sky)
reflected from the surface béck into the receiver and T%(1,0,z) is the

two¢wéy attenuation per unit incident ikradiance due to atmgspheric back-
scattef B.(1,6,2) and atmospheric absorption Bé(x,e,z). The-quahtity Py

in the first term of Equation (1) is the fraction of upwelling light -

“reflected back into the sea at the water-air interface. Because of the

“relatively small variation of the scattering function in the backscatter

field, we can assume in a first approximation that this upwe]]ing»light

is diffuse and unbo]arized. Because Fresnel reflection beneath the surface
involves total ref]éction in the interval 48.6 to 90°, P, May be cé]culated
from integration of the expression [Jerlov]

Py = { K p(0) Sin 20do = 0.48 B - (2)

The quantities‘(1-p(e)) and (1-p ) in the first term of Equation (1) are
offen"ca]1ed the Fresnel transmission coefficiehts‘of the air-water and

water-air interfaces. The first term in Equation (1) is the only term -
which contains information relating to'the absorption and scattering

properties of the water itself.

III' Correction of the Apparent Ref]ectingy

Before any realistic attempts are made to reliably relate water colour

measurements obtained through Equation (1) to intrinsic water quality

" parameters, some methods must be devised to determine or estimate the

magnitude of the two extraneous terms BS(A,O,Z) and p(0)T2(1,0,2) in
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Equation (1). For typical aircraft altitudes, sun angles and atmospheric
conditions, each of the three terms in Equation (1) may be considered as
comparable in magnitude. As a result, it is not normally a reasonable
assumption to neglect their combined or singular effects. For low air-

craft altitudes, the atmospheric backscatter term, BS(A,O,Z), may be small.
This backscatter term does increase however with altitude and with decreas-
ing wavelength (due primarily to Mie scattering). A more complete discussion
of the combined effects of these terms may be found elsewhere [McNeil and

_Thomson].

There are several possible avenues of approach open to the remote sensing
investfgator interested in applying corrections to Equation (1). It is
possible to identify three distinct approaches in this regard. These we
shall identify as direct measurement techniques, modified direct measure-
ment techniques, and differential techniques. Each of these approaches
assumes that atmospheric attenuation is small (i.e. T2 = 1.0). The essentials

of each technique are outlined below.

Direct Measurement Techniques. The principle of the direct measurement is

simple. One selects a spectral window somewhere in the near infrared where
liquid water is highly absorbant. The highly absorbant nature of liquid
water in this region of this spectrum assures that the first term in
Equation (1) is negligible. As an example, for the wavelength A = 1.06y
(Nd laser), liquid water has an absorption coefficient of 400 m'], [Curcio
and Petty]. Thus, an irradiance measurement at this wavelength would yield

from Equation (1)
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Ry (1.06 11,0,2) = B¢ (1.06 1,1,2) + p(6) A N
This numerical quantity could then be used, as a first approximation,

to-correct the spectral reflectance value obtained in the visible spectrum

from Equation (1). In fact, this correction may for most practical

‘situations Be all that is really required. This simplified correction,

"hdwever, does'ignore the wavelength dependence of the backscatter term

BS(A,O,Z)V- this problem might be overcome, however, by some reasonable

"atmospheric modelling. For example, experimental values of the atmospheric

backscatter term along with its wavelength dependence for various real Mie

'and Rayleigh atmospheres may be found from experimental studies [Zuev].
“The principal 1iMitations of this direct meaéurement technique lie 1in

Tits failure to separate the two components BS(A,O,Z) and p(0). A variation

on this direct measurement approach is now beihg evaluated at York University

" [Miller].

Modified Direct Measurement Techniques. This methqd‘uses the tabulated

values of the near IR albedo measurements published elsewhere [Payne].
' Péyne's.interesting and careful study has yielded some very useful corrected

‘ a]bedOZOr irradiance ratios of the surface reflectance p(0) at the sea

surface as a function of the parametérs 0 and the radiance distribution

" parameter R* This latter parameter is especially useful and has not been

used Before in the description of albedo but would and should be especially

funétiohé] fbr.remote sensing app]ications. Basically, the parameter R

is a quanfity‘which'varies between 0 and 1. For an isotropic radiance

* Payne actually uses the symbol T for R, which he calls ‘atmospheric transmittance'



77D

distribution, as will be fouhd with completely overcast skies, the para-
meter R will take on the value 0. At the other extreme, for direct
sunlight and no atmosphere, the parameter R will assume the value 1. For
real atmospheric conditions under completely clear skies, a certain com-
ponent of the incident irradiance will consist of diffuse indirect scattered
sunlight, as a result the parameter R will not normally take on a value
greater than about R = 0.75. The advantage of this technique is in its
reliance on carefully predetermined albedo measurements which are expressed
in terms of easily measured parameters (R & 0). By itself, this technique
does not allow for the term BS(A,O,Z) in Equation (1). However, the tech-
nique might be directly applicable to Tow altitude studies where BS is

not appreciable. For general application, it might be best to determine
first the parameter p(0) from Payne's tables. The direct measurement
technique as described above will then yield the atmospheric term
BS(A,O,Z). This atmospheric term now may be corrected utilizing assumed

atmospheric models [Zuev].

Differential techniques. This technique, described elsewhere [White],

applies the second differential to the measured spectral albedo (uncorrected)
to obtain a quantity which has been experimentally determined to be reason-
ably invariant with aircraft altitude. The reason the second differential
technique works or has worked under a variety of real situations will be
found by examination of the wavelength dependence of the extraneous terms

in Equation (1). The third term, the surface reflectance term, p(0)

is nearly independent of wavelength. As a result its first differential

will be near 0.



2 o(6) = 0 - (4)

QL

The wavelength dependence of the atmospheric term BS(A,é,zj‘in Eduatﬁon (1)
under many circumstances and for most realistic atmospheres is only weakly
dependent on wavelength.and norma]]y.only in a linear sense. As a result,
the second differential of the backscatter term sé(x,o,z) will also reduce

‘this quantity to a 0 value.

2 : ‘
3 8,(1,0,2) = 0 o (5)

When these two assumptions with regard to the wavelength dependence of

the two extraneous terms in Equation (1) are applied, one will obtain an

expréssion of the form

3 Rahss2) * (1-0(0))(1-,) 535 R, (1,0) )

White'has shown experimentally that this second differential, which we
have defined by Equation (6), is invariant with altitude z in the spectré]
region 500 nm to 700 nm. A prob]em with this differential technique lieé
in its breakdown at wavelengths shorter than 500 nm. A secbhd potential
ﬁrob]em lies with the difficu]ty in intérpretation of the results of the
secohd differential in terms of known optical‘parameters. HoWeveF, a
careful theoretical examination of this prob]em.shouid overcome this latter

difficulty.
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IV Interpretation of the Corrected Reflectivity

- The parameter we shall be discussing in this section is defined as the
ratio of the up- to down-welling irradiance as measured just beneath

the water surface. This quantity, simply the irradiance ratio, is often
called the volume reflectance function Rv(x,o). In several recent studies,
[Gordon and Brown, Brown] a theoretical model relating the desired oceano-
graphic parameters to the upwelling irradiances has been obtained. This
theoretical model can be described by a modified single scattering approach
which is based upon a simple treatment of multiple scattering. This
resultant quasi-single scattering 0SS model can be used to predict the
upwelling distribution of spectral irradiance emergent from the sea. The
shape of the radiance spectrum predicted by this (0SS model for clear ocean
waters has shown encouraging agreement with measurements obtained at the
edge of the Sargasso Sea off Cape Hataras [McCluney]. According to this
model, the diffuse volume reflectance parameter of a homogeneous infinitely
deep ocean calculated for a radiance distribution incident from the zenith

(in water) may be expressed as

_ k(2,0) b(x
R, (0,0 = SOy (7)

where a()) and b()) are the absorption and scattering coefficients of the
medium; for normal incidence B(1,0) is the fraction of b()) scattered
in the backward direction (0 = w + n/2)

m/2

B(1,0) = 1-F(1,0) = 1-2n é P(X,0) Sinodo (8)
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F(X,0) in Equation (8) is the fraction of b()) scattered in the forward
direction (6 = 0 ¢ n/2); P(x,0) is'the scattering phase function, a normal-

ized quantity which is related to the volume scattering function B8(1,0) by
P(x,0) = B0 , I (9)

Tﬁe parameter k(1,0) in Eduation (7) is a function of 0, B(1,0) and n,

the index of refraction of the medium. Among other things, the model
developed by Gordon and Brown predicts that the analytic form of the
irradiance ratio giVen by Equation (7) will assume the same form for a 
diffuse distribution of irradiance (i.e. overcast skies). As it stands,
the irradiance ratio defined by Equation (7) is a réaSonab]y inherent (or
1ntrin$ic) optical barameter. This fact has been shown in a number of
studies [Jerilov]. The fact thaf the paraméter defined by Equation (7) is
relatively insensitive to variations in sun angle is due to the relatively
small variations of the backscétter function in water. Nevertheless, for
accurate predictive interpretation of water qué]ity parameters through
their relationship to optical indices it would sti]]'bé desirable to remove

this angular dependence from our remotely sensed data.

Figure (1) contains 5 selected reflectance functions obtained from 5

optically unique regions of Lake Huron during the August 1974 survey cruise.

The specific areas referred to in Figure (1) are labelled in Figure (2).

As a visual inspection will readily verify, the functions shown in Figure (1)



are seen to vary appreciably both in magnitude and shape as well as in
their peak reflectance values. In general, the magnitude of these curves
can be understood in terms of the numerator of Equation (7). As the
absolute concentration of the suspended particulate increases, so will
b(x), thus the absolute magnitude of various portions of the curve in
Figure (1) will also increase. This will explain the similarity in the
shapes and magnitudes of the curvesobtained from the St. Mary's River

and Saginaw Bay. Both of these regions contain large quantities of sus-
pended particulate matter. These two regions appear to differ however in
the shorter wavelength portions of the curve. In particular, for regions
around 400 nm, the Saginaw Bay reflectance values are appreciably smaller than
those from the St. Mary's River. This phenomena is probably due to the
large amount of absorption from the chlorophyll a concentrations in
Saginaw Bay. Saginaw Bay waters contain higher levels of chlorophyll a
than any other region of the Great Lakes system. This observation agrees
with the functional form of the analytic expression for the volume reflec-
tance function, Equation (7), as expressed through the denominator and

the effect of chlorophyll on the absorption coefficient a(x). Thus it might
be deduced that the St. Mary's River water does not contain as high a
concentration of chlorophyll a. At the other extreme, the reflectance
parameters obtained from the oligotrophic mid-Lake Huron stations, regions
Tow in both chlorophyll and suspended particulate, are relatively small

in magnitude and peaked toward the blue end of the spectrum. A similar
behaviour is observed with the reflectance function obtained from the
Mackinac waters. The reflectance function obtained from the North Channel
waters appéars to possess characteristics intermediate between the extremes

already discussed.
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For regions of 1imhélogica1 interest; the wayelehgth indepéndence of

b (and hence B(0), F(é),»P(O)‘and k(@) is regakded as a reasonable
assumption by many research workers.. In Su@h waters, dominated by particle
scattering (mostly fofward scatter), the fraction B(0) in Equation (7)
W111'rare1y exceed 1-2%. In these situations, due to the comparable
magnitudes of the tefms_a(x) and b, it hay be possible to substitute

a(x) for a(x) + B(0)b in Equation (7).

For a non-normal distributioh‘Of incidénce radiance, 'the parameters k(0)
and B(0) in Equation (7) will be defined through Equation (8) by changing

the 1imits on the integral of P(0) from (0, n/2) to (@, n/2 + ©) where

‘0 is the direction of incidence radiance in water as measured from the

nadir.

The net effect of the non—normal radiance distribufion upon the ratio
RV(A,O) is a question of sensitivify.‘_For a sizable range of solar alti-
tudes, the fraction B(0) will still constitute a small percentage of b,
éohsequent]y it should still be possible to write a(1) for a(r) + B(0)b

in the denominator of Equation (7). Thus, this deViation from a non-normal

incidence radiance distribution will more strong]y affect the numerator

~in Equation (7). For these reasons, the‘genera]ized.colour index Kij(x)

as defined below, is expected to be a parameter less senéiti?e to variations
with sun angle. Thus, the colour index may be considered a more intrinsic
optical quantity (for remote sensing_app]ications) than the parameter
RV(A,O). This generalized colour index may be defined as the ratio of

the volume reflectances at any two wavelengths.
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R,OT "~ K(e)b T At T T B(e)b T () (10)

'K(Ai’xj) =

The right-hand side of Equation (10) incorporates the various model assum-
ptions, believed to be valid for most regions of limnological interest,
on the parameters b, k(©) and B(©) introduced above (i.e. B(0)b << a(A)

and k(@)b independent of ).

The importance of Equation (10) is two-fold. First of all it implies that the
colour index Kij may analytically be expressed, in a first approximation,

as the ratio of the absorption coefficients at the two wavelengths of
interest. This observation may be extremely useful in the application

of the colour indices to measurementsof the optical and water quality
parameters of interest. Secondly, Kij is independent of sun anqgie 6.
Experimental evidence of this latter observation has been supplied by

others [Thomson et al]. In this study, Thomson has defined the two

primary colour indices, Ky and K2

Rv(450 nm)
Ky = R (520 rm] (1)

R, (560 nm)
‘2 = R 520y (12)

Figure (3) shows examples of the variation of these colour indices over
one daylight period as obtained at two different depths. These observa-

tions are consistent with those made by other workers [Jerlov,1972].

In addition to the observations that the colour indices are independent

of sun angle, the Thomson study also showed a number of interesting

observations on the behaviour of the colour indices. The colour indices
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K] and K2 taken at Lake Superior stations in June of 1973 are shown in
Figure (4). Transmissometer data from each}cruise were also used as a
check on the continuity of the individua] data points. All of the colour
index data shown in Figure (4) were obtainéd for solar elevations

greater than 15°. The general variations of both indices for any one
month show clearly the change from the more turbid coastal regions of
Lake Superior to the clear mid-lake waters. The main'turbid areas of the
]ake'are clearly identified by both indices. For example, the largest
gradients for both K] and K2 are observed in the Duluth, Thunder Bay, .

and Whitefish Bay areas. At specific times, turbidity gradiehts have

- been identified through colour indices at other Jocations, such as Marathon

~in July and September, and Nipigon Bay in September of 1973.

The va]des of K1 at the one metre depth, range from 0.1 to 0.3 in very
turbid water to 0.7 to 0.9 in mid-lake water. The highest values of this
parameter were observed during this June cruise (Figure 4) at mid-lake

stations.

The values of K2 cover the range from 3.0 in eXtremer turbid water to

0.7 to 0.8 in c]éar mfd-lake water."In general, the va]ue$ of K, in the}’
Duluth area cover the range 1.5 to 2.5. Consistent with the behaviour of
Ky, the Towest observed values of K, also occurred.in June at the mid-léke

stations.
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v Colour Indices and Biomass

As mentioned above, in addition to carrying the message that the colour
indices are independent of sun angle, Equation_(]O) also gives us some
information on the absorption ratios of the particular water body being
studied at the two wavelengths ée]ected. Thus Equation (10) is the
starting point for attempts to correlate colour indices with useful limno-
logical parameters. From our analyses of the 1972 and 1973 colour index
studies [Thomson, Jerome and McNeil], we have developed three fundamental

indices, Kis K, and Kq (of which only two are independent)

RV(530 nm)
K] = Rv T30 T Green/Blue | (13)

Rv(630 nm)
K2 = Rv 530 T Red/Green , (14)

RV(630 nm)
| Ky = Rv 330 T Red/Blue (15)

The reason we have selected the wavelengths 430, 530 and 630 nm is that
they are centered in the blue, green and red portions of the spectrum.

In addition, a large body of experimental data on colour measurements
throughout the Great Lakes sysfem has been obtained at these wavelengths.
These wavelengths have also been used in previous studies by others
[Vollenweider]. Using the functional form of the colour index as defined
by Equation (10) we may make some assumptions about the behaviour of the
colour indices as defined in Equations (13), (14), and (15). These basic

assertions are summarized in Table 1.
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PARAMETER , ' : FUNCTIONAL FORM N COMMENTS -
Ky ac1(430) +a_ (430) Should corre]ate'dire¢t1y
3 (530)p . with total absorption and
p inversely with inorganic
absorption.
Ky a_ (530) - Should correlate with
3 (630 inorganic absorption.
w - L[]
K a_,(430) + a_ (430) Should correlate directly
3 2 R I : with total absorption
a,, (630) _ A - .
K3 - K2 ac} (430) Should correiate-directly
- » : . 37630 with chlorophyll ‘a '
o Pw e alone.

‘TABLE 1. Functional form expected for colour indices.

Thevfunctional form for‘the indices illustrated in Table 1 -are based upon'
seVera1 simple assumptions. They>assume for examb]eithat the absorptjdn
fn the red part of the spectrum is due primarily to liquid water itself.
They also assume that at 530 nm the absorption is due soie]y to inorganic
particulates ap(530 nm).' Also, the absorption at 430 nm'is attributable
to ch]orophy]T ac1(430) and inorganic particulates ap(430). .The parameter
Ky - K2 shown in the last Tine of Table 1, is defined in an attempt to
correct for the absorption attfibutable to inorganic particles. This is
simply a first approximation to a quantity which can be attributable to

absorption from chlorophyll a alone. The parameter K3 - K2, df course

~ assumes that the inorganic particulates do not have any selective absorption

properties in the range between 530 and 430 nm. This of course is intended

only as a valid first approximation.
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In addition to the colour indices defined by Equations (13) through (15),
a fourth quantity, the red reflectance value

_ k(o)b
R, (630) = a‘ - (16)

W

has been shown by others to be a useful optical quantity which correlates
well with the total suspended load [Ritchie et al.]. These four quantities,
along with the wavelength of maximum volume reflectance Amax, have been
found useful in the optical classification of a water mass. Typical

values for these parameters for blue water (A\"°X < 520); green water

(520 < AMAX < 550), and red water (A™@X 5 550) have been determined from
examination of the reflectance spectra obtained from 196 stations on Lake
Huron and Georgian Bay over a six-month period in 1974. This information

is summarized below. The values given in Table 2 are means of 75 blue

water stations, 46 green water stations, and 75 red water stations.

Vector Amax ‘ K] —Eg~_ _Ei_ RV

Blue Mean < 520 nm 1.6 0.18 0.27 0.0061
Green Mean 520 < A" < 550 nm 2.2 0.21 0.41 0.0034
Red Mean AM3X 5 550 nm 2.5 0.41 0.79 0.0160

TABLE II. Colour index mean values. (The linear dependence of the colour
indices does not necessarily apply to these mean values.)

These colour indices are the means of a number of stations and exhibit
considerable variation within each colour group. The lowest indices have

been observed for mid-Lake Huron (» = 500 nm) (1.3, 0.14, 0.19, 0.004),
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while some of the largest red water values are observed from Saginaw |
Bay (A = 560 nm) (4.6, 0.55, 2.52, 0.051). The expected range of these’
indices is more readily illustrated if they are normalized to the very

low mid-lake values as shown in Table III.'

max . K

Vector : A 4 2 . K3 -Rv

Mid-1ake 500 1.0 1.0 1.0 1.0
Blue Mean 480 - 520 1.2 1.3 1.4 1.5
Green Mean 520 - 550 1.7 1.5 2.2 2.4
Red Mean > 550 1.9 2.9 4.2 4.0

Saginaw (560) 3.5 - 3.9 13.3 12.8

\

The range of values for these parameters is gréatst for the index K3,
a factor of 13.3 from mid-Lake Huron to Saginaw Bay. This incidentally
closely approximates the ratio of chlorophyll a values for these two

locations (i.e. 14.0 for May).

- An attempt to establish a corre]ation'between the concentration of chloro-

phyll g_as obtained at each of 154 stations from which the colour indices
ahd chlorophyll a were both obtained is illustrated in Figure (5). The
basic colour indices which are used in this correlation regression analysis
are defined in Equations (13), (14), and (15). The ch]orophy]] a values

are not surface values but integrated average values which are obtained
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from 20 metre water column samples. The laboratory method for deter-
mination of the chlorophyll a values is based upon standard spectrophoto-
metric techniques [Parsons Strickland method]. In order to obtain a
statistically significant sample, each point illustrated in Figure (5)
represents a mean of a number of stations. Each point was selected
according to the laboratory result of the chlorophyll study. Thus, each
point in Figure (5) represents a mean value of both chlorophyll and colour
index obtained from an average of 25 stations on Lake Huron and Georgian
Bay over a six-month period. The standard deviations on each colour index
point represent an average value of approximately 1/2 of the mean value
plotted. The standard deviations on the chlorophyll a values are also
means of the §gmg_25 stations and represent a value which is on average
about 10% of the chlorophyll g_va]ueﬁ The interesting results of these

correlations by linear regression are tabulated below (Table 1V).

Parameter Equation of Line Correlation Saginaw Bay
(mg/m3)

K] Cha=1.8 K] - 1.97 R = 0.836 6.3 (18.4)

K2 Ch a =16.0 KZ - 2.1 R =0.983 6.7 (18.4)

K3 Cha=25.0 K3 - 0.5 R = 0.921 12.1 (18.4)

K3 - K2 Ch a = 6.0 K32 + 0.2 R = 0.840 12.0 (18.4)

TABLE IV. Results of linear regression on colour indices and chlorophyll a

As the results in Table IV indicate, the correlation coefficients with the

various indices K], KZ’ K3 and K3 - K2 are quite high. The highest correlation

is found for the index K2; while the lowest correlation is found for the
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index Ki [see also Piech g&_gk.].' The index most sensitive to variatione
in chlorophyll concentration is the redeblue index; K3. The index which
is-least-sensitfve to variations in chlorophyll is the green-blue_indek, K].
The reciprocal of this green-blue index has been utilized by Piech with |

some notable success using the photographic SCS (patented) technique.

‘The index which is expected to have the most valid theoretical correlation

~and general applicability is the corrected red-blue index K3 - K2. No

model such-as this can be expected to have any general validity unless

it has predictive power...we are Currently in the stage of trying to assess

‘these preliminary results in terms of their predictive abilities. For

example, the data obteined from Saginaw Bay deals in experimental values .
of chlorophyll a of 18.4 mg/m® (Table IV). Utilizing the four expressions

obtained from our correlation analyses and given in Table IV, we obtain

for the. indices K, K,, Ky and Ky - K, the values 6.3, 6.7, 12.0, and 12.1 mg/m?

respectively. These values were obtained uti]izihg the Saginaw Bay colour
index values. These experimental values indicate that the indices Ké and K32
appear to-preditt the chlorophy]i a values in Saginaw Bay with more
accuracy than the cher indices. Theoretically K3 - KZ should correlate

best with chlorophyll g_eoncentkations as was i]]dstrated analytically

in Table I.
VI Summary

The data used to perform the correlations'discussed.in this paper were
the result of a major research effort during the 1974 Lake Huron and
Georgian Bay cruises. The environmental problems in the collection of these

data are severe and it is our belief that a remote platform designed to



obtain these parameters would 1ikely do so with a higher degree of

statistical accuracy.

The focus of this paper has been upon the determination of a quantitative
intrinsic optical parameter which can be measured remotely and interpreted
in terms of water quality parameters. The parameter which we suggest that
can be measured remotely is the well-known irradiance ratio or volume
reflectance. Before this volume reflectance can be obtained from a remote
platform, the albedo or apparent reflectance, which is the quantity which

1s actually measured at aircraft or satellite altitude must be corrected
for the combined effects of surface and atmospheric backscatter. The
surface and atmospheric backscatter terms can be removed from the apparent
reflectivity by a combination of methods. The most feasible methods which
can be applied to the apparent reflectivity for ready and practical correc-
tion are the utilization of tabulated values of surface reflection obtained
by Payne, in conjunction with a direct measurement method of the total

reflectance and backscatter obtained in the near infrared. This data may

then be corrected for the wavelength dependence of the atmospheric backscatter

through tabulated Mie type backscatter functions. Having corrected

the data by these methods, the volume reflectance can be interpreted in
terms of the quasi-single scatter model proposed by Gordon and Brown.

This model is the basis for the determination of the intrinsic optical
parameters of absorption and scattering. The volume reflectance as modelled
through Gordon and Brown is however dependent on solar angle. To remove
this dependence on solar angle the generalized colour index concept is

introduced. This colour index parameter has been shown through a number
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of.studieé to be independent of so]af ang1e and a usefu] optica]'c]assifier;
Combining these facts with the anaTytic expression obtained for.the.Volume‘,
reflectance it is possible to show that the colour indices may be related

to such optical parameters as biomass (chlorophyll concentration). The

first attémpt to correlate these colour indices with ch]brophyll a concen-
trations as obtained over a six-month period on Lake Huron and Georgian

Bay was illustrated. fﬁe results of these studies appear to indicate that

the red-blue ratios or a variance of the red-blue ratios appear to achieve
the best correlation in terhé of both their abéo]Ute correlations coefficients

and their experimental predictability.

The authorslsubmit that these studies répresent aspects of fundamental

research which are of vital importénCe to understanding of remote spectral

‘measurements over water. In addition, we are confident that these résu]ts

will help to bridge the gap between qualitative and duantitative remote

sensing.
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FIGURE (4) Colour indices for Lake Superior, June 1973 .(a) Kl at 1 metré
and (b) K2 at 1 metre.
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APPENDIX E

 BIOMASS AND COLOUR INDICES, THEORY AND- EXPERIMENT

I]]ustrated in Figure (E1) is a comparison of the experimental and
theoretical interelation between chlorophyll a and the colour indices
Ky (Green/Blue) and k3 (Red/Blue). The experimental‘curves for these .

jndices are those discussed in Appendix D. The theoretical curves are

. @btained from data published elsewhere (Yentsch, 1960).

The combined absorption coefficients for chlorophyll a and pure water

(James & Birge, 1938) used to calculate theée co]dur‘indices are listed

in Table (E1)
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N EE .
'

100-€
Chlorophyll a | x=430 nm i?530 nm o l‘x=630 nm
'(mg/mB) ' A + 91 AW 4 e A + 8¢
(n ™) (m) (m )
0 0.026 0.062 0.240
0.5 0.068 ~ 0.066 0.246
1.0 0.110 0.069 0.249
2.0 0.194 0.077 0.258
© 3.0 0.278 0.85 ©0.267
4.0 0.362 0.092 10.276
5.0 0.446 0.099 ' 0.286
6.0 0.530 - 0.107 0.295
7.0 0.614 0.114 10.304
8.0. 0.698 0.122 0.313
9.0 0.782 0.129 0.322
10.0 0 0.136 ©0.331

Table (E 1): 'Combined-absorption coefficients for pure water and

Chlorophyll a (adapted from Yentsch (1960). ~ -
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APPENDIX F

CHLOROPHYLL: ABSORPTION, RAMAN AND FLUORESCENCE SPECTRA

The chlorophy1l molecule in its lowest electronic state will absorb
eneray at wavelenath A. This broadband absorption spectra of
chlorophvll a (optical density in relative units) is illustrated in
Figure (F1). The excited molecule will re-emit this energy through
a combination of four possible routes:

1) Resonance Radiation

2) Rayleigh Scattering

3) Raman Scattering

4) Fluorescence (or Luminescence)

With resonance radiation, the absorption is via electronic states

but the absorbed Tight is re-emitted before the molecule has had time

to undergo molecular interactions. The probability of this resonance
process is very small in most practical situations (except low pressure
gasses). If the absorbed radiation exactly matches an electronic ab-
sorption line of the molecule, resonance may be sharply enhanced. Such
phenomena are accessable using tunable Tlasers as optical sources. This
may eventually allow specific pollutant detection (See Kildal,H. 1971)

especially for in situ applications.
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Rayleigh scattering may be describeud quantum mechanically as a
virtual two photon process of absorption and re-emission which
is . both ' spontaneous and the most probable of the four de-

excitation mechanisms.

Raman scattering is similar to Rayleigh scattering except that
vibrational energy is added to or subtracted from the incident energy.
As a result, the Raman scattered energy is different from the incident
energy. The probability that this process will occur in liquids is
about 10'4 the probability of the Rayleigh emission. Consequently,
Raman intensities will be very low. A portion of Raman spectra of
chlorophyll d (Lutz & Kleo, 1974) for excitation at 460 nm is

illustrated in Figure (F1). Raman spectroscopy offers a excellent

mechanism for specific chemical analyses utilizing lasers as sources.

With fluorescence, the incident energy is absorbed via electronic
states of the molecule and re-emitted over time at Tonger wavelengths
and over a broad spéctrum closely mirroring the absorption spectrum
of the molecule.The difference in energy is lost as heat through other
mechanisms. For each photon absorbed, the probability of re-emission
as fluorescence is a complex function of wavelength stemperature, the

presence of impurities and other quenching mechanisms. As a rule of

thumb, this probability is of the order of 1%.
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Much of the f]udrescenée from chlorophyll g_occurs in a brdqd‘-

spectrum centered about 685 nm (Figure (F1))(Friedman E.S., Hickman G.D;,_

1972), closely mirroring the broad absorption peak centered at 675 nm.
An important property of the fluorescent mechanism is its temporal
dependance. The fluorescent intensity as a function of time I (t) is

related to the lifetime of the excited state T through

S YA - s Fl
- I= Io».vg . . o : : A

Where io is the initial fluorescent amplitude, Time dependence

‘has also been shown to be anelength dependent - a phenomena some have

" suggested might form a basis for species identification (see Section(c.3)).



105-G

APPENDIX G

PAYNE'S SMOOTHED ALBEDQO VALUES

The following is a compilation of Payne's (1972) grouped and smoothed
surface albedo measurements (See Appendix D). According to the approach
we have suggested, these results could be very useful to remote sensing.

A complete description on the use of this table is supplied in the text.

Each element P (6, R) in Table (G1) corresponds to a given distribution
R of direct and diffuse radiation for solar altitude 6. Completely .

diffuse illumination corresponds to the situation R = 0.

For practical use to remote sensing, only values of P (6, R) for 6 > 30°

are shown. Under real conditions, values of P(8, R) for R > 0.8 do  not

occur.
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APPENDIX H.

APPLICATIONS OF LIGHT SCATTERING IN HYDRO-OPTICS

Summarized within, are several new experimental and theoretical

observations resulting from efforts to focus upon the in situ nature

of hydro-optical scatteringmeasurements and the concentrations and

character of the particulate material responsible for the observed

scattering phenomena.

As a result of these studies, we are able to infer that scattering,
especially when used -in conjuction with measurements of transmittance,
can yield data which is meaningfully interpretable in terms of
particle concentratidns and particle types. These applications of
hydro-optics arenon-destructive, requiring no chemical analysis, and

can be made in situ using available optical technology.
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- For practical applications of scattering theory to situations of

Timnological ihterest, only ‘real’ partfc]e ensembles are considered

in this section. Several experiménfa] stadfes have shown,

(Owen, 1974), that "real" particle ensembles are both polydispersed.'

(broad. distribution of sizes) and irregu1ar in shape. For such

a particle ensémble, the scatterina coefficient b (m'l) for'a number

concentration of N (m'3) particles can be expreésed as
b=m<K>N<r> _ (H 1)

'whére <K> is the 'average' scattering efficiency of fhe particle

;ensemb1e and <r> is the mean particle radius.

"The parameter K in Eq (H 1) is a functionof the quahtity p, called the

'size parameter of the part1c1e ensemble. The size parameter p is

in turn a funct1onof <r>, |m—1| the relative part1c1e/water refract1ve

1ndex and A, or wavelenath of the incident (or scatter1nn) liaht.
This functional relationship is expressedas

= 4n <r> |m-1 :
fsr> fm-1] (H 2)

The experimental function <K> for @ 'real’ pdiydisnerse ensemble
of irregular particles is shown on Figuré_(H 1) (c) (Hodkihson, ]963);
Also shown in Figure (H 1) are the theoretical functions for K for

single monodisperse particles as calculated from Mie theory in (a).

The curve for a polydisperse ensemble of spheres is also shown

(Van de Hulst, 1957) in (b)
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The relative refractive index value of 0.05 for |[m-1| is usually
chosen as the most likely value for surfacé w&ters haVing small
sediment loads. True values of this index are seen to be converging
on this value (Gordon & Brown, 1972; Carder et al, 1972; Zaneveld

& Par, 1973).

"It is interesting to compute from the information supplied in

Figure H1)(c), the value for the scattering coefficient b (m'l)

which might be expected from a partié]e ensemble of known compositibn

and'concentration.

In table (H 1), this theoretical computation has been summarized for
a range of-méan particle radii (i.e. 10.1 p to 100 u). The

calculation is performed in each case for fixed values of the parameters

A (i.e. 600 nm) and 0.05 for [m-1[The number concentration N (cmi3)

for each <r> corresponds to a mass concentration of 1 ppm (or 1q/m3, or
1 mg/1, or lug/cc),assuminq a mean specific gravity near 1.0

for suspended particles of biogenic (organic) origin. The mean number

~ concentration N, may then be computed for each mean radius from the

relation

_ 1 : ‘ :
N= v - . - (H 3)
4/3 m <r> 3
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The results of the computation summarized in Table (H 1) are of

interest to hydro-optical studies for several reasons. Firstly, the
observed reduction in K-with particle radius, for

particles smaller than about 6.0u acts in such a way as to just
compensate for the enhanced scattering which would be expected for

these ensembles. This observation is not expected from theory and
allows, as a result, scattering measurements to be interpretated in terms
of mass or number concentration in a meaninaful way without absolute

need for simultaneous measurement of <r> ,

Mean Particle Concentration Scattefing Scattering
‘Radius Efficiency Coefficient
7S N K ben<BoWers
(n) (cm-3) (m-1)
0.1 2.39 x 10°  0.023 (?) a7 (2)
1.0 2.39 x 10° 0.23 7
2.0 2.98 x 10% 0.64 .24
3.0 8.84 x 10° 1.10 .27
4.0 3.73 x 10° 1.60 30
5.0 1.91 x 10° 1.95 29
6.0 1.11 x 103 2.0 .25
7.0 6.96 x 10° 2.0 2]
.0 4.66 x 10° 2.0 19
9.0 3.28 x 102 2.0 7
10.0 2.39 x 102 2.0 15
100.0 2.30x 1071 2.0 .015

Table (H 1) Scattering coefficient b computed for a range of mean

particle sizes <r> (Concentration 1.0 ppm; [m-1| = .05; A = 0.6u )
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- For biogenic particles in particular, measurements of scattering

coefficients mav be related to mass concentration throuah relations
of the form

<Conc> ~ 4.6 b o (H 2.)

vThe value 4.6 in.Eq. (H 4) is obtained as the mean value of the

reciprocal of the value for b over a range of <r> from 1 o 10 yu

(Table H 1).

There is good reason to expect that the semi-emrirical formula
given as Equation (H.4) will be valid under aivakiety of situations

of interest to hydro-optics.” The technique may in'particular be

‘valuable in profiling measurements re]ating to productivity studies.

Typical of an experimental analvsis of in situ profiles of the
parameter b ' obtained as a functionof depth at a number of stations
on Lake Huron and Georgian Bay during the CCIW Series of Survey

Cruises (1974), is the example shown in Figure (H.2). The scattering

- coefficient b is reduced from datéiobfained using an Integrating

. scattering meter (Jerlov 1961, Jerlov 1968 pl9f), and is shown here |

to a depth of 75 m. Also profiled in Figure (H.2) are the'a (o = a + b)

‘and temperature (T) profiles simultaneously obtained at the time of this

b sounding. Also illustrated in the fiqure is the absorption

coefficient a (480 nm) derived from the relation
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a(480) = a(480) - b(600 nm)  (H.5)

- This relation assumes the wavelength independence of b.

The indicatrix defined by o/b, is also plotted in this fiqure.

There are a number of features of interest ih this

analysiswhich are summarized in the comments which follow.

The decrease in o near 30m, in the region of the thermocline, is
not reflected in the scatterance b. The ecatterance is seen to
remain relatively constant at 0.4 to this depth. This.observed
decrease in attenuance (o) must eonsequently arise from a decrease
in the absorbance a(A) of the part1c1es giving rise to this

scatterance b.

The above observation fndicates a fundamental change in the

character of the particles giVing rise to the scatterance b.

This observed minimum in a is mbre'quantitative]y (independent of
b) ref]ected in the ratio a/b which is seen to atta1n its m1n1mum

value near 32m
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A‘probable explanation of the observed change in the absorbing
chafacter of these particles at 32m is that the fraction of detrital

material is maximum at or near this absorption minima.

This explanation can be supported by examination of the optical
(i.e. absorbing) characteristics of detrital and organic particles

composing the ensemble.

Below 32 m, the scatterance, b, is seen to increase to values in excess
of 0.55 at a depth of 75 m. This increase in scatterance may

Tikely be attributed to an increasé in mass concentration of the order
of 40% over surface water concentrations. (i.e. 1.8 to 2.5 ppm) .

The fatio a/b attains a value asymptotic to 1.3 at these depths;

this value is about 7% less than the surface value of 1.4 but 8%
greater than the minimum value of 32m. This variation with denth

of the indicatrix a/b has been é consistent -observation of these

orofiling measurements.

In summary, these observations appear to indicate that the hydro-optical
application of scattering techniques can be exceedingly useful in
specification of the character (through the indicatrix a/b) and

concentrations (through Equations of the form Eq. H.4) of suspended

material in a water column.
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APPENDIX I

LABORATORY SPECTROPHOTOMETER TESTS ON'FILTERED,NATER SAMPLES

Fiqure (I1) is typical of a series of spectrophotometer spectral scans

of the absorption properties of particle laden water samp]eslobtained from
several stations on Lake Ohtario. These curves, labelled T, P, and Y,

in the figure, are obtained from comparing the spectral signatures of
unfiltered (T) and filtered (Y) watér samples to a control sample of
distilled water over a 10 cm. path length usina a Unicam Model SP}1800

UV spectrophotometer.Thé resultant curves represent the combined

effect of ébsorption due to suspended particles and dissolved substances
together in T and dissolved substances alone in (Y) where the curve

Y is obtained after samp]e filtration (0.2 fifter). The curve

labelled P in Figure(I1)is obtained from the relation P = T - Y and
represenfs the absorption due to suspended particles alone. The near
lineaf shape of P is in agreement wfth results obtained by others (Yentsch,

1961, see Appendix E)

While the absorption contributfon from substances contained within fhe'
filtered sample certainly represents less than one quarter of the‘tOtal
absorption throughout most of thé visible spectrum, this 'Y' contribution
rises quickly for wavelengths less than 450. nm to values in excess of 50 %

of the total absorption near 350 nm.
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o——a T: UNFILTERED SAMPLE
0—0 Y: FILTERED SAMPLE

®——=o P: PARTICLE ABSORPTION (T-Y)

500 ' 600 ' 700
WAVELENGTH A ( nm)

Figure(Il) Laboratory spectrophotometer spectra of filtered, Y,

and unfiltered (
Ontario.

corrected), T, water samples from Lake
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This rapid and exponential rise in absorption due to substances cohtained

within the unfiltered sample must arise from d1sso]ved substances as the

fraction of suspended material having sizes 1ess than 0 2 u is sma]]

It would therefore appear that the optical laboratory tests confirm the
presence of dissolved substances as deduced from the in situ_optica1

measurements.
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APPENDIX J.

ST. CLAIR RIVER STUDY

This study was conducted in order to assess, using optical,laboratory,
and remote sensing methods, the effects of shipping and dredging operations

upon the ambient suspended sediment levels in the St. Clair River.

The following is a brief summary of some of the more important observations

and conclusions arising from this study.
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Observational ‘Summary

J.1. Air

Observations of note, made from the air on July 24, 1974

included: (1) There was a well-defined sediment 'plume' of several
hundred feet in width in the vicinity of the extreme south western

end of the St. Clair River cut off. This 'plume' extended in a south
westerly direction with well-defined boundaries which indicated higher
than ambient (i.e. Lake St. Clair ambient) concentrations of sediment
within the plume and along the track of the main shipping channel into

Lake St. Clair.

J.2. ERTS Imagery

Satellite imagery* of the test area available at CCIW revealed a
well-defined 1ine extending from the south western tip of the St. Clair
River cut-off across Lake St. Clair towards the Detroit River and along
a track which is apparently coincident with the main shipping lane
across Lake St. Clair. This line, of several hundred feet in lateral
extent, is most readily observable in Band 5 (i.e. 600 to 700 nm).

This feature is generally agreed to be attributable to a high level

of sediment loading along the shipping lane across Lake St. Clair.

It should be noted that this feature may not always be so apparent.

A number of hydrodynamical factors may combine to obscure this feature
at any given time. This feature has however, been observed in the
past, and may provide a strong clue to the effects of shipping across

Lake St. Clair.

* 8 July 74 C N42-56/W 082-45 N N42-50/W 082
-39 MSS-4, 5 & 6 SUNFL58 AZ121
196-09969-P-1-A-P-1L CCRSE1715-1539D-4.56
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J.3.  Ground

Experiments performed on the qround by DPY andFCCiw.personné1
included transmissometef soundings and water samplings obtained and
conducted according to prearranged techniques and consistent with
genera]]yvaccepted experimenta] procedures. The experiments were
conducted to assess the effects of dredging and shipping operations
upon the ambient concentrations of particulates in the area. The data
shown in Figure (J.1 ) is presented in terms of_the coefficient of
extinction a - whefe a is obtained from the % meter transmissometer

reading T, - from the relation
q
a=-41n (.01 7). S - (9.1)
.. A E :

where T,_ is expressed as a percentageQ
3 o .

J.3.1 Ambient values of a .

Data obtained ab6ut the test siaht and at various locations across

the channel and under conditions where no shipping was taking place -
north-east of the sinagle dredging opération yie]ded values of o 1h the

1

range 2.8 to 3.5 m ' (i.e. o = 3.15 + .35). The upper limit on o

(3.5 m']) was used in all subsequent calculations.

J.3.2 Mater Sampling

A number of water samples were obtained coincident with the transmissometer

soundings over the two day period. Thirty eight of these samples were



laboratory filtered, dried and weighed. The o vs. sample Weight

Tinear regression analysis for these samples is illustrated in Figure (J.1)
The resultant analysis shows reasonable correlation with the laboratory
results ( r = 0.872). The non-zero residue on A (or o) is due primarily
to absorption due to dissolved substances in the water. According to
Figure (J.1), the ambient value o = 3.5, corresponds to a particulate
Toading of 2.90 ppm (or mg/1) which agrees well with known values of

this parameter in this region.

J.3.3. Sediment Profiling

Under equilibrium conditions the distribution of relative concentration
in an open channel flow is described by relations of the form

(Krishnappan, 1974).

N-Na 1
Concentration = Na (1 - 1-Na xm
_n~YN-Na
Na + (1 Na)T:NE- (J.2)

where m = relative intensity of flow

X
1]

constant (0.4)

=
"

depth/depth of channel"
Na

scaled depth

For the very fine silt particles characteristic of the lower St. Clair

River delta region (i.e. test sight) and for the characteristic
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flow values for the region; (particle settling rates of 1.0 Cm/sec;’
and flow rates of 30 to 90 cm/sec) it can be shown that: (a) once
put into suspension, particles will remain in suspension for fheir

entire residence time in the channel and (b) the concentration

of particulates (or mass concentration) will be relatively uniform with depth.

Experimental evidence for this latter phenomena was obtained by depth

profiling of a at various times after ship passage and dredge operations.

J.4 Dredging Operations |

Sediment concehtrations in excess of ambiént values were readily
detected as far as 2800 feet down stream of the dredging operation.
Near the dredge and within a 100" radius of the dredge, sedfment

concentrations are found to exceed ambient values by at least 460%.

J.5 Ship Traffic |

Observations wére-obtained on turbidity p]umeS‘geneEated by a number of .
ships on passage both down and up stream in'the channel. The results

of o values from most of these samples yielded maximum values of o of the

order 5.0 within three to six‘minutes of ship passage.
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CONCLUSIONS

Due to the nature of the sediments and the current flow patterns

in the test area, both shipping and dredging operations may significantly
contribute to ambient particulate levels in the region. This is an
unavoidable conclusion based on theoretical grounds and is a result of
the fact that due to the slow settling rates of the particles and fast
flow conditions in the channel, sediments just do not have time to

settle out of suspension.

Although it is not possible to directly compare the effects of

one ship vs. the effects of one conventional dredging operation - as

the former acts as a line source while the latter a point source;
the results of our study do appear to indicate that in the shipping

channel both operations can be comparable in effect.

Conservatively, either operation, a single ship (i.e. with 27 foot
draught) or a single dredge, may increase ambient particulate

concentrations by at least 4.6 within a 100 foot radius of either

operation.

The effects of a ship on ambient levels may be highly depth dependent.
Visual turbidity plumes do however occur in clear water regions for

depths in excess of two or three times a ship's draught.
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Assuming that a channel flow rate of 1 fo¢t/séc., and‘a 4606%f1ncrease over
ambient sediment value (13.3 mg/l) as obtaiﬁed from our measufements,

is representative of test site ¢onditions,- these. data would imply

a sediment deposition of 7.5 ‘x 104 tons per mo. at the end of the

St. Clair cut off due to shipping alone. ' This value, representing 7%

of a similar ambient flow calculation should be considered significant.
Worded otherwise; the éffects of shipping operatiOnSInusf ‘effective1y
represent at 1eaSt 7% of the natural sediment deposition outside the

cut off region. This calculation assumes the channel has time to just

recover after a ship pésses or a ship frequency of one every 90 minutes.* .

*Assuming average ship speed of 10 knots in the five mile long channel.
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