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COASTAL WATERS IN RELATION TO OCEAN COLOUR REMOTE SENSING

by Susan J. Shimwell

An intensive data collection campaign has been conducted in the coastal waters of the

southern North Sea during which a variety of marine optical parameters have been

measured together with water quality parameters. A suite of semi-empirical ocean colour

algorithms to derive the main constituents of Case 2 waters has been developed for the area

and these have multi-temporal applicability. Such algorithms have been tested on airborne

reflectance data collected using the CASI (Compact Airborne Spectral Imager). An

investigation into the relationships between the inherent and apparent optical parameters has

been carried out and various models from the literature have been tested on in situ data.

New coefficients in the reflectance model are proposed for coastal waters. An empirical

relationship between subsurface and above water reflectance has been defined and the

angular distribution factor of spectral radiance (Q factor) calculated. A value of ir for Q

is recommended for coastal waters which is in contrast to the value of 5 proposed by other

researchers. The understanding developed within this study of the optical properties of

coastal waters will enable maximum potential to be made of aircraft and satellite remote

sensing.
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Chapter 1: Introduction

CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Optical remote sensing has been used to determine the concentration and nature of a variety

of suspended and dissolved substances in the ocean. The technique has been most

successful in relating radiance leaving the water surface to pigment concentration in clear

ocean waters. However, by definition, ocean waters (Case 1) are dominated by

phytoplankton and their associated degradation products alone (Morel and Prieur 1977).

In coastal waters (Case 2) the situation becomes more complicated by the presence of

inorganic suspended sediment, and increased quantities of dissolved organic matter (DOM)

from river runoff. There is also much more variability in type, composition and size of

inorganic particles as compared to ocean waters together with variation in the type and

concentration of DOM, all of which can lead to varying spectral signatures of the water

type. Other factors must also be considered in coastal waters which either do not arise, or

are not so significant in ocean water such as river and anthropogenic inputs, bottom

erosion, resuspension of sediment, water depth and tidal and current effects. Although

ocean colour algorithms have been developed for coastal waters with some degree of

success, the area is so variable in both time and space, that the algorithms have proved to

be very site and season specific (Marees and Wernand 1991). In such a dynamic

environment as the coastal zone considerable variations in water quality exist over short

time periods and distances. The effect on algorithm development of this water variation

is compounded by the fact that the traditional measurement of bio-geochemical parameters

is from one discrete water sample. Despite the above problems the main strength of ocean

colour remote sensing in coastal waters is the ability to obtain an instantaneous view of the
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water quality over a much larger area than could be sampled by a ship during the same time

period, thereby eliminating problems caused by water quality variations over short time and

distance scales.

Many optical remote sensing studies in the past have concentrated on either clear ocean

water (Gordon et al 1975, Morel and Prieur 1977, Gordon and Clark 1981, Gordon 1989)

or on eutrophic, turbid lakes or inland water bodies (Bukata et al 1981, Davies-Colley

1983, Vertucci and Likens 1989, Gitelson et al 1993, Dekker 1993). Many of the

disturbing effects present in coastal waters are either not present in the open ocean or in

inland water bodies, or if they are present they act in isolation or are not dominating

factors. As a result relatively successful algorithms for the open ocean and inland waters

have been determined. Sources of variability can be present in inland water bodies but the

range in concentration of water quality parameters is often so great that correlation

coefficients are improved. Coastal waters generally have a large variation in particle type,

and concentrations are greater than those found in the ocean but are less than those in

inland water bodies. The combination of these two factors has made algorithm development

more difficult in coastal waters.

1.2 AIMS OF THE RESEARCH PROGRAMME

The aim of this research programme is two-fold; firstly to develop accurate multi-temporal

ocean colour algorithms for Dutch coastal waters, applicable to both aircraft and satellite

sensors, and, secondly, to increase the understanding of the optical properties of such a

complex and important area as coastal waters.

Semi-empirical ocean colour algorithms will be developed using a variety of statistical

techniques to retrieve concentrations of the main constituents of coastal waters. As far as

possible such algorithms will be applicable throughout the year. Wavebands of forthcoming

ocean colour sensors such as SeaWiFs and MERIS will be simulated using the in situ
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optical data and the most applicable algorithms presented. There will be an opportunity to

compare the algorithms developed within this project with those developed for the same

area in 1989 (Marees and Wernand 1991) and therefore an assessment of their inter-annual

applicability can be made. The algorithms developed within this project will also be

applied to spectral aircraft data to obtain profiles of concentration of the main water

constituents along a flight line.

The second aspect of this research will concentrate on measuring the optical properties of

coastal waters and establishing relationships between those properties. It is apparent from

the literature that limited in situ optical measurements have been carried out in coastal

waters. Most work has concentrated on laboratory measurements (Krijgsman 1994,

Hakvoort 1994), or modelling (Gordon et al 1975, Morel and Prieur 1977, Kirk

1981,1984,1994a, Aas 1987, Sathyendranath et al 1989, Zaneveld 1989, and Morel and

Gentili 1991,1993). Most in situ measurements have been made in inland waters (Bukata

et al 1981, Vertucci and Likens 1989, Dekker 1993). Therefore it is considered that the

present research programme will be able to contribute significantly to the knowledge of

optical properties in coastal waters, based on optical measurements collected during several

research cruises undertaken in coastal waters. Those optical properties dependent on the

water constituents alone (inherent optical properties) and those dependent also on the

ambient light field (apparent optical properties) will be measured with newly developed

instrumentation, together with water quality parameters such as suspended sediment,

chlorophyll and dissolved organic matter concentration. The relationships between the

inherent (IOP) and apparent (AOP) optical properties will be examined and existing models

tested. It is important to be able to accurately define the relationship between the IOP's and

AOP's in order to be able to monitor the quality of coastal waters. Such a relationship

could be used as a predictive tool to predict changes in the underwater light field as a result

of changes in the concentration of the various components of the water.

Remote sensing techniques generally measure (ir)radiance at some distance above the water

surface and from this the reflectance is then calculated. The relationships between the
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IOP's and AOP's are necessarily established below the water surface. Therefore the

spectral reflectance signatures both above and below the water will be derived from

(ir)radiance measurements made during this programme and an empirical relationship

between the two reflectances derived. This would enable future researchers to derive the

subsurface reflectance from the above water reflectance.

1.3 SUMMARY OF THESIS CHAPTERS

The theoretical definitions of optical parameters and a literature study are presented in

Chapter 2. This is followed by a description of the data collection area and research

programme in Chapter 3 and a description of the instrumentation used and the crucial

calibration procedures in Chapter 4. In Chapter 5 the optical measurements are analysed

for reproducibility and some of the common errors associated with optical measurements

are examined. The semi-empirical algorithms for the main constituents of coastal waters

are presented in Chapter 6 and these algorithms are tested on airborne data in Chapter 7.

In Chapter 8 the various models relating the inherent and apparent optical properties are

tested on the in situ data. The relationship between the subsurface and above water

reflectances is examined in Chapter 9. Finally conclusions and recommendations for future

work are presented in Chapter 10.
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CHAPTER TWO

OPTICAL THEORY AND LITERATURE REVIEW

2.1 LIGHT

Visible light occurs in indivisible units called quanta or photons, travelling at 3 x 108 m s"1.

However, despite being made up of units, light tends to behave as an electromagnetic wave,

thus having a wavelength, X, and a frequency, v. The wavelength and the frequency are

related to the speed of light, c, which is constant in a given medium, by the following

formula:

X = c/v 2.1

Therefore the frequency is lower for higher wavelengths. The energy, e, varies with

frequency and wavelength, i.e.

e = hv = hc/\ 2.2

where h is Plank's constant and has a value of 6.63 x 10"34 Js. Therefore a photon of

wavelength 700nm contains only 57% as much energy as a photon of wavelength 400nm

(Kirk 1994b).

2.2 THE RADIATION FIELD

In order to understand how light is affected by a water body it is helpful to define the
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parameters required to describe a light field. These definitions are taken mainly from Kirk

(1994b) based on the report of the Working Group set up by the International Association

for the Physical Sciences of the Ocean (1979) and Robinson (1985).

Two angles are required to express direction within a light field; the zenith angle, 8, and

the azimuth angle, (f>. The zenith angle is the angle between a thin parallel beam of light

and the upward vertical, and the azimuth angle is the angle between the vertical plane

containing the light beam and some other vertical plane such as that of the sun.

horizontal

Figure 2.1: The angles defining direction within a light field. A downward beam of light
is shown with zenith angle 6. Assuming the xy plane is the vertical plane of the Sun, or
other reference vertical plane, then <j> is the azimuth angle.
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The quantities, units and symbols of the parameters used to measure visible electromagnetic

radiation are shown in Table 2.1. They are assumed to be integrated across a broad

spectral range unless the subscript X is used which indicates restriction to a narrow

wavelength band.

Quantity

Radiant energy

Radiant flux

Radiant flux density

Radiant intensity

Radiance

Irradiance

Vertical attenuation
coefficient

Irradiance reflectance

Symbol

Q

$

E

I

L

E

k

R

Unit

J (Joule)

W (Watt)

W m 2

Wsr1

W nr2 sr1

Win2

m1

%

Table 2.1: The parameters used to measure visible electromagnetic radiation and their
symbols and units.

Radiant flux, $, is the time rate of flow of radiant energy, Q, expressed in Watts (J s"1) or

quanta s"1. The radiant flux density is the energy intercepted per unit area of a given plane

surface. E is used to denote flux, $, arriving at a surface of area dS, or the irradiance.

The irradiance is discussed in more detail later.
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flux $

area, dS

Figure 2.2: Radiant flux density, E.

It is important to note that E does not specify the direction of the radiation, since the total

flux is integrated over a hemisphere.

Radiant intensity, I, is the radiant flux per unit solid angle in a specified direction. It has

units of W steradian"1, a steradian (co) being a dimensionless unit of solid angle, (w = A/R2

in Figure 2.3). The source radiant intensity in a given direction is the radiant flux emitted

by a point source in an infinitesimal cone containing the given direction, divided by that

element of solid angle. The field radiant intensity is the radiant flux at that point in a

specified direction in an infinitesimal cone containing the given direction, divided by that

element of solid angle.

= d<f>/da> 2.3
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Figure 2.3: Radiant intensity, I.

Radiance, L, is the radiant flux not only per unit solid angle, but also per unit area of a

plane at right angles to the direction of flow. The field radiance is that radiance at a point

on a surface, from a specified direction, per unit solid angle per unit projected area of the

surface. The term surface radiance is applied to a surface which emits radiation in the

same way as the field radiance at a point on a surface. Radiance is commonly written as

L(d,<t>) to indicate that it is a function of both azimuth and zenith angle. It has units of W

m"2 sr"1.

d2

dS cos8 afo
2.4
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projected source

area, dS cos8 source area, dS

Figure 2.4: Radiance, L.

As previously mentioned the irradiance, E, is the radiant flux incident on an infinitesimal

element of a plane surface, divided by the area of that element. It has units of W m2.

E = $/dS 2.5

Downward irradiance, Ed, and upward irradiance, Eu, can also be defined as the irradiance

on the upper and lower faces, respectively, of a horizontal surface. Therefore, for a

horizontal plane below the sea surface, flux passing into the lower part of the water column

is termed downwelling irradiance, and that which is backscattered towards the surface is

termed upwelling irradiance. It is important to note that the irradiance will vary according

to the orientation of the plane and as a result it is often termed vector irradiance.

10
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sea surface

\
area dS

' T
\

Ed = $,
dS

dS

Figure 2.5: Downwelling and upwelling irradiance, Ed and Eu.

In order to relate irradiance and radiance it is necessary to refer to Figure 2.4. Here the

radiance is L (6, <fr) W per unit projected area per steradian. The projected area is dS cosd

and the corresponding element of solid angle is dw. Thus the radiant flux falling on an

element of surface within the solid angle dw is:

L(d,<}>) dS cosd do) 2.6

The element of irradiance, dE, at the point in the surface where the element of area, dS,

is located is given by:

dE = d$/dS = L(0,<f>) cosd dw 2.7

11
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By integration with respect to solid angle over the whole upper hemisphere the total

downward irradiance at that point in the surface is obtained:

Ed = \ 2TL(6,4>) cosO da) 2.8

The total upward irradiance is obtained by calculating over the whole lower hemisphere but

allowance must be made for the fact that cosd is negative for values of 6 between 90° and

180°:

Eu = - f _2rL(6,4>) cos9 da> 2.9

The net downward irradiance, E, is the difference between the downward and upward

irradiance. It is thus a measure of the net rate of transfer of energy downwards at that

point in the medium.

E = Ed- Eu 2.10

The net downward irradiance is related to radiance in the following expression:

E = J 4irL(e,$) cose dw 2.11

The scalar irradiance, Eo, is the integral of the radiance distribution at a point over all

directions about the point:

Eo = J 4irL(e,(j>)do} 2.12

Therefore scalar irradiance is the radiant intensity at a point and radiation from all

directions is treated equally. However with irradiance the radiant flux at different angles

varies in proportion to the cosine of the zenith angle of incidence of the radiation, ie. the

Cosine law. A Lambertian surface is one which is perfectly diffusing and has the property

12
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that the intensity of the light emanating in a given direction from any small surface

component is proportional to the cosine of the angle of the normal to the surface.

Therefore the radiance or brightness of a Lambertian surface is constant regardless of the

angle from which it is viewed.

Scalar irradiance can also be divided into the downward scalar irradiance, Eod, which is

the integral of the radiance distribution over the upper hemisphere, and the upward scalar

irradiance, Eou, which is integrated over the lower hemisphere.

Eod = \2xL(6,(t>)da) 2.13

Eou = 1.2rL(6,<l>) do) 2.14

Both E and Eo are measured in units of W m'2. However as irradiance and scalar

irradiance vary with wavelength in the natural environment they are often expressed in

terms of the variation with wavelength eg. W m"2 nm"1.

In order to completely describe the angular structure of a light field it is necessary to know

the radiance distribution over all angles at a particular point in a medium. However, a

complete radiance distribution at narrow intervals of zenith and azimuth angles consists of

a large amount of data. Therefore the angular structure of a light field is expressed in a

simpler way by the use of the three average cosines - for downwelling, up welling and total

light - together with the irradiance reflectance.

The average cosine for downwelling light, \id, at a particular point in the radiation field,

is the average value, in an infinitesimally small volume element at that point in the field,

of the cosine of the zenith angle of all the downwelling photons in the volume element. It

is calculated by summing for all elements of solid angle of the upper hemisphere, the

product of the radiance in that element of solid angle and the value of cos 6, and then

dividing by the total radiance originating in that hemisphere. Therefore the average cosine

for downwelling light is equal to the downward irradiance divided by the downward scalar

13
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irradiance:

ixd = Ed/Eod 2.15

The average cosine for upwelling light, \M, is the upward irradiance divided by the upward

scalar irradiance:

JXU = Eu/Eou 2.16

The average cosine for total light, [x, at a particular point in the field, is the average value

of the cosine of the zenith angle of all the photons in the volume element. It can be

evaluated by integrating the product of radiance and cos 6 over all directions and dividing

by the total radiance from all directions. In other words the average cosine for the total

light is equal to the net downward irradiance divided by the scalar irradiance.

E Ed-Eu
» " To ' ~ -

The irradiance reflectance, R, is the ratio of the upward to the downward irradiance at a

given point:

~E~d 2.18

14
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Finally, the vertical attenuation coefficient, K, is defined as:

d\n E 1 dE
^T = --E^z 2-19

where z is the depth within the medium and K is specified as downwelling or upwelling or

scalar according to the use of Ed or Eu or Eo in the expression.

2.3 THE INHERENT OPTICAL PROPERTIES

The inherent optical properties of a water body are those properties which are independent

of changes in the angular distribution of radiant flux, that is their magnitudes depend only

on the substances comprising the aquatic medium (Preisendorfer 1961). The inherent

optical properties consist of the absorption coefficient a, the scattering coefficient b and the

volume scattering function, (3.

These parameters are defined with the help of an imaginary, infinitesimally thin, plane

parallel layer of medium, illuminated by an infinitesimally narrow, parallel beam of light.

The absorption coefficient is the fraction of incident flux which is absorbed, divided by the

thickness of the layer, and the scattering coefficient is the fraction of flux scattered, also

divided by the thickness of the layer. The fraction of the incident flux which is lost from

the incident beam by absorption and scattering combined, divided by the thickness of the

layer, gives rise to the additional inherent optical property of the beam attenuation

coefficient, c. Therefore:

c = a + b 2.20

15
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The beam attenuation coefficient can also be obtained from measurements of the diminution

in intensity of a parallel beam passing through a known pathlength of medium, r.

c - -1 In - ^ 2.21

where $0 is the radiant flux in the beam, and $ is the diminished radiant flux in the beam.

The absorption, scattering and beam attenuation coefficients have units of 1/length and are

normally expressed in nr1.

Scattering of light within a medium depends on the value of the scattering coefficient

together with the angular distribution of the scattered flux resulting from the primary

scattering process. The volume scattering function, (3(6) describes the characteristic shape

of the angular distribution for any given medium. It is defined as the radiant intensity in

a given direction from a volume element, dV, illuminated by a parallel beam of light at

angle 6, per unit irradiance on the cross-section of the volume, and per unit volume (Figure

2.6).

P(8) -
EdV

2.22

The volume scattering function has the units m1 sr1.

16



Chapter 2: Optical Theory and Literature Review

dV

dl(G)

JL dr

T

Figure 2.6: The volume scattering function. A parallel light beam of irradiance E and
cross-sectional area dA passes through a thin layer of medium of thickness dr. The
illuminated element of volume is dV and dl(9) is the radiant intensity due to light scattered
at angle 6.

The total scattering coefficient, b, can be divided into that light which is scattered from the

beam in a forward direction (the forward scattering coefficient), bf and that light which is

scattered backwards (the backward scattering coefficient), bb.

b = 2.23

The normalised volume scattering function, (3(6), compares the shape of the angular

distribution of scattering in different media separately from the absolute value of scattering.

It is a dimensionless function that is obtained by dividing the volume scattering function by

the total scattering coefficient.

P(B) - PO) 2.24

17
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2.4 THE APPARENT OPTICAL PROPERTIES

Apparent optical properties are those optical properties which are jointly dependent on the

inherent optical properties and on the ambient light field (Preisendorfer 1961).

Preisendorfer classifies the vertical attenuation coefficients for upwelling (Ku) and

down welling (Kd) irradiance, the irradiance reflectance (R), and the average cosines as

apparent optical properties. However Kirk (1994b) suggests that, as the vertical attenuation

coefficients are determined mainly by the inherent optical properties of the medium and are

not affected greatly by changes in the incident radiation field, only these should be referred

to as apparent optical properties. He classifies reflectance and the average cosines as

properties of the radiation field.

2.5 ABSORPTION AND SCATTERING PROCESSES WITHIN A WATER BODY

2.5.1 Absorption processes

Absorption is a process whereby light is attenuated when entering a water body. Photons

of light are captured by some molecule in the medium such as a water molecule or a

chlorophyll molecule and as a result gain energy. Photons of visible light have sufficient

energy when absorbed to bring about a transition within a molecule from one electronic

level to another. Therefore when a molecule captures a photon an electron is raised from

the ground state to an excited state, the energy level reached being dependent on the

wavelength (ie. energy) of the photon. A chlorophyll molecule has two main absorption

bands, in the red and the blue part of the spectrum but absorption of a blue photon leads

to a move to a higher energy level than absorption of a red photon. However, the

electronic energy levels overlap and therefore immediately after absorption of a blue photon

there is a rapid series of downward transitions until the lower electronic state is reached.

The energy in the lower excited state is used in photosynthesis and as a result all absorbed

photons in the visible spectrum are equivalent in terms of photosynthetic energy.

18
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There are four light absorbing components present in natural waters: the water itself,

phytoplankton, dissolved organic material and organic and inorganic particulate matter.

The absorption coefficient of the medium as a whole, at a given wavelength, is equal to the

sum of the individual absorption coefficients of the components present. Providing that no

changes in molecular state or physical aggregation take place with changes in concentration,

then the absorption coefficient due to any one component is proportional to the

concentration of that component (Beer's Law).

a(total) = a(w) + a(d) + a(ph) + a(pm) 2.25

where a(w) is the absorption by pure water, a(d) by dissolved organic matter, a(ph) by

phytoplankton, and a(pm) by particulate matter.

2.5.1.1 Absorption by pure water

The colour of pure sea water is blue because it absorbs weakly in the blue region of the

spectrum and strongly in the red region. Absorption begins to rise above 550nm until at

680nm a 1 metre thick layer of pure water will absorb about 35 % of incident light (Kirk

1994b). There are even more intense absorption bands in the infrared. Small peaks in the

absorption spectrum are observed at 520, 606, 664, and 742nm (Buiteveld et al 1994).

There is no significant difference between the absorption in fresh water and that in the

clearest sea water. It is difficult to measure the absorption coefficient in pure water in the

blue/green spectral region because of the very weak absorption in that part of the spectrum

and values reported in the literature vary widely. Figure 2.7 shows the pure water

absorption spectrum given by Buiteveld et al 1994 based on their own measurements of

pure water by a submersible absorption meter (Hakvoort et al 1994) combined with values

from the literature. The widely quoted values of Smith and Baker (1981) are also shown

for comparison.

19
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Figure 2.7: 77ze absorption coefficient (open squares) and scattering coefficient (solid
squares) of pure water given by Smith and Baker (1981). The solid lines are new values
proposed by Buiteveld et al (1994). Taken from Hakvoort, (1994).

2.5.1.2 Absorption by dissolved organic matter

The chemical composition of dissolved organic matter is extremely diverse and includes

such substances as carbohydrates, proteins, vitamins, phenols, hydrocarbons and humic

substances. Most of these substances do not have any absorption bands in the visible part

of the spectrum with the exception of the humic substances. These are often referred to as

'yellow substance' or 'gelbstoff or 'gilvin' and they form an optically important constituent

of natural sea waters. The name 'yellow substance' is derived from the fact that absorption

by humic substances is very low or absent at the red end of the visible spectrum and rises

steadily with decreasing wavelength towards the blue. In the ultraviolet region the

absorption is higher still. Humic substances are derived from the decay of organic material

under microbial action and are carried to the sea by fresh water runoff from the land. They

can also be formed within the sea itself through the decomposition of planktonic organisms.

20
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Figure 2.8: The approximate absorption spectrum of dissolved yellow substance. Taken
from Robinson, (1985).

2.5.1.3 Absorption by phytoplankton

Phytoplankton contribute strongly to the absorption of light in natural sea water. They are

equipped with a variety of light absorbing pigments which absorb radiant energy in the

visible wavelength range and convert the energy to organic carbohydrates via the process

of photosynthesis. Chlorophyll a is the major pigment present in all photosynthetic

plankton but there are a number of accessory pigments, each absorbing light in a distinct

spectral region (Figure 2.9). The absorption spectrum of chlorophyll a for in-vivo oceanic

phytoplankton shows two main, relatively broad absorption peaks near 440 and 670nm.

However, the absorption spectrum per molecule of chlorophyll a, measured in a laboratory,
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is much more peaked than the in-vivo spectrum (Figure 2.10). This is because the living

cellular material containing the absorbing pigments tends to coalesce into discrete units,

thereby lessening the effectiveness with which they collect photons.
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Figure 2.9: The absorption spectra of photosynthetic algal pigments superimposed on that
for clear water. The main chlorophyll peaks are near 440 and 670nm. Taken from Apel
(1987), based on Yentsch and Yentsch (1984).
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Figure 2.10: The specific absorption coefficient of chlorophyll a for in-vivo oceanic
phytoplankton (solid line and left-hand scale), and for a dilute diethyl ether solution of
chlorophyll a and b in-vitro (dashed lines and right hand scale). Taken from Apel (1987),
based on Morel and Prieur (1977).

2.5.1.4 Absorption by inorganic and organic particulate material

The inorganic and organic particulate material present in coastal waters can be very diverse.

It consists of inorganic particles derived from rivers, coastal erosion, resuspended bottom

sediment etc, together with dead organic particles such as detritus. The absorption

spectrum of light in natural waters by particulate material of both organic and inorganic

origin is not yet well established, mainly due to the difficulty in measurement as the

particles scatter light much more efficiently than they absorb light. Measurements made

by Kirk (1994b) show that absorption by particulates tends to be low or absent at the red

end of the spectrum and rises steadily as wavelength decreases into the blue and ultraviolet,
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ie. typical humic substance absorption spectra. This could be due to paniculate humic

material, existing as either discrete particles or bound to mineral particles. In contrast,

Sathyendranath and Morel (1983), measured absorption spectra with increasing absorption

at both the red and blue ends of the spectrum.

2.5.2 Scattering processes

When a photon of light enters a water body it can either be absorbed or scattered. If it is

scattered it deviates from its original path by interacting with some component of the

medium. Light is not removed from the water body by scattering, but the total pathlength

which the photon travels increases and therefore the probability of being absorbed by other

components in the water increases. As a result scattering increases the vertical attenuation

of the light.

Scattering is determined by two types of scattering: density fluctuation scattering and

particle scattering. Density fluctuation scattering is caused by the random motion of

molecules in a liquid which leads to microscopic fluctuations in density. The radiation field

interacts with these fluctuations in the same manner as scattering in gases and therefore

Rayleigh scattering theory is applicable. The Rayleigh theory predicts that scattering in a

pure liquid is proportional to X4 and that scattering is identical in the forward and backward

directions. Rayleigh theory is only applicable when the particle size is small relative to the

wavelength of light and therefore an alternative theory is required to predict the scattering

caused by the particles that occur in natural sea water. To predict the scattering behaviour

of such particles Mie theory is used which is applicable to particles larger than the

wavelength of light. This theory predicts that most of the scattering is in the forward

direction within small angles of the initial light direction.

Absorption and scattering interfere in a process known as anomalous diffraction. These

interference effects are caused by phase changes as the photons pass through media of
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differing refractive indices (Morel 1987).

2.5.2.1 Scattering by pure water

Scattering in pure water is due to density fluctuation scattering alone. Hence it is predicted

by Rayleigh theory and is proportional to X"4, or more precisely, X"432, as the refractive

index of water varies with wavelength. The scattering coefficient of pure water is shown

in Figure 2.7. The addition of salt in pure sea water increases the scattering by a factor

of about one third (Morel 1974). The volume scattering function of pure water or pure sea

water is a minimum at 90°, with equal amounts of forward and backward scatter (Figure

2.11).
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Figure 2.11: The theoretical volume scattering function from density fluctuations in pure
fresh water, for X = 550nm. Taken from Apel (1987), based on Morel (1974).
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2.5.2.2 Scattering by particles

The particles present in natural waters are very diverse and can be inorganic particles

derived from river or aeolian input, phytoplankton, bacteria, organic detrital fragments, etc,

all of which scatter light. The refractive index and the size distribution of particles can

both influence the scattering coefficient, but the particle shape is less important.

Phytoplankton are efficient scatterers of light, but their structure is such that they contain

material of differing refractive indices. Therefore the interaction of phytoplankton with

individual photons of light is quite complex, as account must also be taken of absorption

within the phytoplankton by photosynthetic pigments.

When photons of light encounter a particle some are reflected or diffracted at the external

surface, and some pass through the particle, undergoing refraction and/or internal

reflection. As a result the photons are scattered, predominantly in the forward direction,

as predicted by Mie theory. The scattering efficiency of a particle, Qsca[, is defined as the

scattering cross-section of the particle divided by the geometrical cross-sectional area of the

particle. The scattering efficiency of a non-absorbing spherical particle is shown in Figure

2.12 as a function of size. At very small particle sizes the scattering efficiency is low, but

increases sharply to a maximum at a diameter of 2pim. As the diameter of the particles

increases the scattering efficiency oscillates until it levels off at a value of 2.

The shape of the volume scattering function in natural waters is quite different from that

of pure water. Scattering is greatest at small forward angles because of the dominance of

particle scattering. However in very clear ocean water it is possible that the density

fluctuation scattering will have an influence at angles between 100 and 180°. In more

turbid coastal waters the density fluctuation scattering is insignificant at all angles compared

to particle scattering. Density fluctuation scattering can also make a significant contribution

to the total scattering coefficient in clear ocean water at short wavelengths, particularly in

the backward scattering direction where contributions of up to 33% have been reported

(Morel and Prieur 1977). The total amount of light scattered in natural waters generally

26



Chapter 2: Optical Theory and Literature Review

increases with increasing concentration of participate matter and is insensitive to

wavelength. It is possible in clear ocean water that the amount of backscattering is

influenced by density fluctuation scattering to such an extent that an inverse dependence on

wavelength is observed. However in most waters the particle scattering dominates and no

variation in scattering with wavelength is seen.
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Figure 2.12: The scattering efficiency of a non-absorbing particle as a function of size.
The particle has a refractive index of 1.17 and A = 550nm. Taken from (Kirk 1994b).

2.6 FLUORESCENCE OF NATURAL WATERS

When light energy is absorbed by either phytoplankton or dissolved yellow substances it is

possible that a photon is re-emitted in a process known as fluorescence. The fluorescence

response is immediate, and the re-emitted energy is displaced from the exciting wavelength

toward longer wavelengths. However, only a small proportion of absorbed light is re-

emitted in this way, typically 1 to 3%. In natural waters, solar stimulated fluorescence

27



Chapter 2: Optical Theory and Literature Review

occurs as a broad band emission from dissolved yellow substances, and a narrower band

emission at 685nm due to living chlorophyll a.

2.7 CLASSIFICATION OF WATER TYPES

Several attempts have been made at optically classifying the wide range of water types

observed in the ocean and coastal waters. One of the simplest classifications was suggested

by Morel and Prieur (1977) in which Case 1 waters are those whose optical properties are

dominated by phytoplankton and their degradation products only, and Case 2 waters are

those dominated by inorganic sediments or yellow substance instead of or in addition to

phytoplankton. Jerlov (1976) divided waters into 3 oceanic types (Types I to III), and 9

coastal types, based on the percent transmittance of downward irradiance. Figure 2.13

shows the spectral transmittance for several of the water types and illustrates the shift in

the transmittance peak toward longer wavelengths with increasing turbidity. Smith and

Baker (1978) concluded that in clear oceanic waters the attenuation is due to phytoplankton

and covarying degradation products and as a result optical classification can be based on

pigment concentration alone. Kirk (1980) proposed an optical classification applicable

mainly to inland waters on the basis of the absorption spectra of the soluble and particulate

fractions. A similar classification was proposed by Prieur and Sathyendranath (1981) for

coastal and oceanic waters based on the relative importance of absorption by pigments,

dissolved yellow substance and particulate matter. A classification for inland waters was

proposed by Vertucci and Likens (1989) based, not on the measured inherent optical

properties of the water, but on the shape and magnitude of the measured reflectance

spectra.
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Figure 2.13: The spectral transmittance over the upper 10m of water for Jerlov water types
I to III and 1 to 9. Taken from Apel (1987), based on Jerlov (1976).

2.8 ATMOSPHERIC EFFECTS

The signal received by a radiometer above the water surface (at any height above the water

surface) is affected by the atmosphere and by surface reflection. Only a small proportion

of the light which eventually reaches a sensor actually comes from below the water surface

(Robinson 1985), ie:

Ls = Lp + TLw + TLr 2.26

where Ls = the radiance received by a sensor,

Lp = the radiance scattered by the atmosphere into the sensor, ie. the
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atmospheric path radiance

Lw = the water-leaving radiance

Lr = the radiance due to surface reflection ie. sun and sky glitter

T = the transmittance of the atmosphere

As about 80-90% of the radiance received by a satellite sensor observing the open ocean

originates in atmospheric scattering (Kirk 1994b) the above effects must be considered and

attempts made at correcting for them.

Solar energy is reduced in intensity as it passes through the atmosphere by both scattering

by air molecules and aerosols and absorption by water vapour, ozone and oxygen. The

amount of energy lost is dependent on the altitude of the sun; as the altitude decreases the

path length of the sun's energy through the atmosphere increases and thus the attenuation

of energy increases. In a clear sky, the direct solar illumination is confined to the sun's

disk, which occupies about a 0.5° angle. However, solar flux reaching the earth's surface

which has been scattered in the atmosphere is termed skylight and varies significantly with

direction. There are two types of scattering present in the earth's atmosphere; Rayleigh

scattering caused by air molecules which are much smaller than the wavelength of solar

radiation, and Mie scattering caused by dust and water droplets whose size is large relative

to the wavelength of solar radiation. The amount of light scattered by air molecules is

proportional to X"4, and therefore the scattering is much more intense at short wavelengths.

Light is also scattered equally in both the forward and backward direction. The aerosols

in the atmosphere scatter light in accordance with Mie theory, ie. light is predominantly

scattered in the forward direction and the dependence on wavelength is weak.

The relative contributions of direct sunlight and skylight to the total irradiance varies

according to the solar elevation. At low solar elevations the skylight and direct sunlight

contribute equally, but as solar elevation increases the direct sunlight contribution rises and

the skylight proportion levels off at altitudes above about 30°.
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Part of the signal reaching a sensor can have originated as reflection at the water surface

of both the direct solar beam and of the skylight. It is possible to direct the sensor out of

the sunglint pattern to avoid receiving the surface reflected direct solar beam. Correction

for the reflected skylight is often combined with the total atmospheric correction. Gordon

(1978), and Gordon and Clark (1981) present a method for correction of Coastal Zone

Color Scanner data by considering that the signal received at the sensor consists of Rayleigh

scattering, aerosol scattering, and the water leaving radiance multiplied by the diffuse

transmittance of the atmosphere. The reflected sky glitter is incorporated into the scattering

corrections. Correction for molecular scattering is possible in that the molecular

composition of the atmosphere is well known, however the aerosol component is variable

in both space and time and hence correction more difficult.

Sky radiances become much more complex under the influence of clouds. A few isolated

clouds can increase the amount of diffuse flux (skylight), thus increasing the total irradiance

by 5-10% (Kirk 1994b). However the amount of direct sunlight is not affected if the clouds

do not obscure the sun. Dense clouds covering the whole sky can reduce irradiance

significantly, but the distribution of irradiance is not uniform. Under broken clouds the

irradiance varies intermittently.

2.9 OCEAN COLOUR ALGORITHM DEVELOPMENT

Light which penetrates a water surface is caused, by scattering within the water, to pass up

through the surface again. This emergent flux carries information about the underwater

light field and hence the optically significant components of the water. The emergent flux

can be detected by appropriate instrumentation and such information extracted. The higher

the sensor above the water surface, the greater the area of water covered, such that a

satellite in orbit around the earth can acquire a synoptic view of a large aquatic ecosystem

with a fraction of the time and effort that would be involved if measurements had been

taken from a ship. However, as we have seen, this is not without its problems as the
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amount of radiation reaching a sensor from below the water surface represents a small

fraction of the total radiation reaching a sensor. Therefore atmospheric correction is

required (Section 2.8).

Several satellite sensors have been used in ocean colour remote sensing. The Nimbus-7

satellite carrying the Coastal Zone Color Scanner was launched in 1978 (Hovis and Leung

1977, Hovis et al 1980). This sensor was specifically designed for remote sensing of the

marine environment, having four bands in the visible region, each 20nm wide, centred on

443, 520, 550, and 670nm, one in the near infrared (700-800nm) and one in the infrared

(10.5-12.5/xm). It also had a spatial resolution of 4km. The CZCS was operational until

1986 and provided colour data of a spatial extent previously unobtainable, vastly improving

our knowledge of global pigment distribution. Several Landsat satellites have been placed

in orbit, all carrying the MSS Multispectral Scanner with spectral bands 4 (500-600nm),

5 (600-700nm), 6 (700-800nm) and 7 (800-1 lOOnm) and a spatial resolution of 80m.

However, this was designed primarily for the remote sensing of land and its sensitivity is

inadequate to detect subtle variations in reflectance as occur over a water surface, and there

is no band in the blue region of the spectrum. The Landsat D satellite carried a Thematic

Mapper together with the MSS and this has bands in the blue (450-520nm), green (520-

600nm), red (630-690nm) and near infrared (760-900nm) and a spatial resolution of 30m.

The Thematic Mapper has proved to be of some use in ocean colour remote sensing

(Lathrop and Lillesand 1986, Khorram et al 1991, Tassan 1993).

Several ocean colour sensors have been developed specifically for use in aircraft. The

advantages of using aircraft is that flight times can be selected for optimum weather

conditions and the higher spatial resolution is ideal for localised regions such as coastal

waters, estuaries and inland waters. The Daedalus Airborne Thematic Mapper has 11

channels, with five broad bands in the visible region covering the range 420 to 690nm, and

six bands in the infrared, and has been used to successfully retrieve sediment concentrations

(Rimmer et al 1987). The NASA Airborne Visible and Infrared Imaging Spectrometer

(AVIRIS) became operational in 1987 and has 224 contiguous spectral bands covering the

32



Chapter 2: Optical Theory and Literature Review

visible/infrared region. The CASI or Compact Airborne Spectral Imager has recently been

much used for aircraft remote sensing in the coastal zone and has up to 288 bands in the

visible/near infrared region.

Most ocean colour remote sensing studies use an empirical approach in which relations are

sought between remotely sensed radiances or reflectances in particular wavebands and the

concentrations of specific components in the water such as phytoplankton or suspended

sediment determined by in situ measurements.

There have been many such studies in which suspended sediment concentration has been

derived by remote sensing techniques. This is particularly effective as when the

concentration of sediment increases, the backscattering coefficient and hence the emergent

flux also increases. Usually the best waveband for extraction of suspended sediment

concentration is in the red part of the spectrum as here absorption is due mainly to the

water itself and therefore fluctuation in absorption from area to area is not large (Munday

and Alfoldi 1979, Ritchie et al 1987, Schiebe et al 1992). Some suspended sediment

algorithms use combinations of reflectances rather than the value in a single waveband

(Tassan and Sturm 1986, Ritchie and Cooper 1988, Topliss et al 1990, Mayo et al 1993).

Several empirical methods of obtaining phytoplankton concentration from ocean colour

satellite data have been proposed. One of the most successful has been the blue/green ratio

for Case 1 waters. The phytoplankton concentration is empirically related to the ratio of

reflectance in bands 440 and 560nm (Morel and Prieur 1977). This approach makes use

of the increased absorption by phytoplankton pigments at the blue end of the spectrum so

that as the phytoplankton concentration increases the reflectance decreases in the blue (400-

515nm) and increases in the green (515-600nm). The success of this approach was

confirmed by Gordon et al (1980) and Gordon and Morel (1983) using CZCS bands in the

Gulf of Mexico and in the Atlantic Bight and Sargasso Sea. Smith and Baker (1982) also

used CZCS data to estimate combined chlorophyll a and phaeopigment concentrations.

Such an approach tends to be more successful in Case 1 oceanic waters where optical
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properties are determined almost entirely by phytoplankton and its associated debris and

breakdown products. In Case 2 waters the optical properties are influenced by increased

turbidity and dissolved organic material from river input and this causes the constants in

the algorithms to vary from one location to another (Brown and Simpson 1990, Gordon and

Morel 1983, Mitchelson et al 1986). The increased amounts of dissolved organic material

in coastal waters make it difficult with CZCS data to distinguish absorption in the blue by

organic material from that caused by phytoplankton pigments. It is hoped that the next

generation of satellite sensors such as SeaWiFS (Sea-viewing Wide Field of View sensor)

and MERIS (Medium Resolution Imaging Spectrometer) will be able to distinguish between

phytoplankton absorption and dissolved organic matter absorption by the presence of a band

at around 412nm.

A further method of retrieving phytoplankton concentration from satellite ocean colour

measurements makes use of the fluorescence signal emitted by photosynthesising cells,

which has a peak at about 685nm. This cannot usually be detected in the downwelling light

stream but is often present in the upwelling stream. Neville and Gower (1977) showed that

the height of such a peak occurring in reflectance measurements over coastal waters was

proportional to the chlorophyll a concentration.

The applications of ocean colour remote sensing to the marine environment are diverse and

include input to global production models, climatic studies, ocean dynamics and sediment

transport. Real time processing and analysis of CZCS imagery has been successful in

advising research vessels of areas of interest during ship campaigns.

The present work sets out to develop ocean colour algorithms which can accurately derive

concentrations of the main constituents of Case 2 waters. Furthermore the relationship

between the inherent and apparent optical properties of Case 2 waters will be investigated.
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CHAPTER THREE

DATA COLLECTION

3.1 THE PMNS PROGRAMME

The data used in this study were collected within the Paniculate Matter North Sea (PMNS)

programme. This was a joint research programme funded by the Netherlands Remote

Sensing Board, together with the Rijkswaterstaat, (NL) and participants included the

University of Southampton in England and several institutes in the Netherlands; the

Netherlands Institute for Sea Research (NIOZ), the University of Groningen, and the

Rijkswaterstaat. The overall aim of the programme was to develop algorithms for Dutch

coastal waters to retrieve numerical information on water quality, ie. the concentration and

composition of suspended and particulate matter, from multi-platform optical measurements.

The study was originally set up to coincide with the launch of the spaceborne SeaWiFS

(Seaviewing Wide Field-of-view Sensor) sensor in July 1994. However there have been

delays in the timing of the launch and at the time of writing, SeaWiFS is not planned for

launch before September 1996.

3.2 DESCRIPTION OF THE RESEARCH AREA

The research area was the coastal water of the southern North Sea and extended from the

Dover Strait in the south to the Frisian Front in the north (Figure 3.1). This area is

characterised by shallow depths of around 30m with a sand and mud sea bed. Elongated

sand banks are present in the south of the region called the Flemish Banks. The residual

water circulation is from the English Channel, through the Dover Strait and into the
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southern North Sea. The flux of suspended material brought into the North Sea in this way

is 19 million tonnes per year (Fluxmanche 1993). Concentrations of suspended material

vary from as high as 100mg/l very close to the coast near the Flemish Banks, to less than

2mg/l in the clear Channel water. Concentrations vary widely in the coastal zone as a

result of tides, weather conditions and seasonal influences. Tidal ranges vary from a

maximum of 6m in the Dover Strait region to around 1.5m off the Dutch coast.

In the north of the region is the Frisian Front which forms the boundary between water

from the English Channel and water from the North Atlantic. Temperature and salinity

measurements made during the programme showed that the coastal waters sampled were

well mixed, except in the Frisian Front area.

There is a large fresh water input into the region from the Rhine, Meuse and Scheldt rivers

and the Ijssel Lake which bring increased sediment and nutrients. Salinities near the coast

can be reduced to 30psu compared to 35psu away from the coast. The coastal waters

encountered along the Dutch coast vary considerably with the type of suspended particulate

matter. The waters in the Flemish Bank region contain a large proportion of silt and mud

particles from resuspension whereas the waters in the north, off the island of Texel, have

increased concentrations of organic material because of increased supply of nutrients from

the Ijssel Lake. Input of water from the English Channel contains additional particle types;

for example, chalk particles from cliff erosion of the English coast and organic particles

from the French coastal water.
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Noordwijk

The Netherlands

Figure 3.1: The research area in the southern North Sea extending from the Dover Strait
in the south to the Frisian Front in the north. Depth contours are in metres.
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3.3 CRUISE PROGRAMME

Four cruises were undertaken in 1993, and one in 1994. The cruises were timed

throughout the year to coincide with maximum seasonal variation in water quality ie. spring

phytoplankton bloom conditions (April), summer non-bloom conditions (June), autumn

phytoplankton bloom conditions (September), and winter non-bloom conditions (December),

see Table 3.1. The fifth cruise was in July 1994 and aimed to collect a set of data to test

the algorithms developed from the previous cruises and at the same time to collect

additional data. As wide a variety of water characteristics as possible were sampled.

Several transects were chosen which were sampled at regular intervals, commencing at the

coast and ending at about 30 to 70 nautical miles offshore in relatively clear water (Figure

3.2). Generally a minimum of three main transects were sampled during each cruise: the

first beginning at Texel where the water has a relatively high chlorophyll concentration, (up

to 38|txg/l during bloom periods), one beginning at Walcheren near the Flemish banks where

the water has a relatively high sediment load, (up to 50mg/l) and a third commencing at

Noordwijk where the water has intermediate characteristics, (l-14jug/l chlorophyll and 1-

30mg/l suspended sediment). Twice a transect was sampled across the Dover Strait to

enable sampling of English and French coastal waters which have an input to Dutch coastal

waters. On one occasion an area in the clear waters of the central North Sea was sampled

near the Frisian Front. During the December cruise, adverse weather forced sampling to

be carried out in the Marsdiep Channel between Texel and the mainland. In this way it was

hoped that as much variation, in not only concentration of organic and inorganic particles,

but also composition and age of phytoplankton populations and different sources of

inorganic particles would be encountered. An average of seven stations was sampled along

each of the transects with stations nearer the coast having a separation distance of about 2

nautical miles, whilst those stations further offshore were separated by a distance of up to

10 nautical miles. This enabled maximum variation between stations to be sampled. An

overall total of 138 stations was sampled during the five cruises (Table 3.1).
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Figure 3.2: Location of transects in the southern North Sea which were sampled at regular
intervals during 1993 and 1994. Transect symbols are described in Table 3.1.
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code

PMNS 1

PMNS 2

PMNS 3

PMNS 4

PMNS 5

date

13-16/4/93

21-25/6/93

29/9-
1/10/93

6-9/12/93

25-31/7/94

transects
sampled

TX, NO, WA

TX, NO, WA,
CH

TX, NO, WA

TX, MA

TX, NO, WA,
CH, FF

n

22

29

21

19

47

t

X

X

X

X

X

a

X

X

X

X

X

p

X

X

X

X

X

c

X

X

X

X

X

ac9

-

-

-

-

X

HPLC

X

X

X

X

X

SPM

X

X

X

X

X

DOM

X

X

X

X

X

n = Number of stations sampled

t = Multi-channel Transmissometer/Advanced Spectral IRradiance meter

a = Advanced Spectral IRradiance meter

p = PR650 multi-spectral radiometer

c = measurements of temperature, salinity and depth together with irradiance and
beam attenuation from single channel instruments

ac9 = multi-channel beam attenuation and absorption meter

HPLC = pigment analysis by high performance liquid chromatography

SPM = measurement of suspended paniculate matter

DOM = measurement of dissolved organic matter

Transect symbols:

TX = Texel

NO = Noordwijk

WA = Walcheren

CH = Dover Strait

FF = Frisian Front

MA = Marsdiep Channel

Table 3.1: Details of measurements taken during each cruise. A 'x' indicates that a
particular measurement was made.
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3.4 SHIPBORNE DATA COLLECTION

The 670nm and 530nm transmissometers, and the (K520) irradiance meter were attached to

the frame of a Seabird 911 CTD and logged simultaneously with the CTD. Complete depth

profiles were then obtained using these instruments, for every station, so that information

on stratification in the water column was known. Surrounding the CTD frame were 24,

10 litre water sampling bottles. Half were closed at the surface and the other half were

closed at 5m or 7.5m depth, depending on the transparency of the seawater. The multi-

channel transmissometer (TRASIR) was also attached to the CTD frame and it measured

during water sampling. The spectral irradiance meter (ASIR) was lowered into the water

at 10m distance from the CTD frame, again measuring simultaneously with the firing of the

bottles. The TRASIR and ASIR will be described in detail in Chapter 4, as will the other

instruments mentioned in this section.

The two spectral radiometers or PR650's were deployed from the bow of the ship at the

time of the CTD cast. One instrument had the cosine receptor attached and was directed

upwards to measure downwelling irradiance. The second instrument was focused on the

water surface from a height of 4 metres to measure up welling radiance. The instrument

was tilted 20° off nadir away from the sun during measurements to minimise direct surface

reflectance. Both up and downwelling measurements were performed simultaneously. A

single measurement was accumulated 4 times and 3 separate measurements were taken at

each station, which were then averaged. This resulted in 12 measurements being averaged

in all.

The absorption/attenuation meter (ac-9) was only available for the September and December

1993 and the July 1994 cruises. However the instrument did not function well during

September and December due to design faults. There were also problems in determining

a method whereby water could be pumped through the instrument without causing bubbles

to form and thus give anomalously high readings. The flow through system on board the

ship was deemed to produce too many bubbles to produce reliable results. Several
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alternative pumping methods were investigated but none proved satisfactory. Therefore in

the end it was decided that the most reliable and bubble free method was to flow the water

through by the force of gravity alone. This was the method adopted for the July cruise.

However there are disadvantages to the method; one could no longer measure virtually in

situ and the instrument could not operate for long periods to determine variations in water

quality with time. Despite these disadvantages the final sampling method used was to flow

about 10 litres of sea water collected from the sampling bottles through the instrument by

gravity. Therefore although the measurement was not actually made in situ it was made

minutes after collection of the water sample, thereby reducing the chance of any alteration

in the particulate matter and its optical properties. One could also ensure that effects due

to formation of bubbles in the water, and any changes due to particles being forced through

a pumping system, were eliminated.

In order to measure the inherent optical properties of the dissolved substances in the water,

about 10 litres of the water sample collected in a stainless steel container were filtered,

under pressure, through 0.4jum, 142mm polycarbonate filters. The water was then filtered

through 0.2/xm, 142mm polycarbonate filters. This method was found to virtually eliminate

all scatterers from the water. A sample of water treated this way was placed in the path

of a low powered laser beam and very few scatterers were observed. The filtered water

was then run through the ac-9 under gravity and the beam attenuation and absorption was

again measured. Because of the length of time taken to filter such a large volume of coastal

water only the sample collected at 5 metres was measured and filtered. After each

measurement made with the ac-9, distilled water was run through the instrument to clean

the tubes and the glass faces and remove any particles. A measurement was taken each day

with pure (milli-Q) water to ensure that the readings were still zero. The tubes were also

removed and the glass faces cleaned with alcohol and distilled water.
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3.5 AIRBORNE DATA COLLECTION

In September 1993 and July 1994 the CASI was installed in a NERC aircraft and flight

lines flown over the area coincident with shipboard sampling. During September 1993

three flight lines were flown over the Flemish Banks area at an altitude of 300m and during

July 1994 seven flight lines were flown over the Dover Strait area at an altitude of 3200m.

The difference in altitude was caused by the varying height of the cloud base.

3.6. WATER QUALITY MEASUREMENTS

Water samples were collected from two depths in the water column (surface and 5 or 7.5

metres) using water bottles which were fired at the same time as the optical measurements

were made. The samples were analysed for the following parameters:

3.6.1 Suspended particulate matter concentration (determined by the Department of

Geology, NIOZ).

Suspended particulate matter concentrations were determined gravimetrically. Several litres

of water were filtered through a pre-weighed, 0.4/xm, 47mm, polycarbonate filter and

washed with ethanol. Triplicate or duplicate filters were used for each station and the final

results averaged.

The filters were dried in the laboratory overnight at 55 °C and re-weighed to determine the

total weight of suspended particulate matter. The ashed dry weight was then determined

by ashing at 550°C overnight and re-weighing. Thus the approximate percentage of organic

material in the suspended matter could be assessed.
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3.6.2 Pigment analysis by HPLC (determined by the Department of Marine Biology,

University of Groningen).

Several litres of water were filtered through a 0.7/xm, 47mm, GF/F glass microfibre filter.

The filters were then frozen in liquid nitrogen at a temperature of 77 K for subsequent

analysis in the laboratory. At a later date the filter papers were ground in cold acetone and

left in the cold for several hours. They were then centrifuged and the supernatant analysed

by HPLC (high performance liquid chromatography) to determine the concentration of a

variety of pigments.

3.6.3 Dissolved organic matter concentration (determined by the Department of Marine

Biology, University of Groningen).

After filtration of the water sample on board ship through the 0.7jum GF/F filter, a sample

of the filtrate was stored in a dark bottle in a refrigerator for later analysis for dissolved

organic matter using a spectrophotometer fitted with an integrating sphere. A complete

absorption spectrum of the sample was produced from 200 to 600nm but the absorption at

380nm was used as representative of the DOM concentration for each station (Bricaud et

al 1981).

3.7 ADDITIONAL MEASUREMENTS

At each station a record was made of the amount of cloud, whether the sun was obscured

by the cloud, the amount of haze, the sea state and any relevant observations on the colour

of the sea.
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CHAPTER FOUR

INSTRUMENTATION AND CALIBRATION

The optical instruments used throughout the data collection programme (Chapter 3) enabled

a wide variety of optical parameters to be measured directly or derived. Some of the

optical instruments have been developed at NIOZ and are therefore unique, and some were

purchased specifically for the programme, one of them being a prototype. The instruments

were calibrated prior to each cruise to ensure reproducibility of measurements. In this

chapter each instrument is described together with its specific calibration procedure, which

forms a crucial part of the data collection programme.

4.1 MULTI-SPECTRAL IRRADIANCE METER, ASIR - Advanced Spectral IRradiance

meter (Developed at NIOZ by M.R.Wernand and D.Spitzer)

4.1.1 Description

The ASIR measures upwelling and downwelling irradiance simultaneously, in 22 channels

from 400-700nm. The irradiance is collected by a cosine diffuser (the response of which

to a parallel light stream is proportional to the cosine of the angle between the normal and

the direction of the flux), situated on each side of the instrument, and then focused through

a wide angle lens, via an interference filter, onto a silicon photodiode/amplifier detector

(Figure 4.1). The cosine response of the collectors is within 5 %. Two broadband filters

are mounted under the diffuser; one to block the infra-red, and one to ensure equal

sensitivity over the whole spectral range. Twenty-two small band interference filters are
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situated in two filter rings for both the upwelling and downwelling light. The minimum time

to scan the 22 channels is 20 seconds. The FWHM (full width half maximum) of each

channel is within 12nm. The instrument consists of an anodized aluminium housing and

can be operated in water depths of up to 300m.

On board data acquisition is performed by a personal computer. The depth and incident

solar radiation on deck are measured to ensure stable measuring conditions during a scan

and if variations do exist the measuring program automatically re-starts. The 'dark current'

is measured during each measurement cycle to give an indication of electronic noise and

temperature effects.

1. Window/diffuser
2. Watertight housing
3 Correction filter

3A: BG-24+KG-3 (upper)
3B: BG-24 (lower)

4 Objective lens
5. Filter ring + interference filters
6. Photodiode + amplifier
7. Ring drive
8 Electronics
9 WP underwater plug

10 Suspension ring

Figure 4.1: Schematic drawing of the ASIR (drawn by H. Boekel, NIOZ).
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4.1.2 Optical properties measured

The ASIR measures the optical properties of upwelling and downwelling irradiance, Eu(k)

and Edfk), under the water. Figure 4.2 shows such measurements. From these two

measurements the sub-surface reflectance ratio R(X) can be calculated (Figure 4.3):

R(\)=Eu(\)/Ed(X) 4.1

The attenuation coefficient of upwelling diffuse irradiance Ku(K) and the attenuation

coefficient of downwelling diffuse irradiance Kd(k) are additional optical parameters that

can be derived:

Kz2_z] = -ln(Ez2/Ezl)/(z2-Zj) 4.2

where zx and z2 are the different depths of the water column where the up or downwelling

irradiance (Eu or Ed) was measured (Figure 4.4).

10-1

400 500 600
Wavelength (nm)

700

Figure 4.2: An example of the up and downwelling irradiance measured by ASIR at depths
of 0.8, 1.9, and 3.7m. Station YNO3 during July 1994.
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Figure 4.3: An example of the subsurface reflectance measured by ASIR at depths of 0.8,
1.9, and 3.7m. Station YNO3 during July 1994.
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Figure 4.4: An example of the up and downwelling diffuse attenuation coefficient measured
by ASIR between a depth of 0.8 and 3.7m. Station YNO3 during July 1994.
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4.1.3 Calibration

The up and the downwelling sensors were both calibrated with a spectral irradiance standard

lamp (US National Bureau of Standard) whose intensity is known at all wavelengths, for

a given distance. The calibration procedure was conducted in a blacked out room to

exclude ambient light. The collector was cleaned with alcohol and distilled water and then

covered with a 2mm layer of distilled water. The lamp was placed above the sensor with

a 5mm-KG3 filter in between, which blocks the infra-red. The output of ASIR was

measured at three different distances. The voltages at each waveband were then combined

with the known transmission constants for the KG3 filter (determined by a

spectrophotometer) and the constants for the standard lamp, at the same wavelengths, in the

following formula:

C(k) = ((KG3(K)*lamp(K)*0.52)/disf)/VtM(>li 4.3

where:

C(k) — calibration constant for the up or downwelling sensor (W/m2/nm/V)

KG3(k) = transmission factors for the KG3 filter

lampfk) = energy of the standard lamp (NBS) at 50cm

dist = distance between lamp and collector in metres
= o u t P u t voltage of the photodiode

Using the results from the different distances a mean calibration constant was calculated.

Thus if the voltages detected by the photodiode are multiplied by the calibration constants

at each wavelength the irradiance is obtained in units of Watts/m2/nm. The calibration

constants are inserted into the ASIR measuring program so that ASIR gives calibrated

output.

The calibration constant in Watts/m2/nm/volt is shown for the Ed sensor in Figure 4.5. The

maximum output signal of ASIR is 10 volts. The calibration constant shows the sensitivity
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of the instrument throughout the wavelength range, for example an increase in the number

of watts measured per volt means a decrease in sensitivity. It can be seen that the

instrument shows good sensitivity throughout most of the spectrum.
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Figure 4.5: The calibration constant in Watts/m2/nm/volt for the Ed sensor of the ASIR.

4.2MULTI-CHANNELTRANSMISSOMETER, TRASIR - TRansmissometer/Advanced

Spectral IRradiance meter - (Developed at NIOZ by M.R.Wernand)

4.2.1 Description

The TRASIR is designed to measure both irradiance (either upwelling, Eu, or downwelling,
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Ed) and the beam attenuation coefficient (c) in 22 channels ranging from 400nm to 717nm.

The irradiance measuring side of the instrument is the same as the ASIR in design,

incorporating a cosine detector. However the other side has a pulsating light source and

measures beam attenuation over a path length of 40cm for the 22 channels (Figure 4.6).

The detector for the transmission side is the same as that for the irradiance side. The

transmitted beam collection is less than 0.025° and the scattered beam collection is less than

1.5°. The source lamp intensity variation is accurate to within 1 %. The range of the beam

attenuation coefficient is from 0.1 to 40, with an accuracy of 0.025. The data acquisition

procedure is the same as ASIR (see Section 4.1.1).

The instrument is mounted in a stainless steel frame to prevent misalignment of the beam

in event of any contact with the ship's side during measurement. The windows are coated

with a special coating (Kisscote™) to prevent water absorption into the windows and to

minimise optical fouling. A perspex tube is positioned around the light source housing and

can be lowered over the full path length, to serve as a closed cuvette for calibration and

experiments (see Figure 4.6).
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1 -Cosine collector
2-Pinhole
3 —Wide angle objective-lens
4-Filterwheel (22 interference filters)
5-Silicon detector/amplifier
6-DC motor
7—Flash unit
8—Sliding cuvette for calibration

and laboratory experiment
9-Air outlet

Figure 4.6: Schematic drawing of the TRASIR (drawn by H.Boekel, NIOZ).
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4.2.2 Optical properties measured

The inherent optical property of the beam attenuation coefficient (c) is measured by the

TRASIR. However during calibration the attenuation due to pure water (cwater) is removed

leaving only the attenuation due to suspended and dissolved materials (c*). An example of

the beam attenuation coefficient measured by TRASIR is shown in Figure 4.7.

,* _ Ltotal uwater 4.4

As the upwelling irradiance, Eufk), is also measured, then the attenuation of upwelling

diffuse irradiance Ku(K) can be calculated:

Kz2_zl = -ln(Ez2/EZI)/(z2-Zj) 4.5

where zx and z2 are two different depths of the water column where the upwelling irradiance

(Eu) was measured.

3

I 2
o

1

n
;

—H— c*0. 2m
. . . , Q . . . c*5. Om

400 500 600 700

Wavelength (nm)

Figure 4.7: An example of the beam attenuation coefficient, c*, measured by TRASIR at
depths of 0.2 and 5.0m. Station YNO3 during July 1994.
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4.2.3 Calibration

Before calibration the instrument was cleaned thoroughly. The irradiance measuring side

of the instrument was calibrated in exactly the same way as described for the ASIR

calibration (Section 4.1.3).

The beam attenuation side of the instrument was calibrated as follows. A blacked out room

was not required as the instrument has its own light source and is not sensitive to ambient

light. The windows of the transmissometer were cleaned thoroughly with alcohol and

distilled water. Several measurements were taken in air to detect possible aging of the light

source for future comparison and averaged. Then the TRASIR cuvette was lowered and

distilled water was run through, firstly for cleaning. The cuvette was then allowed to fill

slowly as it was important that there were no bubbles in the pure water, particularly in the

path of the light or on the glass windows. This could be eliminated by tilting the TRASIR

to one side and at the same time opening the air outlet on the top side of the cuvette to

allow the air to escape. Finally the cuvette casing was completely filled with water and

several complete voltage scans were taken in the same manner as the air calibration.

For all calibrations the water used was Milli-Q pure water, resistance 18.20, which had

been standing for several hours to degas. A low powered laser was shone through the

water to check the purity. Any scatterers present from either small bubbles or

contamination show as discreet points of light in an otherwise clear beam path.

The voltage measurements in both air and pure water were placed in the TRASIR

measuring program so that the instrument measures c* (ie. the attenuation due only to

suspended particles and dissolved substances as the attenuation due to pure water has been

accounted for). The basic formula used in the program to calculate c* is:
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where:

It = the voltage measured in any medium, eg. sea water

IQ = the 100% voltage measured in air/pure water

c = the beam attenuation coefficient

Az = the pathlength

This can be re-written as:

\n(lwl(lt{lalla*)))
(A2)

where:

c* = the attenuation due to substances in the water

Iw = the voltage measured in pure water

If = the voltage measured in a medium

Ia — the voltage measured in air at the time of calibration

Ia* - the voltage measured in air at the time of measurement of If

Therefore the Ia/Ia* is the air calibration ratio and corrects the output for any lamp

degradation over time.

Finally, to check the calibration, measurements of beam attenuation and transmission were

taken of the pure water. The c* value should be zero as the attenuation due to water alone

has been removed in the measuring program and similarly the % transmission should be

100%.
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A.2A Laboratory experiments with TRASIR

As part of the calibration of this newly developed instrument several experiments were

conducted in the laboratory in order to assess the performance of the TRASIR to increasing

turbidity.

The TRASIR was submersed in a tank holding 250 litres of fresh water. The beam

attenuation coefficient, c*, was measured for the 22 channels. Increasing amounts of white

clay (grain size 3-10/zm) were added up to a concentration of 100mg/l, and for each

concentration the spectral beam attenuation was measured. A pump in the tank ensured that

the clay remained in suspension. The results are shown in Figure 4.8. The attenuation

varies linearly with sediment concentration at all wavelengths. However attenuation is

greater in the blue wavelengths, especially as the sediment concentration increases. At low

sediment concentrations there appears to be some deviation from the linear relationship,

especially in the blue wavelengths.
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Figure 4.8: The response of the TRASIR to increasing concentrations of suspended
sediment in the laboratory.
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4.3 PR650 SPECTRASCAN SPECTRACOLORIMETER (Manufactured by Photo

Research, California, USA)

4.3.1 Description

The PR650 is a portable, fast scanning multi-spectral radiometer that acquires the spectrum

of optical radiation from 380 - 780nm simultaneously. Each measurement cycle consists

of two parts; first, the measurement of the optical radiation (light measurement), and

second, a measurement of equal length while no radiation is permitted to strike the detector

(dark measurement). The dark measurement is subtracted from the light measurement to

give relative spectral data. The relative data are assigned to a wavelength band and

corrected for wavelength accuracy and spectral intensity. The objective lens has a field- of-

view of 7° for accurate focusing of the target but optical radiation being measured only

passes through an aperture with a 1° field-of-view. After the radiation to be measured

passes through the aperture, it reaches the measuring shutter which closes automatically

during the 'dark' measurement. From there the radiation passes to a concave holographic

diffraction grating polychromator which diffracts the radiation into its constituent colours

from 380 - 780nm. The diffracted spectrum is then focused onto a photodiode array such

that each end of the spectrum is permanently aligned with the detector array detector

elements (Figure 4.9). The instrument has a spectral accuracy of 2nm with a FWHM of

8nm. The PR650 can be fitted with a cosine receptor which is mounted on the front

instead of the objective lens and measures the integrated irradiance from all sources in the

forward hemisphere. The collector is cosine corrected so that the correct cosine reading

will be obtained regardless of where in the forward hemisphere the light sources are

located.
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Figure 4.9: Polychromator wavelength dispersion within the PR650 (from Photo Research
PR650 Operating Manual).

4.3.2. Optical property measured

Two of these instruments were used on board ship to collect data. One of the instruments

was fitted with the cosine collector and measured the downwelling irradiance, Ed(k).

Simultaneously the water-leaving radiance, Lu(k), was measured above the water with the

other instrument. From these two measurements the diffuse spectral reflectance above the

water, R(k) was calculated:

R(K) = Q Lu(K)/Ed(k) 4.8
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where Q is the angular distribution factor of spectral radiance and can vary between vr and

2ir. In this case Q was chosen to be 5 as has been suggested for nadir and near-nadir

viewing angles (Austin 1980 and Kirk 1994a). An example of the reflectance measured

with the PR650 is shown in Figure 4.10.

Figure 4.10: An example of the above water reflectance measured with the PR650 at
Station YCH2 during July 1994.

4.3.3 Calibration

The instrument is normally calibrated by the manufacturer. However the correct operation

of the instrument was frequently tested in the laboratory.

First of all the instrument was checked for possible wavelength shift. A fluorescent lamp

with five spectral peaks in intensity at known wavelengths was placed in front of the

viewing system together with a laser of exact known wavelength. The wavelength of each
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peak in the resultant radiance spectra was compared with the known wavelengths of the

lamp and the laser. The correlation was exceptionally good proving that there was no

wavelength shift in the instrument.

Both the cosine receptor and radiance were calibrated by means of a standard lamp in a

blacked out room. The intensity of the lamp is known at a fixed distance and can be

compared with the measurement made by the PR650. The PR650 was found to be

consistent with the factory calibration of the lamp.

4.4 DUAL PATH ABSORPTION AND BEAM ATTENUATION METER - ac-9

(Manufactured by Western Environmental Technology Laboratories Inc., Oregon, USA)

4.4.1 Description

The ac-9 performs concurrent measurements, in nine channels, of the water beam

attenuation (c), and absorption (a), coefficients by incorporating a dual path (pathlength

25cm) optical configuration (Figure 4. l la). Each path contains its own source, optics, and

detectors appropriate to the given measurement. The two paths share a common filter wheel

and control and acquisition electronics.

The optics which measure the beam attenuation coefficient allow collimated light to pass

through bandpass filters mounted upon a continuously rotating filter wheel, creating a

narrow spectral band output (Figure 4.1 lb). The filter wheel holds nine 12.5mm diameter,

lOnm full width half maximum (FWHM) filters. Once it has traversed the filter wheel, the

beam passes through a beam splitter and the reflected portion impinges upon a reference

detector. The primary beam then passes through a pressure window and then into the

sample water volume. The water path is enclosed by a blackened flow tube which absorbs

scattered light from the beam to provide minimum interaction with the primary optical path.

As light passes through the tube it is both absorbed by water and various pigments and

60



Chapter 4: Instrumentation and Calibration

scattered by water and paniculate matter within the volume. Once through the water path,

the light passes through another pressure window and then is refocused upon a receiver

detector.

The optics which measure the absorption coefficient are similar with the exception that the

sample water volume is enclosed by a reflective flow tube (Figure 4.11c). Light radiated

through the flow path is subject to both scattering and absorptive losses by the water as in

the 'c' tube. However in this case the light scattered in the forward direction is reflected

back into the water volume by the reflective tube. The light is then collected by a diffused

large area detector at the far end of the flow tube. The reflective flow tube is made of

clear quartz and uses the total internal reflection principle to reflect light back into the

water volume. The outer perimeter of the tube is enclosed by a thin annular volume of air.

Thus, applying Snell's Law, with an index of refraction of 1.5 in quartz and index of

refraction of 1 in air, the total internal reflection is achieved to 41.7° with respect to the

optical axis, then;

sin Ic - — 4.9

where:

Ic = the critical angle

n' = the refractive index of the less dense medium

n = the refractive index of the denser medium

Therefore reflection occurs when the angle of incidence of light striking the boundary

surface is greater than 41.7°.
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68 cm

-10.25 cm

— Power, RS-232/485 Output

Acquisition & Control Electronics

c-Bcam Collimated Receiver

a-Beam Diffuser/Receiver

c-Beam Non-Reflective Flow Tube

a-Beam Reflective Flow Tube

Rotating Filter Wheel

Dual Light Sources

Motor/Encoder

Figure 4.11a: The main features of the ac-9 absorption/attenuation meter (from Users
Manual, WetLabs Inc.).
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Figure 4.11b: The c-beam optics configuration (from Users Manual, WetLabs Inc.).
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Figure 4.11c: The a-beam optics configuration (from Users Manual, WetLabs Inc.).
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4.4.2 Optical property measured

The ac-9 measures the inherent optical properties of beam attenuation coefficient (c), and

absorption coefficient (a). In the calibration procedure the attenuation and absorption due

to pure water are removed. Therefore the instrument measures the attenuation and

absorption due to the dissolved and suspended materials in the water (c* and a*) and can

thus be compared directly with the attenuation measured by TRASIR.

Due to the imperfect reflectivity of the reflecting tube the absorption coefficient is

overestimated as it does not measure all of the scattered light. In order to compensate for

this over-estimation the absorption data is corrected by a method developed by Zaneveld

(1993). The method depends on three hypotheses being true: 1) that the fraction of

scattered light not received by the absorption meter is independent of wavelength, 2) that

the fraction of scattered light received by the attenuation meter is independent of

wavelength, and 3) that there exists a wavelength at which the particulate and dissolved

material absorption is negligible (the reference wavelength). If the aforementioned

hypotheses are true then the true absorption can be calculated as follows:

4.10

where:

cif(k) = true absorption coefficient at a wavelength X,

am(K) = measured absorption coefficient at a wavelength X,

t>m(k) = measured scattering coefficient at a wavelength X,

Xr = reference wavelength of 715nrn.

An example of the absorption and attenuation coefficient measured by the ac-9 is shown in

Figure 4.12 in which correction has been made for scattering error.
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Figure 4.12: An example of the absorption and attenuation coefficient (a* and c*)
measured by the ac-9 at a depth of 5m. Station YTX3 during July 1994. Correction has
been made for scattering error.

4.4.3 Calibration

The instrument is normally calibrated by the manufacturer but it was found necessary to

conduct a calibration after one of the windows had to be replaced. The calibration

procedure involved flowing pure water through the instrument and then setting the

calibration constants so that the readings of a and c were zero. Thus the instrument

actually measures c* and a* -the beam attenuation/absorption due to materials dissolved or

suspended in the water.
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4.5 SINGLE CHANNEL TRANSMISSOMETER - 670nm, 25cm (Manufactured by

SeaTechlnc, Oregon, USA)

4.5.1 Description and optical property measured

This beam transmissometer measures at 670nm and has a pathlength of 25cm. The

instrument is not sensitive to ambient light and is temperature compensated. The light

source is a collimated light emitting diode (LED) which minimizes errors caused by

scattered light. The optical receiver consists of a lens with a detector located at the focal

point of the lens. The output voltage is between 0 and 5 volts (5 volts = 100%

transmission).

The beam attenuation at 670nm due to dissolved and suspended materials alone (c*) can be

calculated using the following formula:

c*(670) = In (lz/lo)/-(Az) 4.11

where:
c*(67o> = attenuation due to particles and dissolved substances at 670nm

lz = voltage reading

l0 = pure water voltage reading

(Az) = pathlength in metres

4.5.2 Calibration

The transmissometer was calibrated by cleaning the windows thoroughly and then taking

a reading in air. It was then immersed in pure water and a second reading taken. Using

these constants the attenuation can be calculated.
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4.6 SINGLE CHANNEL TRANSMISSOMETER - 530nm, 50cm (Manufactured by

Dansk Havteknik, Denmark)

4.6.1 Description and optical property measured

This transmissometer measures the attenuation of a beam of light of wavelength 530nm over

a distance of 50cm. The output voltage is between 0 and 2.7 volts, transmission 0 to

100%. The optical property measured and the calibration procedure are the same as for

the SeaTech transmissometer (see Section 4.5.1).

4.7 SINGLE CHANNEL IRRADIANCE METER/K-meter (Manufactured at NIOZ)

4.7.1 Description

This instrument measures the downwelling irradiance with respect to depth at one specific

wavelength of 520nm using a cosine detector. The detector is a silicon

photodiode/amplifier combination including an interference filter. The instrument is used

for obtaining depth profiles of K.

4.7.2 Calibration

The instrument was calibrated in the same manner as the ASIR (see Section 4.1.3).
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4.8 CASI - Compact Airborne Spectral Imager - (Manufactured by Itres Research, Canada)

4.8.1 Description

The CASI is an imaging spectrometer which records information both spectrally and

spatially from the entire ground truth swath (Figure 4.13). This is achieved by the use of

a single two-dimensional charge-coupled device (CCD) array with the information being

recorded using a general purpose PC/Exabyte system. The CCD array contains 288

elements in the spectral dimension, having a range from 400-915nm and a FWHM of 3nm

at 650nm. Spatially the array contains 578 elements, 512 of which are used to record

image data. The instrument has two main operating modes; spatial and spectral. The

spatial mode records data from all 512 spatial dimension pixels, but from a limited number

of programmable bands. In spectral mode a full spectral profile is obtained of all 288

channels, but the number of look directions, or pixel positions is limited to a maximum of

39 out of the total of 512 (see Figure 4.14). The look directions are located a multiple of

4 apart and are selected by having the pixels concentrated together for high spatial

resolution or spreading them out across the entire swath for good spatial coverage. A

Scene Recovery Channel (SRC) is also recorded in spectral mode to aid in positioning of

the spectral data. The SRC covers the full spatial array of 512 pixels and may be placed

anywhere within the spectral range. CASI is used together with a global positioning system

(GPS). The instrument measures water leaving radiance, Lw(k), (W/m2/nm/sr) and if a

downwelling sensor is fitted reflectance can be calculated.
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fa

Figure 4.13: The CASI system (from NERC airborne remote sensing facility user guide by
A.K.Wilson).
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Figure 4.14: CASI spectral mode configuration (from NERC airborne remote sensing facility
user guide by A.K.Wilson).
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CHAPTER FIVE

ANALYSIS OF OPTICAL MEASUREMENTS

Before actual analysis of the data could be attempted it was necessary to carry out a

thorough analysis of the errors associated with each measurement made by each instrument.

Several of the instruments measured the same parameter and these were compared to ensure

reliability of the instruments, both in the laboratory and in situ. Some errors occurred

during the measurement and these were also corrected.

5.1 COMPARISON OF THE BEAM ATTENUATION MEASURED BY TRASIR

AND THE SINGUE CHANNEU TRANSMISSOMETERS

To ensure reliability of the instruments a comparison was made between the c* (beam

attenuation due to suspended and dissolved materials in the water) measured by the TRASIR

(multi-channel transmissometer), and the c* measured by the single channel

transmissometers deployed on the CTD rig for the field data. The SeaTech transmissometer

measures attenuation at 670nm so this was compared with the attenuation measured by

TRASIR at 675nm (this being the closest channel measured by TRASIR). The Dansk

Havteknik transmissometer measures attenuation at a wavelength of 530nm so this was

compared to the attenuation measured by TRASIR at 525nm.

The CTD data was analysed using the SeaSoft software for the SeaBird CTD, v 4.0. The

data from the April cruise had to be omitted as this was corrupted. Separate files were

made which contained only those measurements made when the bottles fired. As this was
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when the TRASIR measured these measurements were averaged to give one reading to

compare with TRASIR. The transmissometers on the CTD measured in volts and these had

to be converted to a beam attenuation coefficient for comparison with TRASIR using

equation 4.11.

As can be seen in Figure 5.1 and Figure 5.2, the data from the June, September and

December cruises show excellent correlations with a straight line through the origin and a

slope approaching one for both transmissometers. There is more scatter for the Dansk

Haveteknik transmissometer but the correlation is still good.
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Figure 5.1: Comparison of the beam attenuation measured by TRASIR at 675nm and the
SeaTech transmissometer at 670nm for the June, September and December cruises.

72



Chapter 5: Analysis of Optical Measurements

1
CO
in

©
E
oCO
to
E
CO
c
ra

CO
c
co
Q
E

fr
o

8

7

6

5

4

3

*i

1

y = -0.04 + 1.05 x
R2=0.92

2 3 4 5 6

c from TRASIR at 525nm

8

Figure 5.2: Comparison of the beam attenuation measured by TRASIR at 525nm and the
Dansk Havteknik transmissometer at 530nmfor the June, September and December cruises.

5.2 LABORATORY COMPARISON OF THE BEAM ATTENUATION MEASURED

BY TRASIR AND THE ac-9

In order to assess the reliability of the prototype instrument, the ac-9, several laboratory

experiments were conducted in which water, containing varying dissolved and scattering

substances, was measured by both instruments and then compared.

Both instruments were calibrated immediately before the tests with pure water and the glass

faces of both instruments cleaned thoroughly. A solution of potassium permanganate

(KMN03) was made and a small amount was added to tap water. This solution was then

allowed to flow slowly through both the TRASIR and the ac-9 under gravity, care being
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taken to ensure that no bubbles formed on the glass faces. The attenuation of this solution

was measured by both instruments. The instruments were then cleaned and the

measurements repeated with solutions of tap water containing increasing amounts of

KMNO3. KMNO3 was used because it dissolves completely in water, giving the solution

a strong purple colour but containing no scatterers.

The results of the comparison can be seen in Figure 5.3. The two instruments compare

very well, with small discrepancies only occurring in parts of the spectrum where the

TRASIR has extra channels as compared with the ac-9.

A second solution was made consisting of ground spinach to simulate chlorophyll a pigment

and to add scatterers. Again increasing quantities were added to tap water and the results

of this test are shown in Figure 5.4. Although the solution was filtered through a coarse

filter there were still many scatterers present so the scattering tends to dominate the

spectrum. The comparison between the results of both instruments is good but the TRASIR

always measures the highest attenuation, particularly at high concentrations. Differences

in measurements are a maximum of 8% at a beam attenuation of above 20 and could be

caused by differences in the path length and collection angle of the two instruments.
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Figure 5.3; Comparison of the beam attenuation measured by TRASIR and the ac-9 during
a laboratory experiment using increasing concentrations of a potassium permanganate
solution.
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figure 5.4; Comparison of the beam attenuation measured by TRASIR and the ac-9 during
a laboratory experiment using increasing concentrations of a spinach solution.
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5.3 IN SITU COMPARISON OF THE BEAM ATTENUATION COEFFICIENT

MEASURED BY TRASIR AND THE ac-9

During the July 1994 cnise both the TRASIR and the ac-9 were used to measure the multi-

spectral beam attenuatioi coefficient. Therefore a comparison could be made between the

two instruments. Figue 5.5 shows the beam attenuation coefficient measured by both

instruments at the trine wavelengths of 440, 550 and 676nm. The coefficient of

determination for each wavelength is between 0.8 and 0.87, thereby indicating good

correlation. The slope >f the line for each wavelength is 0.8 which indicates that the ac-9

measures slightly highe beam attenuations than the TRASIR. This is in contrast to the

laboratory comparisonswhen the TRASIR measured higher for water samples containing

particulates and is prob£>ly caused by the difference in sampling technique (see Chapter 3).

During the cruise the TRASIR measured in situ but a water sample collected from a

sampling bottle was floved through the ac-9 under gravity. A second cause of discrepancy

could be due to the fact that the TRASIR takes several seconds to complete the

measurement of one spctrum and during this time variations in water quality can occur.

In contrast the ac-9 nxasures the same water sample continuously and several hundred

measurements are aver;ged.
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Figure 5.5: A comparison between the beam attenuation coefficient measured by TRASIR
and the ac-9 for the wavelengths 440, 550, and 676nm.

5.4 ERROR ANALYSIS OF THE ac-9 MEASUREMENTS

During the July 1994 cruise several repeat measurements were made by the ac-9 to assess

any instrument and experimental error. Repeat measurements were taken using the same

sample so that the instrument error could be ascertained. The results are shown in Figure

5.6. The errors are very small, being less than +/- 0.2%.

An assessment was also made of the error caused by the method of measurement. Samples

were taken from three different sampling bottles, fired at the same time and depth, and then

run through the ac-9 separately. This would give an idea of the consistency of the water

samples from different bottles and of the errors made in the measurement. Figure 5.7

shows the standard error bars for the three measurements which are less than +/- 1% for

the absorption measurement and a maximum of +/- 8% for the attenuation measurement.
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The increased error in the measurement of the beam attenuation is associated with increased

variability probably because of the settling of the particles during a measurement.
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Figure 5.6: The standard error and mean of repeated ac-9 measurements using the same
water sample. Note that the error bars are smaller than the data points.
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Figure 5.7: The standard error and mean of repeated ac-9 measurements using water
samples from three different bottles fired at the same depth and time.
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5.5 COMPARISON OF ac-9 ABSORPTION WITH ABSORPTION MEASURED BY

A SPECTROPHOTOMETER

During the July 1994 cruise the absorption of DOM was measured using a

spectrophotometer and by the commercially developed absorption/attenuation meter, the ac-

9. A comparison was made between the two methods by comparing the absorption

measured at 412nm (Figure 5.8). The slope and intercept of the regression line are

approximately 1 and 0 respectively, therefore showing a good correlation between the two

methods. The coefficient of determination of the regression line is 0.66 which indicates a

certain degree of scatter about the regression line.
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5.6 COMPARISON OF THE DIFFUSE ATTENUATION COEFFICIENT, K

The attenuation of upwelling diffuse irradiance, Ku, and the attenuation of downwelling

diffuse irradiance, Kd, are derived spectrally from the irradiance measurements, Ed and Eu,

measured by ASIR using equation 4.2. On the CTD rig an irradiance or K meter measured

downwelling irradiance at 520nm. The attenuation coefficient or Kd was calculated for this

single wavelength and then compared with the Kd from the ASIR at 526nm. Figure 5.9

shows the comparison for several stations for the June cruise covering a wide range of

turbidity. The two instruments are well correlated for both the June and September cruises.

However for the December data (Figure 5.10) the Kd derived from the irradiance meter is

much higher than that from the ASIR. The most probable reason for this is the fact that

the December cruise was undertaken under adverse weather conditions and the ASIR

measurements were very variable because of the large waves encountered. It is also

possible that incident light conditions could have varied for the measurement at each depth.
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Figure 5.9: Comparison between the downwelling attenuation coefficient measured by ASIR
at 526nm and the irradiance meter at 520nm for several stations during the June cruise.
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cruise.

5.7 ERROR ANALYSIS OF IRRADIANCES MEASURED BY ASIR

In order to assess the variability of the ASIR measurements the standard error of several

irradiance measurements taken over a period of 15 minutes at the same depth was

calculated. The error bars for downwelling and upwelling irradiance for two depths at the

same station are shown in Figures 5.11 and 5.12. The errors are relatively small (to within

+5%) for most of the measurements and only increase to ±20% for some of the surface

Ed measurement. As the instrument error was found to be negligible (<0 .1% for the Ed

sensor) when repeat measurements were made in the laboratory (Figure 5.13) it can be

assumed that the variation at the surface is due to wave effect and inhomogeneity of the

water. The standard error for the reflectance derived from the simultaneous Eu and Ed

measurements is shown in Figure 5.14. The maximum error is of the order of ±16% and
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is generally below +10%.
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Figure 5.11: The standard error and mean for several downwelling irradiance
measurements made by ASIR for two depths at the same location.
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Figure 5.12: The standard error and mean for several upwelling irradiance measurements
made by ASIR for two depths at the same location.
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Figure 5.13: The instrument error associated with the ASIR when repeat measurements are
made in the laboratory. Note that the form of the spectrum is irrelevant as the
measurements were made without immersion of the sensor in water.
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Figure 5.14: The standard error and mean for several reflectance measurements derived
from the simultaneous Eu and Ed measurements made by ASIR.
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5.8 SELF-SHADING ERROR ASSOCIATED WITH ASIR IRRADIANCE

MEASUREMENTS

The presence of a radiometer in the water perturbs the light field such that a significant

portion of the medium that is accessible to the sensor is in the shadow of the housing, ie.

not exposed to direct sunlight. Therefore the measured upwelling radiance (Lu), and

upwelling irradiance (Eu), will be lower than the true Lu and Eu. Gordon and Ding

(1992), using Monte Carlo simulations, have estimated the self-shading error caused by the

presence of such an instrument in the water. They found that the error induced by the

presence of a radiometer is a function of its size, the absorption coefficient, a, of the

medium and the solar zenith angle. The error is highest for large instruments, high

absorption coefficients and small solar zenith angles. In the near-infrared wavebands where

the absorption coefficient of pure water is very high, the self-shading error can be large.

Gordon and Ding (1992) present a method whereby the Eu or the Lu measured by a

submersible radiometer can be corrected for self-shading error. They initially assume clear

sky conditions, but then go on to present a correction for completely overcast conditions.

In reality natural illumination usually consists of a combination of direct sunlight and

skylight and for such a case they present a method whereby the proportion of sun and sky

light is incorporated in the error correction. Gordon and Ding's correction method has

been tested on experimental data by Zibordi and Ferrari (1995). They computed self-

shading errors for underwater measurements taken at different sun zenith angles and

different atmospheric and water turbidities and found good agreement with the theoretical

data computed using the method of Gordon and Ding (1992). Percentage differences

between theoretical and experimental data were generally lower than 20% for radiance and

lower than 15% for irradiance. Dirks (1990) also calculated the self-shading error of

underwater irradiance instruments using a quasi-single scattering model and concluded that

the error could be considerable, up to 30%, particularly for a zenith sun and in turbid

waters.

The ASIR has a diameter of 40cm which, according to Gordon and Ding (1992), is
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sufficiently large to cause errors from self-shading. Furthermore, many of the waters

sampled during the programme have high absorption coefficients. It was therefore

considered necessary to correct the ASIR irradiance data for self-shading error using the

correction method proposed by Gordon and Ding (1992).

According to Gordon and Ding (1992):

and

e - [1 -exp( -K a R)] 5.2

where K is replaced by a variable K' derived by fitting the Monte Carlo results for the error

in Eu to equation 5.2. Values of K are presented by Gordon and Ding for different values

of downwelling irradiance and sensor type. Note that the K in this case is not related to the

diffuse attenuation coefficient, Kd or Ku.

a is the absorption coefficient of the water body in m"1 and,

R is the radius of the instrument in metres.

Therefore accurate correction for self-shading requires knowledge of the absorption

coefficient of the medium and of the downwelling light field, i.e. the percentage of

irradiance received from the sun and the sky. The absorption coefficient was available for

the present data set, either by direct measurement or calculation, but unfortunately there

was no information on the sun/sky irradiance ratio. Therefore a mean K value was

assumed. Under direct solar illumination the K is a maximum for small solar zenith angles

(i.e. overhead sun) and a minimum for large angles. There is one value of /c' given by
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Gordon and Ding for a completely overcast sky which lies between the extremes of direct

illumination and this value was used. As the ASIR has neither a point nor a finite sensor

a mean value of 2.46 was used as K' for all stations. The resulting error in the value of the

self-shading correction made by assuming overcast conditions was calculated for a variety

of water absorptions. For the most turbid stations (a = 2m1) the self-shading correction

was up to 60%, but the error made in the correction was only 8%. For the less turbid

stations (a = 0.4m1) the self-shading correction was 16% with an error of 12%. It was

therefore concluded that the self-shading error was too large to be ignored and the errors

made in its determination were less than if the correction was not applied at all.

A new Eu was calculated for each station and hence a new reflectance. The correction

increases the measured Eu and hence the reflectance. An example of the underwater

reflectance corrected and uncorrected for self-shading error is shown in Figure 5.15 for a

station during July 1994. It can be seen that the reflectance increases but the overall shape

of the spectrum remains the same.
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Figure 5.15: The underwater reflectance at station YCH4 during July 1994, both corrected
and uncorrected for self-shading error. The absorption was obtained by measurement.
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For some of the reflectance measurements, absorption data was not collected

simultaneously. For these measurements the absorption was calculated using the method

of Prieur and Sathyandranath (1981) (see Chapter 8). This method requires knowledge of

the subsurface reflectance which has been derived using the upwelling irradiance, which of

course is subject to the self-shading error. The error involved in the calculation of the

absorption is around 20-30% but the equation used to derive the absorption is much more

dependent on the diffuse downwelling coefficient than the reflectance. An estimate was

made of the resulting error in the self-shading correction if a calculated absorption is used.

For example for an absorption of 2m"1 the self-shading correction would be 60%, if the

absorption was in error by 25 % the resulting error in the self-shading correction would be

30%. It was felt that as the potential self-shading errors were so high for the many turbid

waters encountered within the project that the correction must be applied and any resulting

errors in the calculation of reflectance would be significantly less than if no correction was

applied at all. It was also critical for subsequent analysis to have the most accurate

subsurface reflectance possible and if the self-shading correction had been ignored it would

be impossible to derive accurate relationships between the various optical parameters

measured. Figure 5.16 shows the subsurface reflectance both corrected and uncorrected

for self-shading error for a station where the absorption was obtained by calculation.
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Figure 5.16: The underwater reflectance at station AN06 during April 1993, both corrected
and uncorrected for self-shading error. Absorption calculated using the reflectance.

5.9 SHIP SHADING ERROR ASSOCIATED WITH ASIR IRRADIANCE

MEASUREMENTS

Usually irradiance measurements are made from an irradiance meter suspended on a cable

deployed from the side or stern of a ship. As a result of the presence of the ship the

underwater light field can be perturbed. The presence of the ship causes two effects; first

the ship casts a shadow and second the upwelling photons interact with the underside of the

ship's hull. The first effect is the most important as upwelling irradiance is typically

< 10% of the downwelling irradiance. Under direct illumination the instrument might be

looking through the ship shadow or even situated within the ship shadow. In overcast

conditions the ship would obscure a large portion of the sky, and hence the illumination

source. The effect of ship shadow on irradiance measurements was investigated using

Monte Carlo techniques by Gordon (1985). He found that for a ship 38m in length and an
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instrument suspended < lm from the side of the ship, in waters with a beam attenuation

coefficient of 0.1 to 0.3m"1, the downwelling measurements will be 10% too low. This

error increases to 20-30% for overcast skies. The error made in the measurement of

upwelling irradiance is likely to be 5-20% and this is nearly independent of the mode of

illumination. Gordon also notes that although the error in upwelling irradiance increases

with increasing beam attenuation up to a value of 0.5m1, at very high values of beam

attenuation where the distance between the ship and the sensor is several absorption lengths

(I/a), the presence of the ship will have no effect on the upwelling light field at the position

of the sensor and there will be no irradiance error.

As yet there is no available correction for ship shading error. However every effort was

made to minimise such errors throughout the measurement programme by having the sensor

measuring over the same side of the ship as the sun to avoid the direct shadow of the ship.

Many of the waters sampled were reasonably turbid, having a beam attenuation coefficient

well in excess of 0.5m1, so it is assumed that errors will be minimal.

5.10 CORRECTION FOR SURFACE REFLECTION ERROR OF THE PR650

REFLECTANCE

After analysis of the measurements of reflectance above the water it is observed that for

some of the cruises, in particular the summer cruises, there is a large variation in the

magnitude of reflectance observed in the near-infrared part of the spectrum. This is

unusual in that the absorption coefficient of water is very high in this region and therefore

reflectance is expected to be low. Figure 5.17 shows the above water reflectance for all

of the stations measured during the July 1994 cruise. It appears that for some of the

stations there has been a shift in the baseline of the spectrum leading to such anomalies as

reflectances of 6% at 750nm in very clear water. This baseline shift is caused by the direct

sun or sky light being reflected at the water surface and then being received at the sensor.

Attempts were made to minimise the effect of direct sun glint during a measurement by
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directing the sensor out of the sun glitter pattern. The sensor was also held at an angle of

20° from the vertical, away from the sun zenith during a measurement in order to reduce

the effect of direct sun/sky glint. However, during the summer cruises and on very bright

days there remains a signal from sun or sky glint.

An attempt has been made to correct for this error by subtracting the reflectance measured

at 752nm from each reflectance spectrum. It is assumed that all of the downwelling

irradiance is absorbed at this wavelength by the water. In most cases this is true but for

very turbid water it is possible that some of the irradiance will be backscattered and

received by the sensor. However this should give rise to minimal error compared with that

caused by inclusion of the sun glint signal in the reflectance spectrum. The wavelength

752nm was chosen because it is just before the oxygen absorption peak at 760nm and is far

enough into the near-infrared to have minimum reflectance at this waveband. Figure 5.18

shows the above surface reflectance for all stations during July 1994 from which the

reflectance at 752nm has been subtracted. This baseline subtraction has been carried out for

the above water reflectance for all cruises before further analysis of the data.
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Figure 5.17: The above water reflectance measured by the PR650 for all stations during
the July 1994 cruise.
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Figure 5.18: The above water reflectance measured by the PR650 for all stations during
the July 1994 cruise from which the reflectance at 752nm has been subtracted.

5.11 SUMMARY

In this chapter measurements from each of the instruments have been assessed and, where

necessary, corrections applied to allow for errors created during measurement. Other

potential sources of errors have been identified but correction for these errors was not

considered necessary. It is concluded that the optical measurements made during the

project are as accurate as possible and therefore can be used to develop ocean colour

algorithms and derive optical relationships of the highest accuracy.
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CHAPTER SIX

OCEAN COLOUR ALGORITHM DEVELOPMENT

6.1 INTRODUCTION

Ocean colour algorithms exist to determine the concentration of suspended material and

phytoplankton in coastal waters from remotely sensed data, but these algorithms tend to be

site and season specific. The aim of this chapter is to develop multi-temporal ocean colour

algorithms for forthcoming sensors using simulated bands based on in situ data. Such

algorithms will be applicable in Dutch coastal waters and in similar Case 2 waters.

Three key approaches are used to estimate concentrations of water constituents by

measurements of spectral reflectance (Morel and Gordon 1980):

i) the empirical method - in which purely statistical relationships are sought between

measured reflectance and measured water parameters. Results are generally only applicable

to a specific region at a specific time.

ii) the semi-empirical method - the spectral characteristics of the water constituents are

generally well known and this knowledge is used to improve the algorithms developed by

statistical analysis.

iii) the analytical method - the inherent and apparent optical properties are used to model

the reflectance with the water constituents being expressed in terms of their specific

absorption and backscatter coefficients. As a result the water constituents can be derived
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from the reflectance.

Within this chapter ocean colour algorithms will be developed using the semi-empirical

method. Various techniques will be employed to relate the above water reflectance to

different water constituents. The reflectance, R, either above or below the water is the

most appropriate optical parameter to measure for use in ocean colour remote sensing

algorithms. This is because if the upwelling and downwelling (ir)radiance from which the

reflectance is derived are measured simultaneously, the reflectance will be independent of

variations in the ambient light field and only slightly dependent on atmospheric conditions,

solar elevation angle and the state of the water surface. The upwelling radiance signal

detected by a remote sensor (Lrs) may be recalculated to the reflectance and therefore it is

possible to estimate the water quality parameters from Lrs. The semi-empirical algorithms

developed here relate the reflectance measured above the water to the measured water

quality parameters. Algorithms were not developed using subsurface reflectance because

of the strong correlation between above and below water reflectance (see Chapter 9).

Initially, it was proposed that by measuring optical parameters with a high spectral

resolution, more detailed information on the water quality parameters eg. grain size,

mineralogy, shape, algal species, could be obtained. However since the project began it

has proven possible to reconstruct a complete multi-channel spectrum from only 5 key

channels spread over the visible wavelengths (Wernand, Shimwell and de Munk 1996).

The results of principal component analysis on the data set show that, in agreement with

others, (Gower et al 1984, Hinton 1991) only three significant independent variables can

explain more than 99 % of variance observed in all the reflectance spectra collected during

the programme. This would suggest that there is a limit of only three non-correlating

parameters that can be extracted from a reflectance spectrum no matter how many spectral

bands are measured. Hence there is a limit to what information can be derived from a

reflectance spectrum without fore-knowledge of the area. However, although it is probable

that only a total of three water quality parameters can be extracted from a reflectance

spectrum, it is likely that the three parameters themselves will vary with water type, for
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example, in areas of no organic matter input where sediment is dominant it is possible that

the size of the particles or the colour will form the third parameter that can be predicted.

During the PMNS programme optical and water quality data were collected over a region

of coastal water extending from the Dover Strait in the south to the Frisian Front in the

southern North Sea (see Figure 3.1 and Chapter 3). Semi-empirical techniques used on the

data set include the application of single band algorithms from both reflectance spectra and

derivative reflectance spectra, band ratio algorithms and multiple regression algorithms.

Algorithms were developed for the two future ocean colour satellite sensors SeaWiFS and

MERIS.

6.2 FUTURE OCEAN COLOUR SATELLITE SENSORS

6.2.1 Sea-viewing-Wide-Field of-view-Sensor (SeaWiFS)

It is anticipated that by the end of 1996 SeaWiFS (Sea-viewing-Wide-Field of-view-Sensor)

will be launched aboard the 'SeaStar' satellite. The scanner is of the whiskbroom type with

a rotating telescope, and measurement is carried out in eight wavebands isolated with

dichroic beam splitters and interference filters. The eight wavebands consist of six 20nm

(FWHM lOnm) bands in the visible region and two bands for atmospheric correction in the

near infrared.

SeaWiFS has a very wide field of view of +/- 58.3° to either side of the track, giving a

swath width of 2800km at an orbit height of 705km. The sea level resolution is 1.13km

(Hooker et al, Kirk 1994b).
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Band 1: 412nm
Band 2: 443nm
Band 3: 490nm
Band 4: 510nm
Band 5: 555nm
Band 6: 670nm
Band 7: 745 - 785 nm

Band 8: 843-887nm

(blocked between 760 and 770 nm
to minimise interference from the
atmospheric oxygen absorption
band)

Table 6.1: The waveband combination for the future ocean colour sensor, SeaWiFS.

6.2.2 Medium Resolution Imaging Spectrometer (MERIS)

The European Space Agency is at present developing the Medium Resolution Imaging

Spectrometer (MERIS) as one of the instruments for launching on the Envisat-1 satellite in

1999. The optical system covers the spectral range from 400 to 1050nm with a total of 15

bands selected from the ground; eight bands in the visible and seven in the near-infrared

(700-1050nm). Four of the infrared bands will be used to calculate the atmospheric

influence and the remaining three for water vapour measurement.

Most bands have a bandwidth of lOnm with the exception of bands 8 and 10 which are

7.5nm wide. Scanning is of the pushbroom type, and the two-dimensional photodetector

arrays are silicon matrix CCDs (charge coupled device). The spatial resolution at sea level

is 250m when the instrument is operated in full resolution mode, eg. in coastal waters, and

1000m in reduced resolution mode, eg. over open ocean. The swath width from an orbit

height of 830km is 1450km, and complete coverage of the Earth's surface takes three days.
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Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band
Band

1
2
3
4
5
6
7
8
9

410nm
445 run
490nm
520nm
560nm
620nm
665nm
681.25nm
705nm

10: 753.75nm
11: 760nm
12: 775nm
13: 855nm
14: 865nm
15: 900nm

Table 6.2: The waveband combination for the future ocean colour sensor, MERIS.

6.3 WATER QUALITY PARAMETERS

The following constituents of the water were measured during each cruise: total suspended

matter (TSM), inorganic suspended matter (ISM), organic suspended matter (OSM),

pigments using HPLC and dissolved organic matter (DOM).

The HPLC analysis yields a wide variety of different pigments in each sample. However

due to the extremely low concentrations of some of the pigments it was decided to use only

the following: chlorophyll a (CHLa), chlorophyll b (CHLb), chlorophyll c (CHLc), total

chlorophyll (CHL), and total pigment (TP). The pigment analysis for April 1993 was

determined by spectrophotometry. A complete absorption spectra of DOM from 250-

650nm was available but for the purpose of algorithm development the absorption at 380nm

was used as being representative of DOM concentration. Table 6.3 shows the range of
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concentration of each water quality parameter encountered for each cruise. TSM

concentration ranges from 0.5 to 74mg/l for all cruise data, (standard deviation of error

varies between 0.1 and 6 with a mean of 1.9) and total chlorophyll concentration ranges

from 0.5 to 39/xg/l. DOM ranges between 0.17 and 1.21m1 absorption at 380nm. Such

ranges are typical of Case 2 waters which can sometimes be as low as those found in Case

1 waters but are not as high as those often found in inland waters or rivers and estuaries.

WQP

CHL

CHLa

CHLb

CHLc

TP

TSM

ISM

OSM

DOM

April 1993

2.3-38.8

1.3-30.8

0.3-4.5

0.4-8.1

1.2-66.4

0.7-50.8

0.4-15.7

0.22-0.72

June 1993

0.5-29.8

0.3-18.5

0-0.5

0-11.4

0.6-39.9

2.7-42.7

0.8-34

0.6-9.2

0.18-1.21

Sept. 1993

0.8-8.2

0.6-6.6

0-0.6

0.2-2.8

1.1-11

0.9-50.8

0.5-42

0.1-12.1

0.23-1.14

Dec. 1993

1.3-8.2

1.1-5.8

0-1.2

0.2-2.4

2-11.8

2.7-74

2.4-64

0.3-10

0.38-0.98

July 1994

0.9-28.8

0.7-18.8

0-0.6

0-9.6

1.4-37.1

0.5-19

0.2-14.5

0-6.3

0.17-0.86

All cruises

0.5-38.8

0.3-30.8

0-4.5

0-11.4

0.6-40

0.5-74

0.2-64.2

0-15.7

0.17-1.21

Table 6.3: Ranges of water quality parameters measured during each cruise. Pigment
concentrations are measured in \xgll, suspended material is measured in mgll, and DOM
has units of absorption m'1.

It is important that the correlation between each of the water quality parameters is

investigated, otherwise there is little point deriving algorithms for different parameters

whose concentrations are closely correlated. Therefore the number of non-correlating

constituents in the water needs to be established as a priority.

The extent of the correlation between each water quality parameter is shown in Tables 6.4

to 6.9 for each of the cruises individually and for all data combined. This reveals that there

are never more than 4 non-correlating parameters in the water. The TSM concentration is

always strongly correlated to the ISM and OSM concentration. Therefore TSM can be used
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as a single parameter representing suspended sediment. The total chlorophyll concentration

is always strongly correlated to the chlorophyll a concentration, the chlorophyll c

concentration, and the total pigment concentration. Therefore total chlorophyll is used as

being representative of pigment concentration. Chlorophyll b concentration does not co-

vary with any other parameter for all cruises except during April 1993 when it is related

to chlorophyll a and c. However, when chlorophyll b is a non-correlating parameter the

concentrations are too low for successful algorithm development. During two cruises

(September and in particular December) the TSM concentration is related to the chlorophyll

concentration. DOM is not significantly correlated with any other bio-geophysical

parameter for any of the cruises except December when there appears to be a correlation

with CHL, CHLA and TP and the correlation with TSM is higher than for any other

period. When all periods are combined together there is no significant correlation with

DOM and any other of the water quality parameters.

Because of the strong correlation between some of the water quality parameters it was

decided to develop algorithms for total suspended matter (TSM), total chlorophyll (CHL)

and dissolved organic matter (DOM).

After detailed analysis and comparison of all optical and water quality parameters it was

decided to omit the TSM data for stations JWA3, AWA2 and DMA3 from the ocean colour

algorithms. The TSM concentration at these locations showed variability between triplicate

measurements (probably due to patchiness) and was unrealistic when compared to optical

measurements such as the beam attenuation coefficient. In most cases the number of

observations used in the all year round algorithm development was about 125. However

for individual cruise periods the number was between 20 and 45.
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WQP

CHL

CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—

0.98
0.83
0.94
—

0.24
0.21
0.35
0.17

CHLa

—

0.70
0.86
—

0.36
0.33
0.43
0.26

CHLb

—

0.96
—

-0.08
-0.12
0.09

-0.11

CHLc

—
—

0.05
0.01
0.20
0.02

TP

—
—
—
—
—

TSM

—

0.98
0.84
0.41

ISM

—

0.72
0.40

OSM

—

0.33

DOM

—

Table 6.4: Correlation coefficient (r) between individual water quality parameters for April
1993. No total pigment data available for April 1993.

WQP
CHL

CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—

0.99
0.00
0.98
0.99
0.10
0.14

-0.04
0.68

CHLa

—

0.01
0.96
0.99
0.13
0.17

-0.02
0.69

CHLb

—

-0.05
0.00
0.06
0.09

-0.06
0.15

CHLc

—

0.98
0.03
0.06

-0.06
0.65

TP

—
0.10
0.14

-0.03
0.68

TSM

—

0.97
0.73
0.03

ISM

—

0.55
0.08

OSM

—

-0.12

DOM

—

Table 6.5: Correlation coefficient (r) between individual water quality parameters for June
1993.

WQP

CHL
CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—
0.98

-0.27
0.92
0.99
0.63
0.62
0.57
0.40

CHLa

—

-0.33
0.83
0.99
0.59
0.58
0.56
0.36

CHLb

—

-0.27
-0.26
-0.19
-0.14
-0.34
0.33

CHLc

—

0.89
0.63
0.63
0.57
0.38

TP

—

0.61
0.60
0.57
0.41

TSM

—

0.99
0.88
0.37

ISM

—

0.82
0.38

OSM

—

0.28

DOM

—

Table 6.6: Correlation coefficient (r) between individual water quality parameters for
September 1993.
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WQP

CHL

CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—

0.96
0.56
0.82
0.98
0.82
0.81
0.84
0.82

CHLa

—

0.55
0.67
0.95
0.74
0.74
0.76
0.80

CHLb

—

0.11
0.61
0.32
0.31
0.34
0.56

CHLc

—

0.77
0.80
0.80
0.81
0.64

TP

—

0.81
0.80
0.83
0.86

TSM

—

0.99
0.98
0.70

ISM

—

0.98
0.68

OSM

—

0.76

DOM

—

Table 6.7: Correlation coefficient (r) between individual water quality parameters for
December 1993.

WQP
CHL

CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—

0.99
0.52
0.97
0.99
0.49
0.41
0.55
0.77

CHLa

—

0.48
0.93
0.99
0.51
0.43
0.58
0.76

CHLb

—
0.54
0.51
0.34
0.31
0.31
0.47

CHLc

—

0.96
0.42
0.35
0.48
0.75

TP

—

0.52
0.44
0.58
0.76

TSM

—

0.97
0.83
0.56

ISM

—

0.66
0.51

—

0.52

OSM

—

Table 6.8: Correlation coefficient (r) between individual water quality parameters for July
1994.

WQP

CHL

CHLa
CHLb
CHLc
TP
TSM
ISM
OSM

DOM

CHL

—

0.99
0.56
0.93
0.99
0.21
0.18
0.30
0.41

CHLa

—

0.53
0.88
0.99
0.25
0.22
0.33
0.41

CHLb

—

0.33
0.18
0.01
0.08
0.15
0.02

CHLc

—

0.97
0.13
0.01
0.21
0.44

TP

—

0.19
0.16
0.26
0.56

TSM

—

0.99
0.83
0.48

ISM

—
0.75
0.49

OSM

—

0.34

DOM

—

Table 6.9: Correlation coefficient (r) between individual water quality parameters for all
cruises.
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6.4 SINGLE BAND ALGORITHMS

It is advantageous to use a single band for an ocean colour algorithm because an image of

reflectance can easily be converted to a spatial map of the water quality parameter in

question. Errors due to noise are also smaller when a single band algorithm is used.

Single bands should be chosen where there is the least amount of atmospheric interference

eg. the water vapour in the atmosphere absorbs between 586 and 600nm, between 647 and

658nm and between 691 and 700nm, and oxygen absorbs between 686 and 694nm (Gregg

and Carder 1990). A disadvantage with a single band algorithm is that variation in the r,

coefficient, which depends on the solar zenith angle and the volume scattering function of

the water, will affect the accuracy of the algorithm (see Chapter 8).

In order to determine the most accurate single band algorithms the correlation coefficient

(r) was calculated for a linear relationship between each wavelength of the reflectance

measured above the water and each of the water quality parameters. This results in a

correlation curve where it is clear which parts of the reflectance spectrum are sensitive to

a particular water quality parameter and which are not.

To correct for sun/sky glint error the reflectance measured at 752nm was subtracted from

the above water reflectance (see Chapter 5). By doing this, all single band algorithms were

improved.

Figure 6.1 shows the correlation coefficient between reflectance and TSM for each cruise

period individually and also for all data from all cruise periods combined. It is clear that

throughout the year the red part of the spectrum correlates best with TSM concentration,

particularly from 600 to 700nm. In December, TSM concentration is also inversely

correlated with the reflectance measured at 400 run, but this would appear to be an

anomaly. For some cruises the correlation coefficient between the TSM concentration and

the reflectance in one single waveband is sufficiently high so that the single band reflectance

value can be used for the algorithm; for example, in September, the particulate matter

101



Chapter 6: Ocean Colour Algorithm Development

concentration can be predicted accurately (coefficient of determination, r2, 0.95) using any

single waveband between 600nm and 700nm. The predicted TSM concentrations are

compared with the measured TSM concentrations in Figure 6.2.
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Figure 6.1: 77ze correlation coefficient of a linear regression between each wavelength of
reflectance measured above the water and total suspended sediment concentration in mg/l.
The data from each cruise are presented separately.
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Figure 6.2: A comparison between the measured and predicted TSM concentration using
a single band algorithm of 670nm (SeaWiFS band 6). The algorithm has a coefficient of
determination, r2, of 0.95. Data from the September 1993 cruise only.

However such high r2 values are usually only the case when the number of non-correlating

constituents in the water are reduced as is the case in September and December when the

chlorophyll concentration was significantly correlated with particulate matter concentration

(Tables 6.6 and 6.7). The correlations between suspended particulate matter and

reflectance for the summer cruises of June and July are lower than for the winter and

autumn cruises. This is because of increased chlorophyll and dissolved organic matter

concentrations in the water which increases the number of non-correlating constituents

present. However it is still possible to derive a good all year round algorithm for total

suspended matter which will have a lowered accuracy during the summer. For example,

in Figure 6.3 the wavelength 670nm (SeaWiFS band 6) is used which yields a coefficient

of determination, r2, of 0.78. If one considers the diverse waters sampled and the range

of concentration of constituents encountered throughout the year this degree of correlation

is considered good.
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Figure 6.3: A comparison between the measured and predicted TSM concentration using
a single band algorithm of 670nm (SeaWIFS band 6). The algorithm has a coefficient of
determination, r2, of 0.78. Data from all cruises.

The correlation spectra for total chlorophyll concentration and reflectance above the water

are shown in Figure 6.4. The summer cruises show poor correlation with a single

reflectance band but September and December data do show improved correlations. Again

this is related to the fact that concentrations of chlorophyll were low for both September

and December, and the chlorophyll concentration was correlated with the suspended matter

concentration. It would appear that there is no suitable single band with which to derive

chlorophyll concentration.

Figure 6.5 shows the correlation coefficient between reflectance above the water surface

and DOM absorption at 380nm. It is clear that throughout the year the red part of the

spectrum correlates best with DOM concentration. Correlations are best in December, but

for this period DOM was correlated to TSM and CHL and therefore a single band
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algorithm for this period is not to be relied upon. The highest coefficient of determination

for the data from all year round is 0.36 which is not considered high enough for a reliable

algorithm. It would therefore appear that there is also no suitable single band algorithm

with which to derive DOM concentration.,
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Figure 6,4? The correlation coefficient of a linear regression between each wavelength of
reflectance measured above the water and the total chlorophyll concentration in is.g/1 The
data from each cruise are presented separately.
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figure 6.5; The correlation coefficient of a linear regression between each wavelength of
reflectance measured above the water and the DOM absorption at 38Onm in m'1. The data
from each cruise are presented separately.

6.S SINGLE BAND ALGORITHMS FROM DERIVATIVE REFLECTANCE

SPECTRA

A second approach to algorithm development that has been investigated is the use of

derivative reflectance spectra. Chen et al (1992) reported that although the reflectance

measured above a body of water can be related to the concentration of suspended sediment,

the relationship can be distorted by the influence of increased concentrations of other
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constituents in the water. They found that the relationship between the suspended matter

concentration and reflectance was improved if the derivative reflectance was used (ie. the

change in reflectance per unit wavelength). They made measurements both in the

laboratory and in situ. The strength of the relationship between reflectance and suspended

matter decreased dramatically for in situ measurements as compared with the laboratory,

but the relationship between derivative reflectance and suspended matter remained as strong

in situ as in the laboratory. Goodin et al (1993) also used derivative spectra to improve

correlation coefficients between reflectance and particulate matter in the laboratory, and

derivative spectra were used successfully in inland waters by Dick and Miller (1991).

In this study the derivative spectral reflectance was calculated to the first order using the

following equation for all of the above water reflectance spectra collected within the

project.

DRX = dRx/d\ 6.1

The differentiation interval used was the spectral bandwidth of the PR650, ie. 4nm. This

was considered sufficiently small to retain spectral features but large enough to reduce

noise. The reflectance spectra used had previously been corrected for sun/sky glint error

using the method described in Chapter 5.

Examples of the derivative spectral reflectance are shown in Figures 6.6 and 6.7. Nearly

all stations have the same trough in derivative reflectance at about 600nm with the feature

being more pronounced for more turbid water. Interestingly, Chen et al (1992) have

similarly shaped derivative reflectance for their laboratory and field data, however their

trough is located at about 720nm. This may be explained by differences in the composition

and mineralogy of the suspended material sampled at two quite different locations.
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figure 6.6s The derivative spectral reflectance for the Channel transect during July 1994..
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Figure 6.7J The derivative spectral reflectance for the Texel transect during July 1994.
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The correlation coefficient (r) was then calculated for a linear relationship between each

wavelength of trie derivative reflectance and the TSM concentration,, This results in a

correlation curve where it is clear which parts of the derivative reflectance spectra are

sensitive to TSM and which are not (Figure 6.8) and enables the most suitable single

waveband to be selected for an algorithm. The data from each cruise was processed

separately and then combined into one data set.

From Figure 6.8 it is clear that the highest correlation coefficients occur for the September

and December cruises. It appears that for an all year round applicable algorithm the most

suitable wavelength to use would be 726nm which has a correlation coefficient of 0.89

or coefficient of determination, r2, of 0.79. Unfortunately this waveband is not present in

either the SeaWiFS or MERIS configuration which means that the single band algorithm

before differentiation at 670nm with an r2 of 0.78 proves to be the most effective algorithm.
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Figure 6.8? The correlation coefficient of a linear regression between each wavelength of
derivative reflectance measured above the water and total suspended sediment concentration
in mg/L The data from each cruise are presented separately.
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Correlation curves were produced for the remaining water quality parameters of CHL and

DOM and are shown in Figures 6.9 and 6.10. In agreement with the single band algorithm

correlation curves the best correlations are for the winter cruises, and there is no

statistically significant single band algorithm available for these water quality parameters

for all year round, even if the derivative reflectance is used.
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Figure 6.9s The correlation coefficient of a linear regression between each wavelength of
derivative reflectance measured above the water and the total chlorophyll concentration in
fig/l. The data from each cruise are presented separately.
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Figure 6.10; The correlation coefficient of a linear regression between each wavelength of
derivative reflectance measured above the water and the DOM absorption at 380nm in m'1.
The data from each cruise are presented separately.

6.6 BAND RATIO ALGORITHMS

6.6.1 Introduction

This has been the traditional approach to ocean colour algorithm development; ratioing the

reflectance measured in two wavebands and then searching for a relationship with the water

quality parameter in question (Schiebe et al 1992, Mittenzwey 1992). The main advantage

to this technique is that atmospheric influences can be minimised by ratioing and errors

caused by variation in the it coefficient are also reduced, provided that the variation in rt
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is not dependent on wavelength. A disadvantage to this technique is that the algorithms are

applicable generally only for a specific region on a specific occasion. However they can

be quite successful on oceanic waters where the influence of inorganic suspended sediment

is low (Gordon et al 1980, Morel 1980, Gordon and Morel 1983).

Two-band ratio algorithms were attempted, simulating the SeaWiFS and MERIS wavebands

with the above water reflectance, R(+), measured by the PR650. Log-log relationships

were used as these yielded better results. Because of the limited number of non-correlating

constituents in the water, band ratio algorithms were calculated for TSM, CHL and DOM.

Comparisons were made with the results of Marees and Wernand (1991) who also

developed semi-empirical band ratio algorithms for the same area for simulated SeaWiFS

bands. However in their case the subsurface reflectance, R(-), was used instead of the

above water reflectance.

The algorithms have the form Y = A(Rj/Rj)B 6.2

where:

Y is the derived concentration of the water quality parameter under investigation,

A and B are the correlation parameters, and

is the waveband ratio used.

6.6.2 SeaWiFS band ratio algorithms

To simulate each SeaWiFS waveband having a FWHM of lOnm, several PR650 R(+)

wavebands were averaged. Subtraction of R(752) from R(+) to allow for sun/sky glint

error (see Chapter 5) was found to improve the algorithms and this can be included in the

SeaWiFS simulation by using the notched band 7.
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The most suitable band ratio algorithms for TSM concentration, total chlorophyll

concentration, and DOM concentration together with the waveband combinations are

presented in Tables 6.10, 6.11 and 6.12 respectively.

Good band ratio algorithms for TSM can be found for the cruises of September and

December 1993 with coefficient of determination, r2, values of 0.86 and 0.91 respectively

(Table 6.10). However, the spring and summer cruises produce algorithms of lower

statistical significance. This same seasonal distinction was also found by Marees and

Wernand (1991). The best waveband combination is generally a blue/red ratio, (412/670nm

- bands 1 and 6 of SeaWiFS). The algorithm incorporating all data has an r2 of 0.76 which

is very good considering the wide range of concentrations encountered (Figure 6.11).

Comparison with Marees and Wernand (1991) shows that their best band combination for

all year round for TSM was either bands 5 and 6 or bands 4 and 6, with a lower

coefficient of determination of 0.45. This band combination was most suitable during

December for the present data set.

The best band ratio algorithms for chlorophyll are found in December and April (Table

6.11). In December the chlorophyll concentrations were the lowest and correlated

significantly with TSM (Table 6.7). This results in a more accurate algorithm as the

number of non-correlating constituents in the water is thus reduced. Chlorophyll

concentrations were at their highest level during April and the increased range in

concentration may account for the improvement in the algorithm (Figure 6.12). For all

periods band 6 is used with the exception of the all year round algorithm which uses band

5. This is in agreement with Marees and Wernand (1991) whose algorithms for CHL all

incorporate either band 5 or 6. The algorithms are less reliable for the summer cruises but

are an improvement on the single band algorithms. The all year round algorithm for total

chlorophyll, using bands 4 and 5, is not as accurate as the one found for TSM, (Figure

6.13), and has a coefficient of determination of only 0.41. The B coefficient is also quite

high at -3.65 which can lead to increased inaccuracy because of the steepness of the

regression line. Marees and Wernand (1991) also give a high B coefficient for their all
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year round CHL algorithm of -3.29 but their r2 is improved at 0.55 (bands 3 and 5). The

algorithm selected for July for the present data is extremely similar to that selected by

Marees and Wernand (1991) for the August period with the same wavebands and almost

the same coefficients.

The most suitable band ratio algorithms for DOM for the SeaWiFS sensor are presented in

Table 6.12. December yields an algorithm with the highest coefficient of determination but

this is not to be relied upon as the DOM concentration was correlated with both TSM and

CHL concentration for this period. The algorithms for the other periods are fairly reliable

with the exception of the June period. The algorithm incorporating all year round data has

an r2 of 0.57 and uses bands 2 and 6 (Figure 6.14) whereas Marees and Wernand (1991)

recommend bands 1 and 5 as the best all year round band combination.

Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

All cruises

BAND COMBINATION

[R(412)-R(752)]/[R(670)-R(752)]

[R(412)-R(752)]/[R(670)-R(752)]

[R(412)-R(752)]/[R(670)-R(752)]

[R(510)-R(752)]/[R(670)-R(752)]

[R(412)-R(752)]/[R(555)-R(752)]

[R(412)-R(752)]/[R(670)-R(752)]

A

21.22

11.06

14.19

47.96

-1.31

12.35

B

-1.13

-0.49

-1.28

-1.54

0.53

-1.00

r2 value

0.55

0.38

0.86

0.91

0.53

0.76

Table 6.10: The best total suspended matter band ratio algorithms using SeaWiFS bands
for each cruise individually and for all data combined.
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Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

AH cruises

BAND COMBINATION

[R(510)-R(752)]/[R(670)-R(752)]

[R(510)-R(752)]/[R(670)-R(752)]

[R(443)-R(752)]/[R(670)-R(752)]

[R(490)-R(752)]/[R(670)-R(752)]

[R(490)-R(752)] /[R(670)-R(752)]

[R(510)-R(752)]/[R(555)-R(752)]

A

51.68

50.66

7.45

6.17

26.37

3.40

B

-1.59

-1.99

-0.51

-0.79

-1.49

-3.65

r2 value

0.65

0.50

0.52

0.76

0.59

0.41

Table 6.11: The best total chlorophyll band ratio algorithms using SeaWiFS bands for each
cruise individually and for all data combined.

Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

All cruises

BAND COMBINATION

[R(443)-R(752)] /[R(555)-R(752)]

[R(555)-R(752)]/[R(670)-R(752)]

[R(490)-R(752)]/[R(555)-R(752)]

[R(490)-R(752)]/[R(555)-R(752)]

[R(490)-R(752)]/[R(555)-R(752)]

[R(443)-R(752)]/[R(670)-R(752)]

A

0.35

2.16

0.41

0.46

0.34

0.65

B

-0.64

-1.24

-1.68

-1.53

-1.31

-0.45

r2 value

0.61

0.49

0.67

0.86

0.68

0.57

Table 6.12: The best DOM band ratio algorithms using SeaWiFS bands for each cruise
individually and for all data combined.
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6.6.2 MERIS band ratio algorithms

Band ratio algorithms were also developed using simulated MERIS wavebands. Again

several PR650 (R+) bands were averaged to simulate each MERIS band and also band 10

(753.75nm) was used to simulate the subtraction of 752nm from the PR650 reflectance (see

Chapter 5). The most suitable band ratio algorithms for TSM, CHL, and DOM

concentration, together with the waveband combinations are presented in Tables 6.13, 6.14

and 6.15.

Use of the MERIS wavebands to determine TSM concentration produces either the same

result as the SeaWiFS wavebands or is a slight improvement (Table 6.13). Again the most

reliable algorithms are found for September and December cruises. The TSM algorithm for

all year round has the same accuracy as for SeaWiFS but uses a different band combination

of 560nm and 620nm (Bands 5 and 6) instead of 412nm and 670nm (Figure 6.15).

However the MERIS algorithm has a B coefficient of -2.58 which can lead to increased

errors due to the steepness of the regression line whilst the SeaWiFS algorithm has a B

coefficient of -1.00.

Chlorophyll concentration can be determined as accurately or better using MERIS as

opposed to SeaWiFS wavebands (Table 6.14). Correlations are about the same as for

SeaWiFS wavebands for the winter months but correlations are much improved for the

summer cruises in June and July and for the all year round algorithm. The improvement

is due to the incorporation of the MERIS band 9 (705nm) but it should be noted that for

June the B coefficient has a high value of -4.23 which implies that the regression line is

very steep and will lead to increased inaccuracy. The all year round algorithm for total

chlorophyll concentration is shown in Figure 6.16 and has a coefficient of determination

of 0.54.

The most suitable band ratio algorithms for DOM for the MERIS sensor are presented in

Table 6.15. It can be seen that the coefficient of determination is improved in all cases by
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using MERIS wavebands instead of SeaWiFS. The all year round algorithm for MERIS

uses bands 4 and 6 and has a coefficient of determination of 0.63 (Figure 6.17).

Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

All cruises

BAND COMBINATION

[R(560)-R(753.75]/[R(620)-R(753.75)]

[R(410)-R(753.75]/[R(665)-R(753.75)]

[R(520)-R(753.75]/[R(620)-R(753.75)]

[R(520)-R(753.75)]/[R(681.25)-R(753.75)]

[R(410)-R(753.75)]/[R(620)-R(753.75)]

[R(560)-R(753.75)]/[R(620)-R(753.75)]

A

93.41

12.16

59.64

59.56

4.98

53.14

B

-2.99

-0.56

-2.92

-1.64

-0.86

-2.58

r2

0.65

0.36

0.88

0.81

0.54

0.77

Table 6.13: The best total suspended matter band ratio algorithms using MERIS bands for
each cruise individually and for all data combined.

Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

AH cruises

BAND COMBINATION

[R(520)-R(753.75]/[R(681.25)-R(753.75)]

[R(665)-R(753.75]/[R(705)-R(753.75)]

[R(681.25)-R(753.75]/[R(705)-R(753.75)]

[R(520)-R(753.75)]/[R(620)-R(753.75)]

[R(520)-R(753.75)]/[R(705)-R(753.75)]

[R(665)-R(753.75)]/[R(705)-R(753.75)]

A

37.51

40.01

12.14

5.99

34.12

22.33

B

-1.39

-4.23

-1.50

-1.08

-1.11

-2.85

r2

0.67

0.87

0.58

0.77

0.67

0.54

Table 6.14: The best total chlorophyll band ratio algorithms using MERIS bands for each
cruise individually and for all data combined.
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Cruise period

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

All cruises

BAND COMBINATION

[R(681.25)-R(753.75]/[R(705)-R(753.75)]

[R(560)-R(753.75]/[R(620)-R(753.75)]

[R(490)-R(753.75]/[R(560)-R(753.75)]

[R(490)-R(753.75)]/[R(560)-R(753.75)]

[R(520)-R(753.75)]/[R(620)-R(753.75)]

[R(520)-R(753.75)]/[R(620)-R(753.75)]

A

0.68

1.43

0.42

0.46

0.84

0.81

B

-0.76

-1.40

-1.59

-1.45

-0.80

-0.74

r2

0.64

0.55

0.67

0.86

0.78

0.63

Table 6.15: The best DOM band ratio algorithms using MERIS bands for each cruise
individually and for all data combined.
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6.7 MULTIPLE REGRESSION ALGORITHMS

6.7.1 Introduction

An alternative approach in the development of semi-empirical ocean colour algorithms is

by multiple regression analysis (MRA). Former investigators (Gower et al 1984, Fischer

1985, Sathyendranath et al 1989, Hinton 1991, Marees and Wernand 1991, Gitelson et al

1993) have found that the spectral signature of the visible reflectance of natural waters can

be explained by 3 or 4 components (water with constituents) using principal components

analysis (PCA). Using the multiple regression technique the water quality parameter to be

determined is the dependent variable and the reflectance in several spectral bands are the

independent variables. The water quality parameter is expressed as a linear combination

of a constant and the reflectance at known points :

6.3

where WQP is the water quality parameter concentration, b0 and bs are the regression

coefficients, I is the number of bands used in the MRA analysis and R; is the reflectance

at a specific wavelength. R(752) is the reflectance at 752nm to correct for sun/sky glint

error. First the reflectance in the 5 key bands proposed by Wernand, Shimwell and de

Munk (1996) for reconstruction of reflectance spectra were used as independent variables.

Then the number of bands was minimised to obtain the simplest form of the multiple

regression algorithm but still derive accurate water quality parameters.

The whole data set was used to develop an all year algorithm and separate periods in this

case were not investigated. The water quality parameters (WQP) used in this specific study

were TSM, CHL and DOM. The above water reflectance was used as before and corrected

for sky/sun glint error by subtraction of reflectance at 752nm. The algorithms presented

in this section are also focused on the forthcoming satellite sensors SeaWiFS and MERIS.
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6.7.2 5-band MRA ocean colour algorithm

As a first attempt at applying the multiple regression analysis (MRA) to the data, 5 key-

bands were selected as independent variables. The bands used were those which yielded

the best results in reconstructing the high resolution spectral signature of Case 2 waters

(Wernand et al 1996); 412, 490, 555, 620, and 670 nm. The 5 band MRA ocean colour

algorithms for TSM, CHL and DOM are shown in Table 6.16 together with the coefficient

of determination r2.

TSM mg/1

CHL iig/l

DOM m-1

bO

4.41

6.34

0.67

bl(412 nm)

-1.20

6.99

-0.16

b2(490nm)

3.08

-11.7

0.05

b(555nm)

-5.45

4.23

-0.1

b4(620nm)

9.21

10.7

0.45

b5(670nm)

0.98

-10.9

-0.38

0.82

0.51

0.55

Table 6.16: The regression coefficients together with the coefficient of determination
based on 5 band MRA analyses. For example the all year algorithm for TSM would be:
TSM = 4.41 - (1.2R412) + (3.08R490) - (5.45R555) + (9.21R620) + (0.98R670)
Note: R(752nm) is subtracted from all reflectances used.

Figures 6.18 to 6.20 show the measured and predicted values for TSM, CHL and DOM

after applying a 5-band MRA algorithm.
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Figure 6.18: A comparison between the measured and predicted TSM concentration using
an all year round applicable 5 band MRA algorithm. Coefficient of determination, r2, 0.82.
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124



Chapter 6: Ocean Colour Algorithm Development

XI

o
O
Q
T3

1.2

1.0

0.8

0.6

0.4

0.2

0.0

r2 = 0. 55

n = 126

k

A A :

* 4AA ^ ;t

Ik

iHAW
w t

A

' "i

A
A*

k
A A

k A

A

A *

A A

^* A-

A

0.0 0.2 0.4 0.6 0.8 1.0

Measured DOM absorption (m~')

1.2

Figure 6.20: A comparison between the measured and predicted DOM concentration using
an all year round applicable 5 bandMRA algorithm. Coefficient of determination, r2, 0.55.

6.7.3 MRA SeaWiFS and MERIS ocean colour algorithms

In this section an attempt is made at minimising the number of bands used in the algorithm

without damaging the sensitivity. This technique was applied to both simulated SeaWiFS

and MERIS bands. Occasionally the WQP is also expressed as a linear combination of a

constant and a normalised reflectance:

R. 6.4

where WQP is the water quality parameter concentration, b0 and bt are the regression

coefficients, / is the number of bands used in the MRA analysis and Rt is the reflectance

at a specific wavelength. R752 is the reflectance at 752 nm and Rn is the reflectance at
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wavelength n used for normalisation. This configuration was occasionally found to give

the best algorithm.

6.7.3.1 SeaWiFS ocean colour algorithms

In Table 6.17 the regression coefficients are presented for the different water quality

parameters and in Figures 6.21 to 6.23 the predicted and measured values are compared

for each WQP.

TSM mg/1

CHL jig/1

DOM m'

SeaWiFS bands

5 and 6

2, 4 and 5

3 and 4

bO

2.63

bO

5.68

bO

0.52

bl(555nm)

-1.55

bl(443nm)

12.11

bl(490nm)

-0.83

b2(670nm)

9.94

b2(510nm)

-23.61

b2(510nm)

0.76

b3(555nm)

14.0

r1

0.81

r1

0.53

r*

0.46

Table 6.17: The most appropriate all year SeaWiFS MRA coefficients for the algorithms.
For example, the algorithm for DOM would be:
DOM = 0.52-(0.83R490) + (0.76R5]0) - SeaWiFS bands 3 (490nm) and 4 (510nm).
Note: Band 7 (752nm) is subtracted from all reflectances used.
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Figure 6.21: A comparison between the measured and predicted TSM concentration using
an all year round applicable SeaWiFS MRA algorithm. Coefficient of determination, r2,
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Figure 6.23: A comparison between the measured and predicted DOM concentration using
an all year round applicable SeaWiFS MRA algorithm. Coefficient of determination, r2,
0.46. The bands used are 3 (490nm) and 4 (510nm).

The reflectance spectra were also normalised before the MRA was performed and CHL and

DOM gave an improved result (see Table 6.18). In this case the band used for

normalisation was SeaWiFS band 4 (510nm) which gave the best results. The coefficient

of determination of the CHL algorithm shown in Table 6.18 increased from 0.53 to 0.74

and DOM increased from 0.46 to 0.57. Normalisation did not improve the TSM algorithm.

The predicted and measured CHL and DOM concentration are shown in Figures 6.24 and

6.25.

128



Chapter 6: Ocean Colour Algorithm Development

normalised

CHL figl\

DOM m'

SeaWiFS bands

2, 3 and 5

3 and 6

bO

-110.08

bO

1.30

bl(443nm)

17.55

bl(490nm)

-1.06

b2(490nm)

50.75

b2(670nm)

0.53

b3(555nm)

50.10

r"

0.74

r2

0.57

Table 6.18: The most appropriate all year SeaWiFS MRA coefficients for the normalised
algorithms. For example the CHL algorithm would be:
CHL = -110.08 + (17.55R443) + (50.75R490) + (50.10R555) - SeaWiFS bands 2 (443nm),
3 (490nm) and 5 (555nm).
Note: Band 7 (752nm) is subtracted from all reflectances and band 4 (510nm) is used for
normalisation.
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Figure 6.24: A comparison between the measured and predicted CHL concentration using
an all year round applicable SeaWiFS normalised MRA algorithm. Coefficient of
determination, r2, 0.74. The bands used are 2 (443nm), 3 (490nm) and 5 (555nm).
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Figure 6.25: A comparison between the measured and predicted DOM concentration using
an all year round applicable SeaWiFS normalised MRA algorithm. Coefficient of
determination, r2, 0.57. The bands used are 3 (490nm) and 6 (670nm).

6.7.3.2 MERIS ocean colour algorithms

The regression coefficients for the multiple regression algorithms to determine the different

water quality parameters are presented in Table 6.19 for MERIS wavebands. The 4 band

MERIS algorithm seems to yield better results when compared with the 3 band SeaWiFS

algorithm for chlorophyll, and DOM is also improved.
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TSM mg/1

CHL Atg/1

DOM m-1

MERIS bands
5 and 6

5, 6, 7 and 8

2, 6 and 7

bO
3.92
bO

5.07
bO
0.55

bl(560nm)
-3.18
bl(560nm)
-4.32
bl(445nm)
-0.15

b2(620nm)
9.33
b2(620nm)
27.80
b2(620nm)
0.31

b3(665nm)
-58.61
b3(665nm)
-0.25

b4(68 lnm)
31.04

0.82

0.68

0.53

Table 6.19: The most appropriate all year MERIS MRA coefficients for the algorithms.
For example the algorithm for CHL would be:
CHL =5.1- (4.3R560) + (27.8R620) - (58.61R665) + (31.0R681) - MERIS bands 5
(560nm), 6 (620nm), 7 (665nm) and 8 (681.25).
Note: Band 10 (753.75nm) is subtracted from all reflectances used.

Comparisons between the measured and predicted data are presented in Figures 6.26 to

6.28.
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Figure 6.26: A comparison between the measured and predicted TSM concentration using
an all year round applicable MERIS MRA algorithm. Coefficient of determination, r2, 0.82.
The bands used are 5 (560nm) and 6 (620nm).
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Figure 6.27: A comparison between the measured and predicted CHL concentration
using an all year round applicable MERIS MRA algorithm. Coefficient of determination,
r2, 0.68. The bands used are 5 (560nm), 6 (620nm), 7 (665nm) and 8 (681.25nm).
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Figure 6.28: A comparison between the measured and predicted DOM concentration using
an all year round applicable MERIS MRA algorithm. Coefficient of determination, r2, 0.53.
The bands used are 2 (445nm), 6 (620nm) and 7 (665nm).
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Again the reflectance spectra were normalised before the MRA was performed and both

CHL and DOM gave an improved result (see Table 6.20). The band used for normalisation

was MERIS band 4 (520nm) which gave the best results. The coefficient of determination

of the CHL algorithm increased from 0.68 to 0.81 and DOM increased from 0.53 to 0.65.

Again TSM did not improve with normalisation.

normalised
CHL figll

DOM nr1

MERIS bands
5,6,7 and 8

6 and 9

bO
6.09
bO
0.04

bl(560nm)
-15.84
bl(620nm)
1.30

b2(620nm)
92.59
b2(705nm)
-0.81

b3(665nm)

-151.03
b4(681nm)

62.81
r2

0.81

0.65

Table 6.20: The most appropriate all year MERIS MRA coefficients for the normalised
algorithms. For example the CHL algorithm would be:
CHL = 6.1- (15.8R560) + (92.6R62a) - (151.0R665) + (62.8R681) - MERIS bands 5 (560nm),
6 (620nm), 7 (665nm) and 8 (681.25nm).
Note: Band 10 (753.75nm) is subtracted from all reflectances used and band 4 (520nm) is
used for normalisation.
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Figure 6.29: A comparison between the measured and predicted CHL concentration using
an all year round applicable MERIS normalised MRA algorithm. Coefficient of
determination, r2, 0.81. The bands used are 5 (560nm), 6 (620nm), 7 (665nm), and 8
(681.25nm).
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Figure 6.30: A comparison between the measured and predicted DOM concentration using
an all year round applicable MERIS normalised MRA algorithm. Coefficient of
determination, r2, 0.65. The bands used are 6 (620nm) and 9 (705nm).

6.8 DISCUSSION

In this chapter semi-empirical ocean colour algorithms have been developed to obtain

concentrations of the three main water constituents (TSM, CHL and DOM) from above

water reflectance measured over Case 2 waters. Several different techniques have been

used: single bands, band ratios, derivative reflectance, and multiple regression analysis.

Bands of the forthcoming sensors such as SeaWiFS and MERIS were simulated and the

most accurate algorithms for TSM, CHL, and DOM for these sensors are summarised in

Table 6.21. Such algorithms will also be applicable to other airborne and satellite sensors

having the same channels because use of reflectances reduces the dependency on instrument

specific radiometer calibrations. It should be noted that all algorithms are for above water
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reflectance and include a correction for sun/sky glint error by subtraction of the reflectance

measured in the near infrared (752nm). All algorithms reported here are applicable all year

round but seasonal algorithms are sometimes presented. Selection of bands in the blue part

of the spectrum has been avoided where possible because of high atmospheric interference,

varying amounts of diffuse downwelling irradiance and low sensor sensitivities.

It appears that total suspended matter in the waters off the Dutch coast and surrounding

areas is the constituent which can be the most reliably estimated using optical remote

sensing. The algorithms are most accurate during the autumn and winter months when

TSM is the major constituent in the water. During the spring and summer months the TSM

algorithm is strongly affected by the presence of increased concentrations of chlorophyll and

dissolved organic matter. The best algorithm for TSM appears to be a single band

algorithm which has an r2 of 0.78 for all year round. Use of the derivative reflectance

spectra for a single band algorithm only improves the r2 value to 0.79. The use of an

additional band in the form of log-log band ratios does not give any improvement over the

single band algorithm whilst the use of several bands in the form of multiple regression

increases the r2 value from 0.78 to 0.82. The increased band noise involved in using

multiple bands may well cancel out the improvement in the r2 value.

To determine concentrations of total chlorophyll an algorithm based on band ratios or

multiple regression is necessary. Total chlorophyll algorithms are the most accurate during

the autumn and winter when TSM and chlorophyll are correlated and also during the spring

bloom when chlorophyll concentrations are elevated. The best band ratio algorithm for all

year has an r2 of 0.54 which is not really sufficient to give a reliable algorithm. However,

the highest correlation is found for the 4 band MERIS multiple regression algorithm

normalised to band 4 which has an r2 of 0.82. This algorithm actually incorporates a total

of 6 bands because of the normalisation band and the correction band for sun/sky glitter and

inevitably there will be increased noise error because of this.

DOM concentrations can be determined most accurately with a 2 band normalised multiple
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regression algorithm. The coefficient of determination is 0.65 for MERIS bands 6 and 9

but only 0.57 for SeaWiFS bands 3 and 6. The band ratio algorithms give similar results

in that the MERIS algorithm is much improved on the SeaWiFS algorithm, the MERIS

algorithm having an r2 of 0.63. Therefore DOM is the water constituent determined with

the least accuracy for these waters.

It appears that the MERIS sensor will be better able to determine concentrations of DOM

and CHL than the SeaWiFS sensor, but both will be able to retrieve TSM concentrations

with sufficient accuracy. It should also be borne in mind that the in situ water quality

measurements are not without error. For example, the MERIS multiple regression

algorithm for TSM under-predicts a measured TSM concentration of 20mg/l by 2mg/l

(Figure 6.26), but the error in the measured TSM concentration itself is of the same order

(Section 6.9.2). Therefore TSM concentrations determined by remote sensing techniques

will have similar error to those determined by traditional in situ techniques.

A practical conclusion to be drawn from this part of the program is that the measurement

of above water reflectance using a portable multi-spectral radiometer such as the PR650,

is a useful technique for obtaining a fast and reliable estimate of particulates and dissolved

substances in the water, and for calibrating future ocean colour imagery. Most importantly

the technique has proved itself to be applicable in rough seas and also when the

downwelling light levels are low, eg. the December cruise when the solar zenith angle was

very low and cloud cover was total. Therefore this type of instrument is ideal for

measuring TSM during the winter months in seas in northerly latitudes when low light

levels and rough seas can be expected. Measurements are rapid to take account of a

rapidly changing downwelling light field and operation is simple. Therefore it is not always

necessary to measure subsurface reflectance in order to calibrate satellite and aircraft

sensors. Using such an optical remote sensing technique from a ship gives a fast and

reliable determination of several water quality parameters and measurements can be

obtained whilst the vessel is moving through the water.
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SeaWiFS

TSM mg/1

TSM mg/1

CHL jig/1

DOM m l 380nm

MERIS

TSM mg/1

TSM mg/1

CHL (igl\

DOM m' 380nm

Bands used

6

5,6

2,3,5 and

4 for norm.

3,6 and 4

for norm.

6

5,6

5,6,7,8 and 4

for norm.

6,9 and 4

for norm.

Algorithm

0.2 + (7.4R670)

2.6 - (1.55R555) + (9.9R670)

-110.1 + (n.6Rm/R510) + (50.8R490/R510)

+ (50.1R555/RM0)

1.3 - (l.lR490/R510) + (0.5R670/R510)

-0.2 + (5.2R620)

3.9 - (3.2R560) + (9.3R620)

6.1 - (15.8R560/R520) + (92.6R620/R520)

-(lSl.OR^/Rj.o) + (62.8R681/R520)

0.04 + (1.3R620/R520) - (0.8R705/R520)

Table 6.21: A summary of the most accurate semi-empirical algorithms for Dutch/Southern
North sea coastal waters.

The final stage of ocean colour algorithm development is to test the developed algorithms

on an independent set of data. This is done in the following chapter using data collected

from the airborne sensor CASI. But first it is important to consider a number of

recommendations by which errors in semi-empirical algorithms can be minimised.

6.9 SUMMARY OF RECOMMENDED PROTOCOLS FOR IN SITU

MEASUREMENTS FOR DEVELOPING OCEAN COLOUR ALGORITHMS IN CASE

2 WATERS

It is anticipated that despite advances made in the development of an analytical model to
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develop algorithms in coastal waters, empirical measurements will remain of use for the

foreseeable future, particularly in Case 2 and inland waters where specific areas have

specific characteristics. Therefore standardising techniques used in algorithm development

will be important and a few comments are made here based on the experience gained

throughout the sampling programme.

6.9.1 Optical measurements

It is vital that optical instrumentation is calibrated before data collection so that wavelength

shifts are corrected for and measurements are in absolute units. During deployment it is

preferable that instruments are positioned as far from the ship as possible to avoid ship

shading (see Section 5.9) and that they are positioned as far as practicable away from the

shadow of the sun. Instruments should be as close as practically possible to each other

during measurement as water quality characteristics can change considerably over short

distances in Case 2 waters. Care should also be taken to position the instruments away

from ship discharges. Water samples should be taken as closely as possible in time and

space, as was the case here, because of variability on short time scales especially under the

strong tidal regime that can be experienced in coastal waters. Sampling should be avoided

when the sea bottom has been disturbed by either bow thruster or propeller movement of

the ship causing large clouds of resuspended material.

When an above water radiometer is used it should be positioned away from ship discharges

causing surface disturbances, and the measurement should be taken out of the sun glitter

pattern and any shadow. It is preferable to take the measurement slightly off vertical to

avoid direct reflectance from the sea surface (see Section 5.10).

It has been recommended by other researchers that the apparent optical properties should

be measured only when the solar zenith angle (SZA) lies between 40 and 50° (Curran and

Novo 1988). During the present study in December in the southern North sea the SZA was
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never less than 75° because of the relatively high latitude and the sun's southerly

declination. However some of the best algorithms were obtained under such conditions,

and it is felt that such restrictions are unrealistic and unnecessary in northerly latitudes.

6.9.2 Water quality measurements

It is recommended that all bio-geochemical parameters are measured in triplicate. Large

errors can be present when a discrete volume of water is sampled such as from a water

bottle. It should be borne in mind that some of the optical properties such as

irradiance/reflectance measure the bulk optical properties of a water sample of many cubic

metres whereas the water sample taken contains only a fraction of that amount. It is

preferable to measure the inherent optical properties in situ using flow through systems

rather than the standard procedure of measuring a very small sample in a spectrophotometer

some time later. Therefore the IOP's are more comparable with the AOP's.

6.9.3 Error analysis

If possible data from instruments which have been measuring the same parameter should

be compared to assess accuracy. It is critical that the data is as accurate and reliable as

possible before data analysis begins. It was found in the present study that the self shading

error caused by the instrument's presence in the water can be significant in coastal waters

where absorption is high and should be allowed for. When comparing above and below

water reflectance the correction of self-shading was quite significant, however, the

difference when considering relationships between the IOP's and AOP's was not so

significant, ie. the value of the rx coefficient was not greatly altered when a corrected R(-)

was used (Chapter 8).
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CHAPTER SEVEN

APPLICATION OF SEMI-EMPIRICAL

ALGORITHMS TO AIRBORNE DATA

7.1 INTRODUCTION

This chapter describes the two sets of airborne CASI (Compact Airborne Spectrographic

Imager) spectral data collected during the project and the processing methods used, together

with the application of the ocean colour algorithms developed in Chapter 6. The CASI is

an imaging spectrometer which records either spectrally or spatially rich data from a swath

beneath the aircraft (see Chapter 3). CASI data were collected coincident with ship data,

on two occasions during the project; September 1993 and July 1994.

7.2 PROCESSING OF AIRBORNE SPECTRAL DATA FROM THE CASI

7.2.1 September 1993 campaign

On the 30th September 1993, three lines were flown at an altitude of 300 metres in an area

off the coast of the Netherlands near the Flemish Banks, coincident with shipboard sampling

from the r.v. Pelagia (Table 7.1). The CASI was operated by Integrated Terrestrial

Systems, Canada, in spectral mode only. The sun angle was low and the target was very

dark resulting in only 13 look directions for the first flight line. For the following two

flight lines the look directions were clustered to one side of the image area to avoid sun

glint, thereby giving a total of 7 look directions. The above conditions resulted in pixel
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widths of 0.4m and pixel lengths of 22.7m. A scene recovery channel (SRC) was also

recorded at 614nm across the full spatial swath.

image
name

3013

3014

3015

hdg.

130

145

130

alt.

308

308

308

start
time

13:28

13:42

13:57

end
time

13:33

13:48

14:10

start
position

51°45.8'N
03°02.2'E

51°46.0'N
03°02.4'E

51°46.8'N
02°59.7'E

end position

51°39.4'N
03°14.8'E

51°37.9'N
03°17.7'E

51°34.9'N
03°32.9'E

no.
lines

806

982

1936

no.
looks

13

7

7

Table 7.1: Flight line information for September 1993 where: hdg. = aircraft heading in
degrees, alt. = aircraft altitude in metres, and times are GMT.

The positions of the beginning and end of each flight line were recorded and are shown in

Figure 7.1. The position of each line within each image was obtained by linearly

interpolating along the flight line, making the assumption that the aeroplane flew at a

constant speed and in a straight line. Errors encountered using this method are expected

to be minimal. This means that spectra from all the look directions along a line have been

assigned the same position.
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Figure 7.1: Position of the aircraft tracks flown during September 1993 together with ship

sampling stations.

Both the spectral data and the SRC were displayed and processed using the image

processing system EasiPace/Imageworks under a Sun/UNIX operating system. An example

of the SRC is shown in Figure 7.2 for the third flight line (3015) which indicates land at
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the bottom of the image. The presence of land is more clearly seen in the spectral data.

It should be noted that the image is distorted because of the pixel dimensions. Spectra are

display able on screen for each look direction along every line. As some of the flight lines

contained up to nearly 2000 lines of data, each line having 13 or 7 look directions, this

meant that in one image alone there were more than 13,000 spectra in total. In order to

condense this large number of spectra, spectra were extracted at approximately every 30

lines and every other look direction to give around 200 spectra for each image. This was

considered enough to be representative of the complete image. Each spectrum was

selected, displayed and saved using the Image Works software. The spectra were in

arbitrary units and were quite noisy, especially in the blue part of the spectrum. They were

therefore normalised to emphasise variation throughout the low noise portion. To normalise

the spectra, minimum and maximum values were selected for the low noise part of the

spectra (between approximately 450 and 700nm) and these values set to 0 and 1

respectively. Examples of the CASI upwelling radiance spectra from one image for both

normalised and non-normalised spectra are shown in Figures 7.3 and 7.4.
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Figure 7.2: The Scene Recovery Channel for image 3015 which indicates land in the lower
portion of the image.
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Figure 7.3: Spectra of upwelling radiance from image 3014 before normalisation.
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Figure 7.4: Spectra of upwelling radiance from image 3014 after normalisation.
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Upwelling radiance in isolation is not an ideal optical parameter for extracting information

on water quality, as it varies with changes in the downwelling light field. Therefore

reflectance (the upwelling (ir)radiance divided by the downwelling (ir)radiance) is the usual

parameter determined in optical remote sensing as this is virtually independent of variation

in the downwelling light field. Unfortunately, in September 1993, the CASI instrument was

not fitted with a downwelling sensor, so reflectance cannot be calculated using downwelling

irradiance (Ed) information obtained from the aircraft. However the Ed was measured on

board the r.v. Pelagia, using the portable spectral radiometer, PR650, fitted with a cosine

collector. Therefore measurements of Ed were selected for the time that the aircraft was

measuring (measurements spanning 40 minutes) and a mean Ed spectrum was established

for the period. The shape of the Ed spectrum from the ship did not vary during the CASI

measuring period, and the magnitude varied by a maximum of 20%. The variation in

magnitude is not significant as relative units are being used and it is the shape of the Ed

spectrum which is important. The mean Ed spectrum measured from the ship is shown in

Figure 7.5. The upwelling radiance spectra were all divided by the Ed spectrum to obtain

the form of a relative reflectance. However, converting upwelling radiance to reflectance

in this way does not allow for the effect of path radiance scattered by air molecules and

aerosols into the direction of view of the remote sensor nor for the effect of the

transmittance of the atmosphere. Examples of the relative reflectance spectra for image

3014 are shown in Figure 7.6. The upwelling radiance is usually multiplied by the angular

distribution factor of spectral radiance or Q factor (see Chapter 9) but this was not

necessary here as the radiance is in relative units.
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Figure 7.5: The mean downwelling irradiance spectrum measured on board the r. v. Pelagia
at the time of the aircraft overflights.

Figure 7.6: Spectra of relative reflectance from image 3014.
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7.2.2 July 1994 campaign

On the 27th July 1994, seven lines were flown over the Dover Strait area with the CASI

installed in a NERC aircraft (Table 7.2). Again the instrument was operated in spectral

mode only with a SRC positioned at 522.9nm. The r.v. Pelagia took simultaneous

measurements. On this occasion the CASI system was fitted with a downwelling incident

light sensor (ILS) mounted in the roof of the aircraft.

image
name

CO192

CO193

CO 194

CO195

CO 196

CO197

CO198

hdg.

033

207

202

208

226

196

246

alt.

3200

3200

3200

3200

3200

3200

1560

start
time

13:49

13:55

14:05

14:14

14:22

14:30

14:45

end
time

13:51

13:59

14:09

14:17

14:25

14:34

14:46

start
position

51°03.5'N
01°36.0'E

51°10.9'N
01°42.5'E

51°10.4'N
01°43.2'E

51°10.2'N
01°45.4'E

51°09.0'N
01°44.0'E

51°10.4'N
01°42.5'E

51°04.4'N
01°46.7'E

end position

51°06.4'N
01°39.0'E

51°04.9'N
01°37.9'E

51°04.9'N
01°40.1'E

51°04.6'N
01°40.5'E

51°04.7'N
01°37.7'E

51°05.6'N
01°40.4'E

51°03.5'N
01°43.0'E

no.
lines

560

1272

1159

1141

1032

1096

410

no.
looks

39

39

39

39

39

39

39

Table 7.2: Flight line information for July 1994 where: hdg. = aircraft heading in
degrees, alt. = aircraft altitude in metres, and times are GMT.
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The position of the flight lines is shown in Figure 7.8. The beginning and end positions

of each flight line were available and therefore the position of each line was obtained by

linearly interpolating along the flight line.

Figure 7.8: Position of the aircraft tracks flown during July 1994.
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The spectral data and the SRC were processed as before. There were up to 1200 lines in

each image and always 39 look directions. The 39th look direction was the ILS spectrum.

It soon became quite apparent from both the spectral data and the SRC image that the flight

lines were not over coastal water. All of the spectra from each image were clear water

spectra and were therefore all very similar to each other (Figure 7.9). However it was still

decided to process a limited number of the spectra. The same method was used for the

extraction of spectra as for the September data which gives normalised radiance in arbitrary

units (Figure 7.10). Originally it was presumed that it was possible to calculate reflectance

using the information from the ILS sensor. However this sensor was not calibrated at that

time and could not be totally relied upon (Andrew Wilson, British National Space Centre,

RSADU, pers. comm.). It was therefore decided to use the same method as for

September's data for calculating relative reflectance and derive an Ed spectrum from

measurements made on board the ship. The spectrum used is shown in Figure 7.11. Again

it should be remembered that the reflectance spectra are RELATIVE reflectance only and

comparisons with other data sets are limited to form only and not magnitude (Figure 7.12).
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Figure 7.9: Spectra of upwelling radiance from image CO192 before normalisation. All
images show identical spectra.
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Figure 7.10: Spectra of upwelling radiance from image CO192 after normalisation.

Figure 7.11: The mean downwelling irradiance spectrum measured on board the r.v.
Pelagia at the time of the aircraft overflights.
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Figure 7.12: Spectra of relative reflectance from image CO192.

7.3 APPLICATION OF SEMI-EMPIRICAL ALGORITHMS TO THE CASI DATA

In Chapter 6 semi-empirical algorithms were developed for the main constituents of the

water such as total suspended matter (TSM), total chlorophyll concentration (CHL) and

dissolved organic matter (DOM). The main type of algorithms used were single band,

multiple regression and band ratios. Because the CASI reflectance spectra are relative

reflectance it was only possible to use the band ratio algorithms. Therefore the TSM, CHL

and DOM concentration was derived along each flight line made during the September

campaign using both the band ratio algorithms developed for the month of September, and

those for all of the year. As the band ratio algorithms were developed using the above

water reflectance corrected for sun/sky glint error, ie. the value at 752nm was subtracted,

the CASI relative reflectance also had the reflectance at 752nm subtracted. The

recommended SeaWiFS algorithms incorporate band 1 (412nm) which is situated within a
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noisy part of the CASI spectrum for September. Therefore the algorithm for MERIS for

the month of September was used which can be found in Table 6.13, Chapter 6. This

algorithm incorporates band 4 (520nm) and band 6 (620nm) as follows:

-2.92TSM = 59.64[R(520)-R(753.75)]/[R(620)-R(753.75)]

The results of applying the above algorithm to flight line 3015 is shown in Figure 7.13

(solid line). Predicted TSM concentrations vary from 5 mg/1 in the offshore waters to

around 40mg/l just off the coast with a strong peak of 80mg/l at the coast. The measured

concentrations vary from lmg/1 to 18mg/l, with concentrations of above 40mg/l being

observed close to the coast but some distance from the flight line at stations SWA1 and

SWA2 (Figure 7.1). The exceptional peak so close to land could be bottom reflectance.

However the algorithm appears to slightly over-estimate the TSM concentration in the

clearer offshore water. The dashed line in Figure 7.13 is the TSM concentration derived

using the band ratio algorithm applicable all year round using MERIS bands 5 and 6 as

follows:

TSM = 53.14[R(560)-R(753.75)]/[R(620)-R(753.3)]-258

It can be seen that the all year round algorithm results in higher concentrations of TSM in

the offshore waters and lower concentrations in the coastal waters. Figure 7.13 also shows

the measured TSM concentrations at several stations along the flight line.

The MERIS band ratio algorithms for chlorophyll and dissolved organic matter

concentration were also applied to the September CASI spectra, (see Tables 6.14 and 6.15,

Chapter 6), and the results are shown in Figures 7.14 and 7.15. The September chlorophyll

algorithm predicts concentrations of 4 to 9/ig/l, which compares favourably with measured

concentrations of 2 to 8/zg/l. The all year round algorithm predicts much higher

concentrations and tends to be erratic. The DOM September algorithm predicts

concentrations of 0.4 to 0.8m1, with measured concentrations being 0.3 to 0.75m"1. The
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all year algorithm predicts higher concentrations of DOM, up to 1.2m"1.

It therefore appears that the September band ratio algorithms give good predictions for

TSM, CHL and DOM but the all year algorithm tends to over-predict concentrations. One

of the main causes of discrepancies between measured and predicted concentrations is the

sampling time of the two different methods of data collection. The research vessel sampled

stations SWA3 to SWA8 over a time period of 5-6 hours whereas the aircraft covered flight

line 3015 in 13 minutes. This could lead to significant errors, particularly in coastal waters

where tidal influence is strong.

80 r A Measured TSM cone.
Sept. algorithm prediction

10 20 30
Distance along flight line (km)

Figure 7.13: The predicted TSM concentrations along flight line 3015 together with the
measured TSM concentration at several stations along the flight line.
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Figure 7.14: The predicted CHL concentrations along the flight line 3015.
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Figure 7.15: The predicted DOM concentrations along the flight line 3015.
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The MEWS band ratio algorithms for TSM, CHL and DOM were then applied to the CASI

spectra for July although there was very little variation in each image. The predicted TSM

concentration using the July algorithm is 2.1mg/l throughout all the images (Figure 7.16).

The measured concentration for the area of the flight lines varied between 1.6 and 2.5mg/l

which shows very good correlation. However the all year algorithm predicts 18mg/l which

is much too high. The July and all year algorithms for CHL predict concentrations of 6

and 3.5jUg/l respectively. The measured concentration was 1.2jwg/l. For DOM, both the

July and all year algorithm predict concentrations of 0.6m"1 and the measured value was

0.2m"1.

Overall it appears that the band ratio algorithms for the July data over-predict all

constituents, with the exception of TSM which gives very good predictions for the July

algorithm.
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Figure 7.16: The predicted TSM concentrations along the flight line CO192.
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7.4 DISCUSSION

The September and all year MERIS band ratio algorithms for TSM, CHL and DOM were

applied to the CASI data for September 1993. For TSM the September algorithm gave the

best correlations, although slightly higher than the measured concentrations. The all year

round algorithm was found to over predict in the clearer water but was more accurate in

the coastal water. For CHL and DOM the September algorithm gave good correlations but

the all year algorithm over-predicted. The July and all year MERIS band ratio algorithms

were applied to the July 1994 CASI data although there was effectively only one point for

comparison. All algorithms were found to over-predict significantly with the exception of

the July TSM algorithm which was very accurate.

From the above it has been demonstrated that the semi-empirical algorithms developed in

Chapter 6 are of some use in deriving water constituent concentrations in Case 2 waters.

However the algorithm which gives the most accurate concentrations tends to be the

appropriate seasonal algorithm. This is in line with previous investigators who also report

that many semi-empirical algorithms are site and season specific (Robinson 1985, Marees

and Wernand 1991). Because it is uncertain when exactly to apply a particular seasonal

algorithm it would be advantageous to develop an algorithm based on an analytical model

which would be applicable all year round. In order to do this the optical characteristics of

Case 2 waters must be investigated more closely. It is known that the inherent optical

properties (IOP) are dependent solely on the optical properties of the constituents of the

water and on the water itself. However optical remote sensing tends to measure apparent

optical properties (AOP), such as reflectance, so it is necessary to compare the relationships

between the IOP and the AOP if any progress in developing an analytical model is to be

made. This approach is discussed in Chapter 8. Chapter 9 also addresses many of the

scientific issues relevant to airborne measurements in that the relationship between the

subsurface and above surface reflectance is investigated.
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7.5 RECOMMENDATIONS FOR FUTURE WORK

Recommendations for minimising errors in the development of semi-empirical algorithms

were presented at the end of Chapter 6 (Section 6.9). The airborne data has not proven to

be a great success and based on experience gained during the present programme the

following recommendations are given for future work:

1. It is vital that good communications are maintained between the ship and aircraft, both

before and during a campaign to enable the aircraft to measure over the correct area.

2. It is essential that all sensors are calibrated before use and the state of

calibration/operation of the sensors accompanies the data.

3. It is preferable to have a CASI fitted with an Ed sensor to enable reflectance to be

calculated, rather than having to rely on Ed measurements made at the ship.
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CHAPTER EIGHT

THE RELATIONSHIP BETWEEN THE INHERENT

OPTICAL PROPERTIES AND THE APPARENT

OPTICAL PROPERTIES

8.1 INTRODUCTION

8.1.1 Background

This section of the research aims to increase the understanding of the influence of

underwater optical properties on the remotely sensed reflectance signal in coastal waters.

Optical properties have been well established for clear ocean water but in coastal regions

more in situ data is required as there are more variables that need to be considered. It is

hoped that an analytical model can be developed for coastal waters which will in turn lead

to more accurate water quality algorithms and greater utilisation of remote sensing in these

socio-economically important regions. The main difference for the development of an

analytical model for coastal waters lies in the different nature of the constituents in the

water, and as a result differences in the variation, range, and magnitude of the absorption

and scattering coefficients.

The nature of the relationship between the apparent optical properties (AOP) and the

inherent optical properties (IOP) is investigated in this section. Many studies have

concentrated on this aspect of ocean optics because of its great value to remote sensing in

developing analytical models to predict the water constituents. There are several

approaches to defining the relationships between the different optical parameters; artificial
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water bodies can be set up in a laboratory under controlled conditions (Krijgsman 1994,

Hakvoort 1994), modelling methods such as the Monte Carlo technique and successive

scattering order models can be employed (Gordon et al 1975, Kirk 1981,1984,1991,1994a,

Bukata et al 1988, Morel and Gentili 1991,1993,) and in situ measurements can be made

in as many different water bodies as possible. This study has concentrated on making

accurate and reliable in situ measurements using newly developed instrumentation. To date

most of the in situ measurements have concentrated on inland waters (Bukata et al 1981,

Vertucci and Likens 1989, Dekker 1993) and in general a limited number of optical

properties have been measured at any one time. Bricaud et al (1995) present the first

measurements of in situ inherent optical properties using several instruments, but a limited

number of wavelengths were measured.

In the past it has proved more difficult to routinely measure the IOP's, but these are easier

to interpret in terms of the water constituents by virtue of satisfying the Lambert-Beer law,

ie. the value of a particular IOP due to a particular water constituent is linearly related to

that constituent. In contrast the AOP's, Ku and Kd and R, are more easily measured but

are more difficult to interpret because of their dependence on the surface illumination, the

sea state and depth. Furthermore they do not in general satisfy the Lambert-Beer law.

It is important to be able to accurately define the relationship between the IOP's and AOP's

in order to be able to monitor the quality of coastal waters. Such a relationship could be

used as a predictive tool to predict changes in the underwater light field as a result of

changes in the concentration of the various components of the water, because of the

Lambert-Beer law. Hence for any change in concentration in the constituents the IOP's can

be calculated. If the relationship between the IOP's and AOP's is known it will be possible

to determine the change in AOP's and hence the change in the appearance of the water

body. The AOP's are generally measured by remote sensing techniques and therefore from

the AOP's it is possible to derive information about the IOP's and hence the water

composition.
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8.1.2 Previous work

Gordon et al (1975), using Monte Carlo modelling, described the relationship between the

subsurface reflectance and the absorption and scattering coefficients using a polynomial

function:

R(O-) = ro+r1(bl)/(a+bb))+r2(bb(a+bb))
2+.... 8.1

where a is the absorption coefficient, bb is the backscattering coefficient describing the

proportion of incident light scattered backwards and the coefficients rn depend on the solar

zenith angle and volume scattering function.

The above equation has been simplified to:

R(O-) = rj(bb/(a+bb)) Morel and Prieur (1977), Kirk (1991) 8.2

By using a successive order scattering model Morel and Prieur (1977) arrived at the above

relationship with rx equal to 0.33 for ocean waters. Both Gordon et al (1975) and Kirk

(1981,1984,1991,1994a, used Monte Carlo simulations to relate the IOP's to the AOP's.

Kirk (1991) confirmed that for bb < 0.25 and for vertically incident light, rx was also 0.33,

increasing to 0.57 for light at grazing incidence (Kirk 1984).

Kirk (1994a) also expressed rt as a linear function of /x0, the cosine of the zenith angle of

the refracted photons:

= -0.629 n0 + 0.975 8.3

Aas (1987) calculated the relationship between apparent and inherent optical properties for

ocean water using a two stream irradiance model. However he concluded that the model

required further testing in turbid waters. Zaneveld (1989) uses an asymptotic closure
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theory to calculate the inherent optical properties.

It appears that although many models have been developed to describe the relationship

between inherent and apparent optical properties, there is a lack of in-situ data in coastal

waters. Whitlock et al (1981) collected data in turbid waters where the absorption was

measured in situ but the reflectance below the water was derived from the reflectance

measured above the water. They assumed a perfectly diffuse radiance distribution, thereby

underestimating Eu by a factor of 0.7 (Aas 1987). They arrived at the conclusion that the

subsurface reflectance for turbid river waters did not vary in a linear manner with bb/(a+bb)

but was correctly described by the polynomial equation of Gordon et al (1975). More

recently, Dekker (1993), tested the reflectance model on field data collected in inland water

bodies. His results show that R(-) does depend linearly on bb/(a+bb) with the exception of

a few turbid lakes where rx is spectrally very dependent. He also finds a large variation in

xx between each water body; ranging between 0.12 and 0.56, with a mean of 0.29. A

change in the r1 coefficient with solar angle cannot be deduced from his results because of

the large variation with water type.

8.1.3 The present study

The main strength of the present study is the fact that several optical parameters were

measured simultaneously in coastal waters, combining both inherent and apparent optical

properties, and measurements above and below the water, together with the water quality

measurements. These data, particularly those from the July 1994 cruise when ac-9 data are

available, will enable the relationship between the inherent and apparent optical properties

of coastal waters to be investigated with reference to in situ measurements.

One of the main sources of error in previous work is that it was not previously possible to

measure the optical properties simultaneously, eg. the up and downwelling irradiances were

obtained by moving the orientation of the sensor for each measurement. The in situ
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measurements made within this study have up and downwelling irradiances measured

simultaneously, both above and below water, together with the simultaneous collection of

a water sample.

There is typically a difference in scale of measurement for AOP's and IOP's. The AOP's

derive from measurements of the light field associated with water volumes of 1 to 100's of

m3, whereas IOP's derive from very local measurements with sample volumes of cubic mm

or cubic cm. It is therefore probable that large particles will be sampled infrequently or

not at all using traditional IOP measurement techniques. The larger size-class particles may

have optical effects disproportionate to their spherical-equivalent cross-sectional areas.

Larger marine particles, especially aggregates or marine snow tend to be more complex in

shape than smaller particles. This greater degree of complexity would tend to increase the

ratio of surface area to volume and change the shape of the volume scattering function

(Carder and Costello 1994).

In the present study the IOP's of both dissolved and particulate material, of a relatively

large sample of water (approximately 10 litres) have been measured immediately after

collection (see Chapter 3) which should reduce errors caused by not sampling large

particles. Furthermore previous field studies by other researchers measure the IOP's of a

few cubic centimetres of water in a spectrophotometer several hours after collection of the

water sample (Davies-Colley 1983, Dekker 1993). Frequently the unfiltered sample does

not contain enough scatterers to have a measurable attenuation over so short a pathlength,

so the sample is concentrated by filtering on a filter paper and resuspending in a smaller

quantity of distilled water (Kirk 1980, Davies-Colley 1983, Dekker 1993). However the

material lost with this technique is estimated at 10% (Kirk 1980). In addition, the loss of

particulate material remaining on the filter could be biased in terms of particle size or

morphology, thereby introducing further errors which are difficult to estimate. When

samples are analysed in the laboratory several hours or days after collection changes can

occur in the particle size distribution, concentration, morphology etc. as the particulate

material responds to environmental changes.
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With the method of data collection adopted during this programme it is hoped that the

above errors will be avoided or reduced, resulting in a reliable set of data of both IOP's

and AOP's of coastal waters. Using this data set the existing models which relate inherent

and apparent optical properties will be tested.

8.2 CALCULATION OF THE Rt COEFFICIENT FOR THE JULY 1994 CRUISE

During the July 1994 cruise the absorption and beam attenuation in 9 channels throughout

the visible spectrum was measured by the ac-9. Thus it was possible to determine the

inherent optical properties of each water sample. The absorption was first corrected for

scattering error by the method described in Chapter 4. As the ac-9 measures a* and c* (the

absorption and attenuation due to suspended and dissolved substances only), the scattering

coefficient due to particles only, b*, could be obtained by subtracting the a* from the c*:

c* = a* + b* 8.4

The proportion of backscattered light (bb) was estimated using the following relationship:

bb = bbs + bbw 8 - 5

where bbs is the proportion of backscattered light from particles, and bbw is the amount of

light backscattered by pure water.

bbw was simply obtained by multiplying pure water scattering (Buiteveld et al 1994) by a

factor of 0.5 as pure water scatters equally in both the forward and backward directions.

The backscattering from particles, bbs, was obtained by multiplying the total scattering due

to particles, b* , by a factor of 0.02 (Jerlov 1976). Finally pure water absorption was
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added to a* to obtain total absorption and hence the term bb/(a+bb) could be calculated.

The upwelling and downwelling irradiances at several depths in the water column were also

measured at each station by the ASIR. This enabled the apparent optical properties of

subsurface reflectance, R(-), and diffuse attenuation coefficient, K, to be calculated. The

reflectance at a depth of 5m was used as the absorption and attenuation were also measured

at a depth of 5m. The upwelling irradiance was corrected for self-shading error (Chapter

5). As both R(-) and bb/(a+bb) had been determined, a linear regression analysis could be

performed between the two parameters.

The results of the linear regression analysis for all wavelengths for each station are shown

in Table 8.1 and examples from two stations are shown in Figures 8.1 and 8.2.
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Station
YCH1
YCH2
YCH3
YCH4
YCH55
YCH5
YCH6
YCH7
YCH8
YFF1
YFF2
YFF3
YFF4
YFF5
YFF6
YN01
YN03
YN04
YN05
YN06
YN07
YN08
YTX1
YTX22
YTX3
YTX4
YTX55
YTX6
YTX7
YWA1
YWA2
YWA3
YWA4
YWA6
YWA7
YWA8
YWA9

Constant (rO)
-0.0294
-0.0209
-0.0088
-0.0038
-0.0005
-0.0073
-0.0034
-0.0094
-0.0068
-0.0012
0.0003

-0.0009
0.0040

-0.0003
0.0017

-0.0089
-0.0053
-0.0013
0.0027
0.0013

-0.0015
-0.0019
-0.0063
-0.0035
-0.0012
0.0011
0.0032

-0.0081
-0.0018
-0.0096
-0.0168
-0.0196
-0.0077
-0.0016
0.0016

-0.0004
-0.0035

Slope (rl)
1.2014
1.2082
0.7244
0.5370
0.3587
0.6307
0.3863
0.8412
0.8817
0.4539
0.3565
0.3921
0.2723
0.2677
0.5417
0.6739
0.4967
0.4448
0.2280
0.2233
0.2954
0.2728
0.5190
0.5832
0.3557
0.3671
0.2798
0.3583
0.3224
0.7131
0.6303
0.3645
0.5713
0.2121
0.2647
0.1923
0.6116

Sx
0.1082
0.1052
0.0667
0.0597
0.0526
0.0588
0.0345
0.0698
0.0783
0.0503
0.0375
0.0414
0.0485
0.0219
0.0990
0.0673
0.0588
0.0438
0.0454
0.0204
0.0241
0.0237
0.0537
0.0766
0.0528
0.0562
0.0492
0.0195
0.0165
0.0849
0.0633
0.0813
0.0641
0.0368
0.0017
0.0182
0.0580

Sy
0.0110
0.0091
0.0062
0.0042
0.0041
0.0044
0.0023
0.0040
0.0045
0.0023
0.0015
0.0017
0.0028
0.0011
0.0026
0.0049
0.0043
0.0025
0.0028
0.0007
0.0020
0.0021
0.0056
0.0061
0.0030
0.0024
0.0024
0.0016
0.0013
0.0067
0.0067
0.0122
0.0046
0.0028
0.0037
0.0015
0.0025

0.88
0.88
0.87
0.82
0.72
0.86
0.87
0.89
0.88
0.82
0.83
0.83
0.64
0.89
0.62
0.85
0.80
0.86
0.58
0.87
0.89
0.88
0.84
0.76
0.72
0.70
0.64
0.95
0.96
0.80
0.85
0.53
0.82
0.65
0.74
0.86
0.86

Table 8.1: The results of the linear regression analysis for R(-) and bb/(a+bb) where r1 is
the x-coefficient in the regression equation, r0 is the y-coefficient, Sx and Sy are the standard
errors of the x and y-coefficient respectively, and r2 is the coefficient of determination.
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It is quite clear that for the majority of the stations there is a strong relation between R(O-)

and bb/(a+bb) which can be represented satisfactorily by a linear relation. This is in

agreement with the in situ data of Dekker (1993). However, Dekker found that the constant

of the linear regression or r0 value was, in the majority of cases, lower than its standard

error, Sy and therefore could be omitted from the equation. For the above data this is not

the case and for most of the stations r0, although small, is not negligible.

It is also quite clear from Table 8.1 that the value of rl varies considerably from 0.19 to

a maximum of 1.21, with a mean value of 0.49 and a standard deviation of 0.25.

0.04
y = - 0 . 008 + 0. 36 x

; r2=;0. 915

I
o

0.03

0.02

0.01

0.00
0.00 0.02 0.04 0.06 0.08 0.10

bb/ (a + bb)

0.12 0.14

Figure 8.1: The results of a linear regression between b^/fa+b^ and R(-) for station
YTX6. The wavelength is shown beside each data point.
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Figure 8.2: The results of a linear regression between
YCH7. The wavelength is shown beside each data point.

and R(-) for station

Kirk (1994a) relates the value of the xx coefficient to the cosine of the refracted solar beam

just below the surface, /x0, in the following way:

= -0.629 p0 + 0.975 8.6

Attempts were made at relating the value of r{ derived from in situ data to /x0. When all

stations are considered there appears to be no clear relationship between rx and /x0 (see

Figure 8.3) which is consistent with Dekker (1993) who concluded that any relationship in

his in situ data was masked by the change in coefficient with water type. However, if each

of the transects are considered separately, on some occasions a strong relationship between

v1 and /x0 is identified (see Figures 8.4 and 8.5). The relationships developed from the

Channel and Noordwijk transects have considerably higher coefficients than those identified

by Kirk (1994a):
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= -3.694 n0 + 3.826- Channel transect 8.7

- -2.444 fx0 + 2.42 - Noordwijk transect 8.8

It should be noted that for the Channel transect (Figure 8.4) the sky was clear and for the

Noordwijk transect (Figure 8.5) the sky was completely overcast. Therefore it appears that

determination of the rt coefficient is complex and the effect of other factors such as water

turbidity and extent of cloud cover should be investigated. In order to clarify the

relationships between the IOP and the AOP it is necessary to expand the data set.

Therefore an attempt was made at calculating the IOP for the remaining cruises of 1993

(Chapter 3).
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Figure 8.3: The relationship between the cosine of the refracted solar beam and the
coefficient for all stations during July 1994.
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8.3 DERIVATION OF ABSORPTION FROM THE APPARENT OPTICAL

PROPERTIES

8.3.1 Method used to calculate absorption

In order to proceed with the investigation into the relationship between the inherent and

apparent optical properties it is necessary to consider a wider data set. In July 1994, 47

stations were sampled and during the remaining 4 cruises in 1993 a further 91 stations were

sampled. It would be advantageous to use the data from the cruises conducted during 1993

but in situ absorption was not measured by the ac-9 during these cruises. However, multi-

spectral beam attenuation was measured and using the following method described by Prieur

and Sathyendranath (1981) the absorption was calculated from the subsurface reflectance

R(-) and the downwelling diffuse attenuation coefficient, Kd.

, . Kd(X) [1 -R(k)] cos}
K ' 0.6 + [0A7+2.5R{\)] cosj

where:

a(K) = the absorption coefficient at a given wavelength,

Kd(k) = the diffuse attenuation coefficient for downwelling irradiance,

R(K) = the diffuse reflectance,

j = the sun zenith angle in the water.

The coefficients of 0.47 and 0.6 represent a weighting of the influence of direct sunlight

and of skylight.
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Kd and R(-) were calculated from the irradiance measurements from each cruise which had

been corrected for self-shading error. The sun zenith angle in the water was derived from

the altitude of the sun at the time of each measurement. The altitude was calculated using

the following formula:

Altitude = sin'(sin dec sin lot + cos dec cos LHA cos lat) 8.10

where:

dec = the declination of the sun,

LHA = the local hour angle of the sun,

lat = the latitude of the observer.

Having calculated the sun zenith angle, this was converted to the sun zenith angle in the

water by using Snell's law. Thus:

ui

where:

nw = the refractive index for water

0O= the solar zenith angle

6W = the solar zenith angle in the water

Using the above method the absorption coefficient was calculated for all stations for all of

the cruises during 1993. Some examples of the calculated total absorption spectra (ie. a*

+ a^^) from different water types are shown in Figures 8.6 to 8.9. Figure 8.6 shows the

absorption spectra for all of the stations on the Texel transect during April 1993. The

phytoplankton dominated stations close to Texel (ATX1, ATX2, and ATX22) where the
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total chlorophyll concentration reached 38.8/tg/l show an increased absorption in the blue

region of the spectrum and at 675nm, indicating the presence of chlorophyll. There is a

wide range in the absorption coefficients observed at the Channel stations during June 1993

with low values in the centre of the channel (YCH4 and YCH5), and highest values on the

French coast (YCH7 and YCH8, Figure 8.7). Figures 8.8 and 8.9 show the Noordwijk and

Walcheren transects during the September 1993 cruise. The coastal stations have clearly

much higher absorption spectra than the offshore waters.
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Figure 8.6s The total absorption coefficient, calculated from the apparent optical
properties, for all stations of the Texel transect during April 1993.
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8.3.2 Validation of the calculated absorption

The estimated absorption coefficients appear to be realistic but they have been calculated

from the apparent optical properties. Thus any subsequent comparison with the R{-) will

be questionable without further validation. For the July 1994 cruise the absorption was

measured by the ac-9 and so a comparison of the calculated absorption method with the

measured absorption will be useful. Therefore the absorption was also calculated using the

method described by Prieur and Sathyendranath (1981) for the July 1994 data and then

compared with the absorption measured by the ac-9.

The results from several stations are shown in Figures 8.10 to 8.13. For some of the

stations the calculated absorption agrees closely with the measured absorption eg, YTX4

175



Chapter 8: The Relationship between the Inherent Optical Properties....

and YCH3 in Figures 8.10 and 8.11. However, for extremely clear water encountered at

Station YFF6 the calculated absorption is not in such close agreement with the measured

absorption with deviations in both the blue and red parts of the spectrum (see Figure 8.12).

Figure 8.13 shows the comparison between measured and calculated absorption at a turbid

Walcheren station (YWA2), and again the agreement is not very close but the overall shape

of the spectra remains similar. The relative mean squared difference between the measured

and calculated absorption spectra has been determined for all of the stations combined and

is shown in Figure 8.14. For much of the spectrum errors are to within 20%. The

observed errors are larger than that quoted by Prieur and Sathyendranath (1981) of 7%

maximum error at either end of the visible spectrum.

Despite this, it was concluded that this method of calculating the absorption coefficient is

accurate enough to be of use in the analysis of the inherent and apparent optical properties.
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Figure 8.10: A comparison between the measured total absorption coefficient and the total
absorption coefficient calculated from the apparent optical properties. Station YTX4 during
July 1994.
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Figure 8.14: The relative mean squared difference between the measured and the
calculated total absorption spectra for all stations during the July 1994 cruise.
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8.3.3 Calculation of the r1 coefficient for the 1993 cruises using the calculated

absorption

The relation between R(-) and bb(a+bb) was also examined for the four cruises made during

1993 for which the absorption had been calculated using the method of Prieur and

Sathyendranath (1981).

The scattering due to particles, b*, was determined from the multi-spectral beam attenuation

coefficient measured by TRASIR, c*, (the attenuation due to suspended and dissolved

materials only) by subtraction of a* (the absorption due to suspended and dissolved

materials only):

b* = c* -a* 8.12

Then the total backscattering coefficient, bb, was calculated by adding the backscattering

coefficient for particles, bbs, (derived from 0.02b*, Jerlov 1976) to the backscattering

coefficient for pure water, bbw (derived from 0.5bw)

Finally the function bb/(a+bb) was calculated and compared with the subsurface reflectance,

R(-). The upwelling irradiance was again corrected for self-shading before calculation of

the reflectance.

Again a linear relation was fitted to the subsurface reflectance R(-) and the bb/(a+bb)

function. The results of the linear regression analysis for all wavelengths for each cruise

are shown in Tables 8.2 to 8.5. Several examples are shown in Figures 8.15 to 8.18
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Station

AN01
AN02
AN03
AN04
AN05
AN06
AN07
AN08
ATX22
ATX4
ATX5
ATX6
AWA1
AWA2
AWA3
AWA4
AWA5
AWA6
AWA7

Constant(rO)

-0.0092
-0.0131
-0.0057
-0.0066
-0.0044
-0.0011
0.0002
0.0004
0.0024
0.0012
0.0011
0.0014

-0.0204
0.0531
0.0227

-0.0103
-0.0168
-0.0075
-0.0016

Slope(rl)

0.8329
0.9957
0.9461
0.9317
0.5553
0.3280
0.2290
0.3036
0.2237
0.1944
0.1170
0.1138
0.9619
0.7598
0.8068
0.8214
1.7137
0.7051
0.4288

Sx

0.0882
0.0786
0.0611
0.0541
0.0336
0.0377
0.0277
0.0290
0.0257
0.0328
0.0184
0.0168
0.2694
0.1533
0.1491
0.0537
0.1105
0.0272
0.0251

Sy

0.0105
0.0071
0.0039
0.0030
0.0021
0.0017
0.0014
0.0015
0.0019
0.0015
0.0015
0.0014
0.0388
0.0166
0.0177
0.0054
0.0064
0.0020
0.0012

r1

0.83
0.89
0.93
0.94
0.94
0.80
0.78
0.85
0.80
0.65
0.68
0.71
0.59
0.56
0.62
0.92
0.93
0.97
0.94

Table 8.2: The results of the linear regression analysis for R(-) and bb/(a+bb) where r1 is
the x-coefficient in the regression equation, r0 is the y-coejficient, Sx and Sy are the standard
errors of the x and y-coejficient respectively, and r2 is the coefficient of determination.
April 1993 cruise only.
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Station
JCH1
JCH2
JCH3
JCH4
JCH5
JCH6
JCH7
JCH8
JNO1
JNO2
JNO3
JNO4
JNO5
JNO6
JNO7
JTX1
JTX2
JTX3
JTX4
JTX5
JTX6
JWA1
JWA2
JWA3
JWA4
JWA5
JWA6
JWA7
JWA8

Constant (rO)
-0.0114
0.0040
0.0038
0.0012

-0.0007
0.0026

-0.0107
-0.0004
0.0077
0.0111
0.0177
0.0035

-0.0029
0.0026
0.0028
0.0009

-0.0011
0.0028
0.0023

-0.0012
0.0031
0.0209

-0.0048
-0.0035
0.0060

-0.0006
-0.0003
0.0076

-0.0056

Slope (rl)
0.9148
1.0130
0.5708
0.3918
0.3189
0.3713
1.3500
0.9071
0.4847
0.4408
0.1404
0.5890
0.5042
0.3123
0.2012
0.6578
0.5453
0.2186
0.2427
0.2756
0.2909
0.6821
0.7524
0.8685
0.1391
0.6107
0.3195
0.2125
0.7061

Sx
0.0475
0.0909
0.0395
0.0334
0.0620
0.0325
0.0828
0.0760
0.0913
0.1171
0.0404
0.0333
0.0625
0.0431
0.0291
0.0866
0.0584
0.0307
0.0386
0.0238
0.0354
0.0623
0.0578
0.0915
0.0169
0.0603
0.0246
0.0702
0.0694

Sy
0.0039
0.0067
0.0034
0.0017
0.0040
0.0020
0.0048
0.0059
0.0113
0.0095
0.0058
0.0017
0.0027
0.0016
0.0015
0.0047
0.0033
0.0017
0.0016
0.0016
0.0018
0.0063
0.0037
0.0062
0.0015
0.0017
0.0007
0.0016
0.0027

r2

0.95
0.87
0.92
0.89
0.60
0.87
0.93
0.89
0.61
0.43
0.40
0.94
0.78
0.73
0.72
0.77
0.83
0.73
0.68
0.88
0.78
0.87
0.90
0.83
0.79
0.84
0.90
0.33
0.84

Table 8.3: The results of the linear regression analysis for R(-) and bb/(a+bb) where r, is
the x-coejficient in the regression equation, r0 is the y-coefficient, Sx and Sy are the standard
errors of the x and y-coefficient respectively, and r2 is the coefficient of determination. June
1993 cruise only.
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Station
SN01
SN02
SNO3
SNO4
SNO5
SNO6
SNO7
STX1
STX2
STX3
STX4
STX6
STX7
SWA2
SWA3
SWA4
SWA5
SWA6
SWA7
SWA8

Constant(rO)
-0.0091
-0.0057
-0.0076
-0.0095
0.0000

-0.0011
-0.0084
-0.0081
-0.0004
-0.0051
-0.0086
-0.0018
0.0011

-0.0057
-0.0036
-0.0053
-0.0073
0.0009
0.0022
0.0046

Slope(rl)
0.5904
0.6145
0.5744
1.0074
0.3221
0.5514
0.6807
0.5263
0.3569
0.6590
0.6801
0.3639
0.2634
0.7979
1.0095
0.6438
0.8285
0.6904
0.4206
0.7352

Sx
0.0616
0.0498
0.0327
0.0570
0.0321
0.0634
0.0895
0.1830
0.0591
0.0515
0.0479
0.0418
0.0291
0.1336
0.0839
0.0596
0.0739
0.0834
0.0760
0.1471

Sy
0.0066
0.0038
0.0026
0.0023
0.0021
0.0018
0.0043
0.0209
0.0090
0.0029
0.0028
0.0029
0.0018
0.0209
0.0084
0.0075
0.0049
0.0024
0.0023
0.0025

rz

0.83
0.89
0.94
0.94
0.84
0.80
0.75
0.30
0.66
0.90
0.91
0.80
0.65
0.81
0.89
0.86
0.87
0.78
0.62
0.57

Table 8.4: The results of the linear regression analysis for R(-) and bb/(a+bb) where rt is
the x-coefficient in the regression equation, r0 is the y-coefficient, Sx and Sy are the standard
errors of the x and y-coefficient respectively, and r2 is the coefficient of determination.
September 1993 cruise only.

Station
DTX1
DTX3
DTX4

Constant(rO)
-0.0690
0.0103
0.0078

Slope(rl)
0.6127
0.3180
0.3732

Sx
0.0576
0.0501
0.0822

Sy
0.0127
0.0049
0.0067

r2

0.86
0.68
0.52

Table 8.5: The results of the linear regression analysis for R(-) and bb/(a+bb) where r} is
the x-coefficient in the regression equation, r0 is the y-coefficient, Sx and Sy are the standard
errors of the x and y-coefficient respectively, and r2 is the coefficient of determination.
December 1993 cruise only. Note that the TRASIR was not operational throughout much
of the December cruise resulting in significantly reduced data.
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The data of 1993 show that the relationship between R(-) and bb/(a+bb) can also be

satisfactorily represented by a linear relation (Figures 8.15 to 8.18). For the majority of

stations the constant r0 is not less than the standard error of the Y estimate, Sy, and

therefore this constant cannot be omitted. The xx coefficient is also quite variable, having

a minimum of 0.11, a maximum of 1.71. Therefore the results for 1993 using the

calculated absorption coefficient are similar to those observed when the absorption

coefficient was measured during July 1994. It would therefore seem reasonable to combine

the data from 1993 and 1994 together.

When the data from all of the cruises are combined there are 108 data points for

comparison. With such a large number of data points it was proposed that more

information concerning the relationship between the IOP and the AOP could be identified

and possibly the factors that cause such a wide variation in the rx value could be

established. It was decided that to best define the relationship between the IOP and AOP

only those stations where a strong relationship exists between the two parameters should

be used. Therefore those stations where the coefficient of determination, r2, is less than

0.70 for a linear relationship between R(-) and bb/(a+bb) were omitted. This left 84

stations where there is a strong linear relationship between R(-) and bb(a+bb). For these

stations the r1 coefficient varied between 0.11 and 1.71, with a mean of 0.58 and a standard

deviation of 0.30. This is in marked contrast to the widely accepted value of 0.33 given

for Case 1 waters.

It was reported in section 8.2 that in July some transects exhibited a relationship between

the value of the vl coefficient and the cosine of the refracted solar beam below the surface,

Ho, which was consistent with the modelling results of other researchers (Kirk 1994a).

Therefore the rl coefficient was compared with /x0, and, in addition the total scattering

coefficient, and the proportion of direct/diffuse light, as it was felt that these additional

variables may be responsible for some variation in r^ Each cruise was considered

separately, as was each transect of each cruise and then the stations of each transect for the

whole year combined were also considered. No statistically significant correlations were

185



Chapter 8: The Relationship between the Inherent Optical Properties....

found between rx and any of the variables for the cruises during 1993.

It is probable that the variation in vx depends on a combination of variation in the lighting

conditions and the water type. It was decided to try and isolate each of these variables by

considering only stations with high or low solar zenith angle and high or low turbidity or

only direct/diffuse light and then looking for a relation. Unfortunately this did not result

in any useful correlations either.

Finally the value of the xx coefficient itself was examined. Those stations with an rx above

0.8 (17 in number with a mean xx of 1.03) were found to have a SZA varying between 32°

and 68°, ie. the full range, but the scattering coefficient was consistently high, with a mean

value of 2.09m"1. Those stations with an rt below 0.5 (35 in number with a mean rt of

0.311) also had a SZA varying through the full range but the scattering coefficient was

significantly lower, with a mean of 0.99m"1. It therefore appears that the value of the xx

coefficient is less dependent on the SZA than the turbidity as for all values of rj the range

in SZA is the same. Low values of xx seem to be associated with significantly lower

scattering coefficients and the high values of xx tend to have much higher scattering

coefficients. Previous modelling studies predict an xx of 0.33 for ocean waters and this

would seem to be suitable. However it appears that for more turbid coastal waters a higher

xx coefficient is applicable having a mean of 1. This has important implications in future

modelling studies as it is evident that for coastal waters the traditionally accepted xx

coefficient of 0.33 is not high enough.

8.4 EXAMINATION OF OTHER PROPOSED RELATIONSHIPS BETWEEN IOP

AND AOP

Several other relationships have been proposed between the IOP and AOP. Many of these

have been derived through Monte Carlo modelling and have not been tested on in situ data.

For example, a widely quoted model in the literature is that given by Kirk (1984, 1994a,
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1994b, 1995) in which the downwelling diffuse attenuation coefficient (Kd) is related to the

inherent optical properties and solar zenith angle:

Kd = l/(i0 [a2 + GfuJab)0-5 8.13

where:

a = absorption coefficient,

b = scattering coefficient,

/x0 = the cosine of the refracted solar beam just beneath the surface,

G = a coefficient whose value is determined by the shape of the scattering phase

function.

- g2 8.14

where:

gj and g2 are constants for a particular scattering phase function. Kirk uses values

of 0.425 and 0.19 for g, and g2 respectively to calculate the Kd(av) which is the Kd

averaged over the photic zone.

This gives a final formula to calculate Kd:

Kd = ll\i0 [a2 + (glii0 - g2)ab]05 8.15

The above relationship has been used by several researchers to derive the inherent optical

properties from measurements of irradiance at several depths in the water column. For

example, Weidemann and Bannister (1986) calculated absorption and scattering coefficients

from measured irradiances and found that the absorption estimates were similar to the

absorption obtained by summing the absorption components in the water. Gallegos et al

(1990) also used Kirk's model to extract scattering and absorption coefficients from

measurements of Kd in more turbid waters than those to which the model was previously

applied. More recently, Kirk (1995) applied the model to measurements of absorption and
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Kd made in an ultra-turbid lake, having a scattering coefficient up to 123m1. He achieved

closure in that the in situ measurements of Kd were within 5 % of the Kd calculated from

the measured absorption and scattering coefficients.

It was decided to test Kirk's model on the data collected within the present study for July

1994. During this cruise the absorption and attenuation coefficients were measured and the

Kd was available from in situ measurements of downwelling irradiance. The waters

sampled in the present study are not as turbid as the ultra-turbid lake sampled by Kirk but

are more representative of the type of waters encountered in coastal regions. If the model

proves successful on this data set then it will be of considerable use to future studies when

measurement of both inherent and apparent optical properties is not feasible. It should be

noted however, that although Kirk achieved closure for the ultraturbid lake, he obtained the

scattering coefficient from measurements of reflectance. These were derived from

measurements of irradiance which were also used to calculate Kd. Therefore it is arguable

that closure has not been achieved as the two sets of measurements are not completely

independent. With the present data set the scattering coefficient was obtained from the

absorption and attenuation coefficients which were measured independently of irradiance.

Therefore the Kd was calculated from Kirk's model using the in situ measurements of the

inherent optical properties and was then compared with the in situ measurements of Kd.

Some examples are shown in Figures 8.19 to 8.21.
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Figure 8.19: A comparison between the calculated and measured Kd at Station YWA9
during July 1994.
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during July 1994.
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Figure 8.21: A comparison between the calculated and measured Kd at Station YTX4
during July 1994.

The relative mean squared difference between the measured and calculated Kd spectra has

been determined for all stations combined and is shown in Figure 8.22.
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Figure 8.22: The relative mean squared difference between the measured and calculated Kd
for all stations for July 1994.
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The figures show that Kd can be predicted with reasonable accuracy by Kirk's model.

Predictions are accurate to within 20-40% for the whole spectrum which is higher than the

5% error obtained by Kirk (1995). However the model was tested quite rigorously using

optical properties derived independently from different instrumentation in a wide range of

water types. Therefore it is concluded that the model can be of considerable use in coastal

waters when it is not possible to measure both inherent and apparent optical properties in

situ. The errors encountered with the present data set could be caused by natural variations

in the water quality during the short time difference in sampling periods, in spite of best

attempts at reducing this particular error.

8.4 DISCUSSION

In this chapter the relationship between the apparent and inherent optical properties of

coastal waters has been investigated using in situ measurements.

It has been found that the method proposed by Prieur and Sathyendranath (1981) for

calculation of the absorption coefficient from the apparent optical properties is reliable

enough to be used if in situ absorption measurements are not available.

It has also been found that the traditionally accepted reflectance model presented in the

literature for Case 1 waters:

R(O-) = rg+rjfbt/fa+bj (Morel and Prieur 1977)

is applicable to the in situ data collected during this study in coastal waters.

The rj coefficient calculated from the in situ data was found to vary between 0.11 and 1.71.

Attempts were made to correlate the value of rt with /x0 (the cosine of the refracted solar

beam), turbidity of the water and extent of cloud cover. Statistically significant
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relationships were found between r{ and ju0 for some transects during July 1994 but when

the data for the whole cruise were considered there was no observable relationship.

Interestingly one of the transects showing a good correlation had completely cloudless skies

and the other a totally diffuse downwelling light field. The coefficients in the linear

relationship between r{ and /x0 for the present study were found to differ considerably from

those presented by Kirk (1994a). Therefore the main conclusion to be drawn is that

although variation in the rx coefficient is predicted by Monte Carlo modelling to be strongly

correlated to /z0, when in situ data of coastal waters are considered it is found that other

variables play a large part and it appears that the variation in r{ coefficient with ju0 is

masked by large variations in turbidity and water type.

A mean r: value of 0.33 is found to be suitable for clear waters which is in line with

previous modelling studies (Morel and Prieur 1977, Kirk 1991). The present work

indicates that for more turbid waters the value of the ^ coefficient should be increased to

1.0.

Contrary to other researchers such as Dekker (1993) it has been found that the r0 coefficient

can be significant in many cases and should not necessarily be omitted.

A second relationship presented in the literature by Kirk (1984, 1994a, 1994b, 1995)

relating the diffuse downwelling coefficient (Kd) to the absorption and scattering

coefficients was demonstrated to be reasonably accurate.

The relationships between the inherent and apparent optical properties have been identified

in this chapter. The most common optical property measured in optical remote sensing is

upwelling or water leaving radiance or reflectance and this is generally easier to measure

from a ship than subsurface reflectance. It would therefore be useful to derive a

relationship between the subsurface reflectance and the above water reflectance. This

approach is discussed in the following chapter.
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CHAPTER NINE

THE RELATIONSHIP BETWEEN OPTICAL

PARAMETERS MEASURED ABOVE AND BELOW

THE WATER SURFACE

9.1 INTRODUCTION

Very few studies have been able to measure the optical parameters above and below the

water surface simultaneously, so this is a rare opportunity to examine the relationship

between them, based on in situ measurements. Moreover in this study the upwelling and

downwelling irradiances have also been measured simultaneously. The light field can be

subject to rapid and significant variation, and as a result large errors can occur if

simultaneous measurement of up welled and downwelled light cannot be achieved.

In this section the reflectance measured above the water is compared directly with that

measured below the water, corrected for self-shading error as per Chapter 5, and attempts

are made to empirically relate the two measurements. Additionally the angular distribution

factor of spectral radiance or Q factor is derived from in situ measurements.
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9.2 A COMPARISON OF SUBSURFACE AND ABOVE WATER REFLECTANCE

9.2.1 Background

(Ir)radiance, and therefore reflectance, measured above the water is subject to atmospheric

effects, and to direct reflection effects at the air-sea interface. Only a small proportion of

the light which eventually reaches a sensor actually comes from below the water surface

(Robinson 1985), ie:

Ls = Lp + TLw + TLr 9.1

where:

Ls = the radiance received by a sensor,

Lp = the radiance scattered by the atmosphere into the sensor, ie. the atmospheric path

radiance

Lw — the water-leaving radiance

Lr = the radiance due to surface reflection ie. sun and sky glitter

T = the transmittance of the atmosphere

Both Lp and T depend on the scattering and absorption properties of the atmosphere. The

scattering caused by light interaction with air molecules can be calculated by application of

Rayleigh theory as the molecular scatterers are small compared with the wavelengths of

visible light. The amount of light scattered by air molecules is proportional to A"4, and

therefore scattering is much more intense at short wavelengths. Scattering caused by

aerosols can be predicted by Mie theory in which the dependence on wavelength is weak.

Unfortunately the aerosol type and concentration are variable in time and space and are thus

difficult to correct. The effects of path radiance are observed most strongly by satellite

sensors but measurements made from aircraft can still be affected.

Traditionally the atmospheric component has been quoted as representing 80 to 90% of the
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signal received by a sensor. However, this in fact relates to Case 1 open ocean waters.

In Case 2 waters the proportion of signal to noise, the noise being atmosphere, is much

better than this because of the increased backscatter from inorganic particles.

9.2.2 Empirical relation between the reflectance measured above and below the water

The reflectance above the water, R(+), uncorrected for sun glint error (see Chapter 5), was

compared directly with that measured by ASIR below the water, R(-), for several coincident

bands (412,436,468,600 and 648nm). From the results shown in Figure 9.1 it is quite clear

that the correlation between the two reflectances is poor with maximum coefficient of

determinations of 0.40. However, if the reflectance above the water is corrected for sun

glint error by subtraction of the reflectance at 752nm (see Chapter 5), a marked

improvement is observed in the correlation between R(+) and R(-) with maximum

coefficient of determinations rising to 0.95 (Figure 9.2). If all wavelengths between 400

and 700nm are considered it can be seen that the coefficient of determination is between

0.90 and 0.95 for most of the spectrum with an exception in the blue and beyond 670nm

when the r2 value falls to below 0.80 (Figure 9.3). The intercept and slope of the

regression equation for every wavelength is shown in Figures 9.4 and 9.5 respectively. The

intercept decreases from almost 1 to 0 between 400 and 500nm and then remains at around

0 for the rest of the spectrum. The slope varies only between 0.4 and 0.6 for the whole

of the spectrum. It is therefore concluded that the relationship between R(+) and R(-) is

constant throughout the spectrum, with the exception of the blue wavelengths.
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Figure 9.5: The slope of the regression equation relating R(+) to R(-) shown for each
wavelength between 400 and 700nm. All stations for July 1994. R(752) has been
subtracted from the above water reflectance.

An example of how the above and below water reflectances vary at one station off the coast

of Noordwijk is shown in Figure 9.6. This clearly demonstrates the necessity of removing

R(752) from R(+) as the uncorrected R(+) is very much greater in magnitude than R(-).

When R(752) is removed from R(+) the reflectance above and below the water compare

reasonably well throughout the spectrum. To proceed with further analysis it was necessary

to find a method of smoothing the underwater reflectance spectra as, firstly, both R(+) and

R(-) were required in the same wavebands, (R(+) is in 101 channels and R(-) is in 21

channels), and secondly, the underwater spectra are sometimes spiky due to the effect of

waves and temporal variation in water quality during a measurement. The most suitable

method of curve fitting was found to be a polynomial type curve and in Figure 9.6 this is

the smoothed R(-). From the best fitted curve the R(-) could be obtained at the same

wavelengths as R(+).
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To assess the variation between R(+) and R(-) with wavelength the R(+) was divided by

the smoothed R(-) for each station. An example from station ANO6 is shown in Figure

9.7. At this particular station the R(+) at 400nm is 1.2 times as high as the R(-) at 400nm,

but then decreases gradually as the wavelength increases. At wavelengths above 500nm the

R(+) is almost one half of the Rf),

The R(+)/R(-) spectra was calculated for every station sampled during the project and the

results from the September cruise are shown in Figure 9.8. In the blue part of the spectrum,

R(+)/R(-) varies between 0.5 and 3.5, but for the rest of the spectrum R(+)/R(-) is between

0.5 and 1. Each of the cruises shows similar variability between stations.
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An investigation was carried out into the large variability in R(+)/R(-) up to 450nm. The

occasional high values of R(+)/R(-) in this part of the spectrum are caused by the reflection

of skylight from the water surface, or sky glint. It is also possible that a small proportion

of the increase is caused by molecular scattering of radiance in the atmosphere or path

radiance but this effect would be small because of the small distance involved. The

R(+)/R(-) value at 412nm was correlated with a variety of factors such as solar zenith

angle, extent of cloudiness and haziness, and turbidity. However no significant correlations

were found for any of these factors or for any combination of these factors with the

exception of haziness. It was noted that the highest values of R(+)/R(-) occurred on hazy

days. Unfortunately no data are available to quantify the amount of haziness experienced

so no real relationship could be established.

9.2.3 Application of the empirically derived relationship between R(+) and R(-)

It was decided to test the application of a relationship derived empirically between R(+) and

R(-) by predicting R(-) from R(+). This would be a useful relationship to establish as R(+)

measurements are easier to obtain under adverse weather and lighting conditions. A mean

R(+)/R(-) curve was obtained by averaging all of the R(+)/R(-) curves from all of the

cruises (Figure 9.9). A total of 17 (R-) measurements were predicted from R(+)

measurements by simple division of the R(+) spectra by the mean curve. These data had

not been used to derive the mean R(+)/R(-) curve and represent a wide variety of water

types. The predicted R(-) spectra were then compared with the R(-) spectra measured by

ASIR. Several examples are shown in Figures 9.10, 9.11, and 9.12. The error bars on the

measured R(-) points are the expected error in the measurement of R(-) by ASIR caused by

the presence of waves and temporal changes in the water quality during a measurement.

These were derived from several measurements of R(-) during one station, taken at the

same depth of 1.1m and over a period of 15 minutes. The errors that can be expected are

less than 10% for a depth of 1.1 metres but up to 16% at the surface (see Chapter 5). For
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many of the data points the predicted R(-) is within the expected error bars of the measured

R(-). The relative mean squared difference between the predicted and actual R(-) is shown

spectrally in Figure 9.13. The relative mean squared difference was calculated from the

following:

RMSDifference

\
E iref)2

1

9.2

Although errors are quite high in the blue part of the spectrum the errors are between 15%

and 20% from 450nm onwards. This implies that the subsurface reflectance can be derived

from the above water reflectance to within an error of 15 % for most of the spectrum. This

compares favourably with errors up to 10% in the actual measurement of R(-) at depth and

up to 16% at the surface (see Chapter 5).
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9.3 CALCULATION OF THE ANGULAR DISTRIBUTION FACTOR OF

SPECTRAL RADIANCE OR Q FACTOR

9.3.1 Background

For natural waters Q is the angular distribution factor of spectral radiance (Austin 1980)

and can be used to relate upwelled spectral radiance (Lu) to upwelled spectral irradiance

(Eu) just below the water surface. It is often assumed that the radiance distribution of the

upwelling flux is completely diffuse and that the water body acts as a Lambertian reflector

(ie. the same radiance values at all angles), in which case Eu would equal 7rLu. However,

in reality, the radiance distribution is not Lambertian (Kirk 1994b). In the literature Q has

been assigned values ranging from 3 to 5 for solar and viewing angles typical of those

involved in satellite-based ocean colour observation, with an increased range from 1 to 7

if all solar angles from 0 to 90° are considered (Morel et al 1995). Tyler (1960) showed

that at a solar altitude of 57° in Lake Pend Oreille the Eu was equal to 5.08Lu near the

water surface. Bukata et al (1988) used Monte Carlo simulations to estimate values of Q

using the inherent optical properties of Great Lakes waters. They present curves of the

variation of Q with solar zenith angle in which Q varies between 2.6 and 5 for solar zenith

angles between 0° and 80° respectively. A dependency on the backscattering probability

(bb:b) is noted. Vertucci and Likens (1989) used the variable value of Q presented by

Bukata et al (1988) in their derivation of irradiance reflectance from the remotely sensed

reflectance and found that this improved the correspondence between measured and

modelled irradiance reflectance spectra. Morel and Gentili (1993) used Monte Carlo

simulations to calculate Q for a variety of water optical characteristics and found that Q

varied between 3 and 5 for Case 1 waters whereas for Case 2 waters Q would be

approximately 3.5. Kirk (1994b) also used Monte Carlo modelling to calculate a Q value

of approximately 4.9 for waters with b/a values in the range 1 to 5 at a solar altitude of

45 °. He concluded that for intermediate solar altitudes it is reasonable to assume that the

ratio Eu/Lu is 5 and that this ratio would not vary greatly at other solar altitudes. Gordon

and Morel (1983) predict that Q would also be dependent on the wavelength.

205



Chapter 9: The Relationships between Optical Parameters.

Morel et al (1995) compare the values of Q calculated using the Monte Carlo modelling

method described by Morel and Gentili (1993) with those derived from measurements made

by the radiance distribution camera system (RADS). This instrument allows a complete

up and downwelling radiance distribution to be simultaneously captured at various depths

and wavelengths. They found strong agreement between the measured and predicted Q

values over the full range from < 1 to 5 in Case 1 oceanic waters under clear skies.

It is therefore not clear from the literature the precise value of Q or if Q varies significantly

with the solar zenith angle or with wavelength or in Case 2 waters. The aim of this section

is to calculate the Q factor from in situ measurements made during the project and make

comparisons with the solar zenith angle at the time of the measurement.

9.3.2 Calculation of Q

We have seen that if the water surface was Lambertian, Eu would equal TTLU. For non-

lambertian surfaces Eu = QLu. Hence Q = Eu/Lu. Throughout this project the up and

downwelling irradiances (Eu, Ed) were measured at a depth below the water surface

together with the water leaving radiance (Lw) just above the water surface, for a variety

of water types and under a variety of downwelling light conditions. In order to derive Q

it is necessary to convert the water leaving radiance above the surface (Lw) to the upwelling

radiance just below the water surface (Lu). Furthermore the upwelling irradiance (Eu) was

usually measured at a depth of between 0.1 and 2m below the surface and it is necessary

to convert this to Eu just below the water surface.

9.3.2.1 Derivation of Lu

The derivation of Lu from Lw can be achieved by making a few simple approximations.

As light passes through the water/air boundary, travelling upwards, it undergoes refraction

206



Chapter 9: The Relationships between Optical Parameters.

and as a consequence the light flux contained within a small solid angle below the surface

spreads out to a larger solid angle above the surface. Therefore the value of emergent

radiance at any given angle is about 55 % of the corresponding subsurface radiance (Kirk

1994b). A factor of 0.544 has been proposed by Austin (1980) for relating radiance just

above the surface Lw(0',(/>) to the corresponding radiance just below the surface Lu(0,(/>).

Lw(d',4>) = 0.544Lu(d,4>) 9.3

where 6 is the nadir angle within the water and 0' is the angle in air after refraction at the

surface.

Therefore if Lw(0' ,4>) is determined from remote sensing instruments such as the PR650,

then it can be multiplied by 1.84 to give Lu(0,0). As Lu(0) does not change much with

nadir angle in the range 0-30°, the value of Lu(0) can be taken as an estimate of the

radiance, Lu, in the vertically upward direction (Kirk 1994b). Using this information the

Lw measured by the PR650 can be converted to Lu.

Hence:

Lu = 1.84Lw 9.4

Therefore for each station visited during the PMNS cruises the water-leaving radiance

measured by the PR650 was corrected for sun glint error and then converted to Lu below

the water surface by multiplication by 1.84.

It is assumed for the above calculation that Lw is measured just above the water surface

which in this case was 4m. The variation in Lw caused by path radiance is assumed to be

negligible at this distance and if measurements were taken at a lesser distance errors could

be caused by the irregular wave surface.
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9.3.2.2 Derivation of Eu

It is essential that the Eu used in deriving Q is that just below the surface as there can be

considerable difference between the Eu just below the surface and that measured, for

example, 1 metre below the surface. Therefore the Eu at lcm below the surface was

calculated from the measured Eu, whether at 0.1 metre or 1 metre, using the diffuse

upwelling attenuation coefficient (Ku).

The standard formula for deriving Ku is:

Kz2_zl = -IMEJEJ/zrZ: 9.5

where Ezl and E^ are the upwelling irradiances at depths zx and z2, and z2 is deeper than

Re-arranging the above equation to extract Ezl gives:

Ezl = Ez2/exp(-Ku(z2-z1)) 9.6

where Ezl is taken to be 0.01m and E^ is the Eu at the measured depth of usually between

0.1 and 1 metre. Ku had previously been calculated for each station.

Using the above formula the Eu was calculated for each station at a depth of 0.01m below

the surface. Examples of the derived Eu at 0.01m from Eu at 0.1m and 1.9m are shown

in Figures 9.14 and 9.15 respectively. It appears that this method gives a reliable

estimation of the Eu at just below the surface.
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Figure 9.14: The Eu measured at 0.1m and 5m and calculated at 0.01m below the surface
for Station YCH6 in July 1994. Ku was derived from Eu measurements made between 5 and
0.1m.
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Figure 9.15: The Eu measured at 1.9m and 5.2m and calculated at 0.01m below the surface
for Station YTX4 in July 1994. Ku was derived from measurements made between 5.2 and
1.9m.

209



Chapter 9: The Relationships between Optical Parameters.

9.3.3 Results

From the above both the Lu and Eu at just below the surface were calculated for every

station for each cruise. This enabled the Q factor to be calculated spectrally for each

station:

Q = Eu(-)/Lu(-) 9.7

The calculated spectral Q factor is shown for every station for each cruise in Figures 9.16

to 9.20. It can be seen that there is a large variation between stations and some variation

between wavelength. However it is clear that for the majority of stations the Q factor

calculated from in situ measurements is below 5 and closer to ir. Occasionally the

calculated Q is as high as 10, for example several stations during April 1993 (Figure 9.16)

and December 1993 (Figure 9.19). These were particularly turbid stations so it seemed

reasonable to investigate if there is a link with the value of the Q factor and increased

scattering caused by elevated TSM levels. A mean Q factor for each station was correlated

with the TSM concentration for each station. The result of a linear regression between

these two variables is shown in Figure 9.21 for April 1993. The coefficient of

determination (r2) is 0.50 which is not highly significant. The relationship between Q factor

and TSM concentration was investigated for the other cruises with no significant

relationship being identified for any cruise. However if each transect was considered

separately, occasionally a significant relationship was identified. For example the Texel

transect in June 1993 (Figure 9.22) has an r2 of 0.60 and the Frisian front transect in July

1994 (Figure 9.23) has an r2 of 0.92. Unfortunately the existence of a relationship between

TSM and Q for a few groups of stations cannot be considered statistically significant

enough to define the relationship precisely. All that can be said is that the TSM

concentration is a factor in determining the value of Q but at present the precise relationship

cannot be determined.

210



Chapter 9: The Relationships between Optical Parameters.

14

12

10

I 8
"o

4

2

....

....

/
1

1 :
1

I

/

^ t

r

-̂
-Of?

" \ '

\ ^

._ r̂ C—.

i . i ,

' \ -

t :

. /

. ; ( " • •

i
400 4S0 500 550 600

Wavelength (nm)

650 700

Figure 9.16: The calculated spectral Q factor for each station during April 1993 to show
the spread of data.

Figure 9.17: The calculated spectral Q factor for each station during June 1993.
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Figure 9.18: The calculated spectral Q factor for each station during September 1993.

16

14

12

10
_o
o 8

U-

° 6

4

2

0

...

if *
t \

» • < • • • ' . • •

"T V,

\ ' • \

V : 'N

f
,\ :

\i

^ ^ / ^

400 450 500 550 600 650 700

Wavelength (nm)

Figure 9.19: The calculated spectral Q factor for each station during December 1993.
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Figure 9.21: The result of a linear regression between a mean Q factor and TSM
concentration for all stations during April 1993.
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Figure 9.23: The result of a linear regression between a mean Q factor and TSM
concentration for all stations of the Frisian Front transect during July 1994.
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An investigation was then carried out into the effect of the solar zenith angle (SZA) on the

Q factor value. The Q factor is shown in Figure 9.24 plotted against the SZA for every

station in July 1994. When all stations are considered together there is no significant

relationship between the Q factor and SZA. However, if the transects are considered

separately there is a relationship between SZA and Q factor for the Channel and Noordwijk

transects (see Figures 9.25 and 9.26). It is interesting to note that the sky was clear for the

Channel transect and completely overcast for the Noordwijk transect.

For several transects from the other cruises there is also a correlation between the mean Q

factor value and SZA, for example the Texel transect in April 1993 has an r2 of 0.63

(Figure 9.27) and the Walcheren transect for September 1993 has an r2 of 0.78 (Figure

9.28).

5

4

o

o 3
U-

o
2

1

Ayff3

Aych8

Aych3

Aywa7
Aych5

A-ytx'

AXff
Aycho

.Ay.waB

yno7
A

A;ytx4

30 40 50

SZA(deg)

m
A.y.ff1;

Aywa9

AyTx7
Ayff$

60 70

Figure 9.24: The Q factor together with SZA for every station during July 1994.

215



Chapter 9: The Relationships between Optical Parameters.

Q = - 0 . 28 + 0. 069 SZA
t-2 = 0. 69

o
D 3

LJ_

O

30 40 50

SZA (deg)

60

A

A

A

A :

S ^ i
A

70

Figure 9.25: The result of a linear regression between a mean Q factor and SZA for all
stations of the Channel transect during July 1994.
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Figure 9.27: The result of a linear regression between a mean Q factor and SZA for all
stations of the Texel transect during April 1993.
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Figure 9.28: The result of a linear regression between a mean Q factor and SZA for all
stations of the Walcheren transect during September 1993.
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It appears that on occasion there is a significant relationship between Q and the SZA as

observed by Bukata et al (1988), and, in agreement with them, Q increases with increasing

SZA. Interestingly, for the Walcheren transect during September 1993 only, (Figure 9.28),

the Q factor decreases with increasing SZA. A possible explanation for the observed

variability in the relationship between Q and SZA is that the variation in cloud cover has

not been accounted for. This probably has a significant effect on the derivation of the Q

factor by changing the downwelling light field.

Despite some variation between stations it was decided to establish a mean Q factor for

each cruise. This is shown spectrally for each cruise in Figure 9.29. It can be seen that

there is not a large variation between cruises, and so an overall mean spectral Q can be

established for all of the cruises combined (Figure 9.30). From this it is clear that Q

increases with increasing wavelength and has a value between 1 and 3.5.
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Figure 9.29: The mean spectral Q factor for each cruise.
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Figure 9.30: The mean spectral Q factor for all of the cruises combined.

A mean value for the whole spectrum has also been calculated for each cruise, together

with the SD and this is shown in Table 9.1.

Month

April 1993

June 1993

Sept. 1993

Dec. 1993

July 1994

Mean

Mean Q

3.01

2.25

2.11

3.29

2.49

2.62

St. Dev.

0.67

0.52

0.56

0.84

0.46

0.57

Table 9.1: The mean value of the Q factor for each cruise together with the standard
deviation.
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Hence an overall mean value of 2.62 has been calculated from all of the available in situ

data, which is close to Morel and Gentili's (1993) prediction of 3.5 for Case 2 waters.

There is no evidence within these results to show that 5 is valid for Q in Case 2 waters.

It appears that in turbid waters increased scattering causes a more diffuse light field and

therefore a more lambertian surface, for which Q has a value of ir. This seems to suggest

that 7T is a more accurate value for Q than 5 for Case 2 waters. However, for some of the

very turbid stations sampled within this study, Q had a value as high as 10 which is in

contrast to the expected value of TT for a completely diffuse regime. It is probable that the

SZA and proportion of diffuse/direct downwelling light also play an important role in

establishing the value of Q and this must be further investigated.

9.4 DISCUSSION

In this section the reflectance measured above the water, R(+), has been empirically related

to the reflectance measured below the water, R(-). It was found that the two reflectances

are strongly correlated throughout the spectrum. The factor R(+)/R(-) has been calculated

for every measurement made during each cruise and was observed to be around 0.6 for

most of the spectrum but in the blue varied from one to four. The occasional high value

of R(+)/R(-) in the near blue part of the spectrum is caused by an increase in direct

reflectance at the surface of the skylight and was observed to be highest on hazy days.

However, no relationship was observed in the present data set with either solar zenith angle

or extent of cloud cover. The extent of haziness was not quantifiable and therefore no real

relation was observed.

An attempt has been made at predicting the subsurface reflectance from the above water

reflectance. It would be useful if this was possible because of the relative ease of making

above water measurements under adverse weather and lighting conditions and if information

is required on the optical properties of the water it is necessary to know R(-). It has been

possible to derive the R(-) from R(+) to within 15% for most of the spectrum but because
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of the wide variation between R(+) and R(-) in the near blue part of the spectrum, this is

the most difficult part to predict with errors reaching 38%. However, if one considers that

the expected errors in an underwater reflectance measurement, due to the effect of waves

and changes in the water quality during an actual measurement, can reach 16%, then the

errors made in predicting the subsurface reflectance are actually less. The coefficients

needed to predict R(-) from R(+) are contained in Appendix I. Two sets of coefficients are

included; one in which a value of 5 is used for Q and one that uses TT, as research in this

study has shown that -K is more suitable for coastal waters.

An average angular distribution factor of spectral radiance or Q factor has been calculated

for all available in situ measurements for each cruise and was found to vary between 1 and

4. This is of the same order as x for a lambertian surface and is in line with the value of

3.5 predicted by Morel and Gentili (1993) for Case 2 waters. Relationships have been

established between Q and SZA, and Q and TSM for individual transects but the relations

were not valid for all data combined. Where a relationship between Q and SZA was found

to exist the Q factor generally increased with SZA. Q was also found to increase with

increasing wavelength. An overall mean value for Q of 2.62 was derived, based on all

available data, which is significantly less than the value of 5 which has been recommended

by modelling research (Tyler 1960, Kirk 1994b). It should be emphasised that previous

modelling studies (Morel and Gentili 1993) and in situ measurements (Morel et al 1995)

have focused almost entirely on Case 1 Waters. This is the first detailed study in Case 2

waters where the underwater light regime is significantly altered by the increased number

of scatterers in the water.
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CHAPTER TEN

CONCLUSIONS AND FUTURE WORK

10.1 CONCLUSIONS

An intensive data collection programme was conducted in Dutch coastal waters during 1993

and 1994. From this, ocean colour algorithms have been successfully developed for the

area and a thorough investigation into the optical properties of coastal waters has been

carried out. This work has shown that in situ measurements and empirical results have an

important contribution to make in furthering the knowledge of optical properties of natural

waters. The main conclusions drawn are as follows:

* Total suspended matter is one water constituent which can be determined accurately

with a semi-empirical ocean colour algorithm. For multi-temporal applicability a

single band algorithm in the red part of the spectrum proved to be the most

effective.

* Chlorophyll and dissolved organic matter concentration can be determined, but with

less reliability. Results from the simulated wavebands for the forthcoming SeaWiFS

and MERIS sensors indicate that the latter will be the most effective at determining

these constituents.

* The measurement of above water reflectance using the portable multi-spectral

radiometer (PR650), is a useful technique for obtaining a fast and reliable estimate

of water quality parameters. Most importantly, the technique has proved itself to

be applicable in rough seas and at low levels of incoming radiation such as
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experienced under thick cloud cover and at low solar zenith angles.

The generally accepted reflectance model relating the IOP's to the AOP's in oceanic

waters,

R(-) = r0 + r^bja+bi) where ^ = 0.33 and r0 is negligible

was found to be valid for the clearer waters encountered during this research.

However, for the more turbid waters found close to the coast a higher value of 1

is recommended for the rl coefficient. It was also found that the r0 coefficient is not

negligible for all stations.

* Simultaneous measurements of above and below water reflectance enabled a strong

empirical relationship between the two reflectances to be defined for the first time.

This can be used to predict the subsurface reflectance from the above water

reflectance.

* It was possible to derive an empirical value of the angular distribution factor of

spectral radiance (Q factor). The result 2.62 is of the same order as the value of

7T associated with a lambertian surface which gives confidence in the technique.

10.2 RECOMMENDATIONS FOR FUTURE WORK

This thesis has concentrated on in situ measurements and the use of these to test the

modelled relationships. Recommendations for future work include:

* More in situ measurements of the inherent optical properties should be made with

the new instrumentation available in as many different water types as possible.
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A data base should be set up to hold optical data collected in all water types which

can then be made available to researchers for the testing of models on in situ data.

Modelling of the optical properties of coastal waters should be emphasised and the

effect of increasing the rx coefficient to 1 for coastal waters should be further tested.

The relationship between the rt coefficient and solar zenith angle should be further

investigated, with emphasis on coastal waters.

The feasibility of installing a well calibrated spectroradiometer such as the PR650

in an aircraft should be tested to obtain profiles of water quality parameters.

The use of TT or 5 for the value of Q in coastal waters should also be further

investigated over a wider range of water types and turbidity.

224



Appendix I: Coefficients for converting R(+) to R(-)

APPENDIX I

COEFFICIENTS FOR CONVERTING R(+) TO R(-)

The following tables of coefficients enable the reflectance below the water

(R-) to be calculated from the reflectance above the water (R+) in the following way:

R(-) = R(+)/coeff.

The coefficients in Table I are applicable if R(+) has been derived using a Q factor of 5

and Table II is applicable if a value of ir was used for Q.

Wavelength (nm)

412

416

420

424

428

432

436

440

444

448

452

456

460

464

Coefficient

1.041

0.996

0.954

0.916

0.881

0.849

0.820

0.793

0.769

0.748

0.729

0.712

0.697

0.684

Wavelength (nm)

468

472

476

480

484

488

492

496

500

504

508

512

516

520

Coefficient

0.673

0.663

0.655

0.648

0.643

0.638

0.635

0.632

0.631

0.630

0.629

0.629

0.630

0.631
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524

528

532

536

540

544

548

552

556

560

564

568

572

576

580

584

588

592

596

600

604

608

612

0.632

0.633

0.634

0.636

0.637

0.638

0.640

0.641

0.641

0.642

0.642

0.641

0.641

0.640

0.638

0.636

0.633

0.630

0.626

0.621

0.616

0.611

0.605

616

620

624

628

632

636

640

644

648

652

656

660

664

668

672

676

680

684

688

692

696

700

0.598

0.591

0.583

0.575

0.566

0.557

0.547

0.537

0.526

0.515

0.504

0.492

0.481

0.467

0.457

0.445

0.433

0.421

0.409

0.398

0.387

0.376

Table I: Coefficients for deriving R(-) from R(+), Q is 5.
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Wavelength (nm)

412

416

420

424

428

432

436

440

444

448

452

456

460

464

468

472

476

480

484

488

492

496

500

504

508

512

516

520

524

528

Coefficient

0.654

0.626

0.600

0.575

0.553

0.533

0.515

0.498

0.483

0.470

0.458

0.447

0.438

0.430

0.423

0.417

0.412

0.407

0.404

0.401

0.399

0.397

0.396

0.396

0.395

0.395

0.396

0.396

0.397

0.398

Wavelength (nm)

532

536

540

544

548

552

556

560

564

568

572

576

580

584

588

592

596

600

604

608

612

616

620

624

628

632

636

640

644

648

Coefficient

0.399

0.399

0.400

0.401

0.402

0.403

0.403

0.403

0.403

0.403

0.403

0.402

0.401

0.399

0.398

0.396

0.393

0.390

0.387

0.384

0.380

0.376

0.371

0.366

0.361

0.356

0.350

0.344

0.337

0.331
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652

656

660

664

668

672

676

0.324

0.317

0.309

0.302

0.295

0.287

0.280

680

684

688

692

696

700

0.272

0.265

0.257

0.250

0.243

0.236

Table II: Coefficients for deriving R(-) from R(+), Q is TT.
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