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ABSTRACT

OPTICAL ATTENUATION COEFFICIENTS IN OCEANIC AND ESTUARINE WATERS

by

DEREK ARTHUR PILGRIN, B.Sc., M.Sc., Master Mariner.

Pablished hydro—optical theory pertinent to this study is criticelly
reviewed; the opticel quelity of the instrumentation wused is
assessed and a method is proposed for judging the angular response of
a diffese collector, Consideration is given to the possibility of
self shading, by an Undeviating Oceanographic Recorder (UOR), of
upwelling irradiance measurements; this would adversely affect the
calculation of reflectance, an important optical parameter in remote
sensor calibration work,

A selection of optical measurements made at estoarine, coastal and
deep sea locations are analysed and empirical relationships between
optical coefficients are preseanted. A sample set of data obtained by
means of a UOR during a tow across the Arctic Front is considered in
detail, and a simple analysis of the contributing components of the
diffuse attenuation coefficient is carried out.

Since underwater visibility is 1limited by the beam and diffuse
attenuation coefficients, diver observations of targets of known
optical guality shomld provide a simple means of estimating these,.
Two methods suggested in the literature are considered but rejected
on both theoretical and practicel grounds; new methods are proposed,
tested, found satisfactory and recommended for diver use.

Relationships are established between the turbidity and the
penetration of light in an estuarine eanvironment, The proportion of
light reaching the bed of an estuary depends upon tke depth and
turbidity, and this may be represented by the diffuse optical depth |
of the bed, Th. Theoretical considerations show that Jh(t} varies at
twice the tidal frequency and this is confirmed by field observationms.
Calculations indicate that the same phenomenon must occur im coastal
waters where tidal ranges and tidal veariations in turbidity sare
significant,

Certain aspects of hydro—optical research that require further work
are identified, and viable programmes of investigation are proposed.
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Chaﬁter 1

INTRODUCTION

1.1






It was recommended by Dominique Argo, the mnineteenth century
astronomer and optical physicist, that 'sailors should study the
transparency of the sea and its colour’. This idea wﬁs taken up by
Commander Alessandro Cialdi who, in }865, was head of the Papal Navy.
It was Cialdi who prepared a numﬁ?r of *discs of different colour and
sizes’ (Cialdi, 1866), and engaged Professor PA Secchi to organize
and conduct a programme of observations from on board the papal barge
L'Immacolata Concezione, (Collier et g1, 1968). Thms began a century
of ship-board observetions of hydro—optical phenomenon and improved
measurement techniques, the most significant of which was the
development by HH Poole and WRG Atkins at Plymoutk in the 1920s, of
an electrical irradiance meter (Poole, 1925, 1928; Poole and Atkins,

1926, 1928, 1929),

The status of hydro—optical research was much enhanced in 1978 with
the launch of the Coastal Zome Colour Scanner, which was designed
specifically for the remote sensing of the aquatic enviromment. The
scope of remote semsing is global; the single observations which
- Secchi made off the coast of Civitavecchi in the Mediterranean may
now be imitated synoptically over vwheole oceans. However, this
quantom advance in  observational technigue bhas not rendered
ship—board measurement redundant., The availability of satellite data
bas created an urgent need for appropriate and properly observed
ground truth data, particularly those which relate upwelling fluxes
of 1ight to the oceanographic conditions -~ bioclogical, biochemical,

physical and/or geophysical — of the waters concerned.

Current interest im optical oceanography is not restricted to the

calibration of remote sensing data, however, There remains great
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éqope for fundamental research in such diverse areas as: primary
productivity, 4in situ measurement of sunspended sediment concentra-—
tion, fiux.and particle size distribuvtion, the underwater visibility
problems of man, fish and photographer, and submarine—satelilite

communication by laser, -

In any optical experiment or investigation it is'-important_ that
specific and appropriate optical properties of the water or light
field be identified for study. Only then can the correct ingtrument—
ation be selected or modified. Usually it is appropriate to specify
the required characteristics of the light sensor to be msed - in
terms of the spectral and angular response of its collector and the
units of measurement. For exzample, the (apparent) property which
best identifies the potential of a column of water to atténuate light
capable of supporting photosynthesis is the total diffuse attenuation
coefficient ;f quantum scalar irradiance in the 350-700 nm wave—band,
(UNESCOD, 1965). Tt follows that the correct semsor to be used in the
study of aquatic photosynthesis is a 4n scalar (spherical) collector
with an omntput proportional to the quantum flux., Another apt example
is the use of tﬁe Secchi disc in estimating optical properties of the
water column; it is not always recognised that as the Secchi depth is
an observed value then, strictly, only optical coefficients specific
to the spectral response of human vision can be estimated. In
practice, it may be viable to use optical coefficients which are not -
strictly appropriate; however, in the design of any programme of
optical observation it is imperati;e that theoretical constraints are

not totally ignored for the sake of practicality.
Basic optical theory bhas been presented in several books, eg Jerlov
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(1965, 1968, 1976), Preisendorfer (1976) and Xirk (1983}, and
numerons papers, including Hulbext (1945), Tyler and Preisendorfer
(1962), Smith and Tyler (1967, 1975), Tyler et al (1972), Timofeeva
{1974), Morel (1974}, Tyler (1977) and Gordon et al (1979, 1984).
Chapter 2 of this thesis comprises of a selection of ° those opticgl
theory topics which are pertinent to the several facets of the study
undertaken, starting with a detailed review of the térms and quant-—

ities which describe and define radiometric flux.

Two processes fundamental to any optical pheﬁomenon are absorp£ion
and scattering, -The present study is primarily physical in approach,
whilst the abSO{ption of 1ight is a photochemical process. The first
atomic and/or molecular events which follow the absorptiom of a
photon (2 quantum of light energy) are therefore described and some
important #ydro-optical examples — water, Chl.a and the major

accessory pigments — are comsidered.

An important concept in the study of hydro—optics is the distinction
between an inherent property, the operational wvalue of which is
independent of the radiation field, and an apparent optical property
which is not independent of the radiation field. This distinction -~
essenéial to the definition of optical properties and to the design,
use and calibration of opticel instrumentation — is explored, as is
the difference between radiance (collimated flux) and irradiance

{(diffuse flux),

There then follows a theoretical review of the measurement of the
diffase attenmation coefficient. The measurement of optical

coefficients is fundamental to the aims of the present study, and the
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two most important of these are the beam attenuation coefficient (of
collimated light), ¢(A), and the diffuse attennation coefficient (of
diffuse light), EK(i}. The beam attenuation coefficient is an
inherent property =2aad its measurement is, in theory, straight
forward., For example, it is quite in order to remove a water sample
for measurement of c(A) by a beam transmissometer, providing that
this removal does not cause a physical change in the water, such as
the flocculation or breakdown of p;rticnlatés. .The diffuse ;tten;
uwation coefficient, however, is =an appareant property so must be
measered in situ. This involves some form of vertical profiling of
the water column. Also considered is the range of irradiance
collectors aveilsble for measuring different aspects (vector/scalar,

upwelling/downwelling/total) of the irradiance field.

A significant part of this study was devoted to the analysis of diver
observations of visibility. The use of divers in the study of under-
water visibility problems, such as the selection of optimum fishing
net colour {(Hemmings and Lythgoe, 1965; Tsudo and Imoue, 1973), is
not new, In recont years, considerable attention has been given to
the limitations of underwater visibility in diver operations. Most
of the fundamental problems of diver vision and image transmisson
bave been described in the work of Hemmings (1965), Hemmings and
Lythgoe (1965), Gazey (1970), Lythgoe (1971, 1979), and Cocking
(1976). Other specific studies include size and distance judgement
by divers (Ross, 1965), divers’' stereoscopic ecuity (Ross, 1967},
polarized light and vision (Lythgoe and Hemmings, 1967), colour
vision underwater (Fay, 1976), perception of colour change with
distance (Emmerson, 1984), f£field dependency (Leach, 1985), the

effects of nitrogen narcosis upon divers' visual abilities (Ross and
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Rejman, 1976), and the effects of target—difer movement unpon thresh-
hold detection (Emmerson, 1987). These studies a}e, in the main,
concerned with the ways in which optical physiology and the propag—
ation of underwater light affect a diver’'s visumal capabilities. In
the visibility work carried out in the course of the present study,
the problem was approached and exploited from the opposite direction.
Since undervater visibility is limited by the beam and diffnsg
attenuvation coéfficients, diver observations of targets of knoﬁn
optical quality shounld provide a means of estimating these coeff-
icients and other c¢losely related parametérs. The last part of
Chapter 2 therefore concentrates on those aspects of underwater
visibility that are directly related to tkhis work. As optical
coefficients are to be estimeted from visumel ranges, it is important
that the performance of the eye be assgssed in the same way as any
other optical sensor, ie in terms of it’s angular and spectral
response, and nnits of flux measurement, This is followed by an
explanation of the two basic concepts used in the study of underwater
visibility: contrast transmittance and thresholq contrast. Finally,
this theory is applied to the visible ranging of two of the optical

targets employed in subsequent experimental work, mnamely the Secchi

~disc, and the pair of grey and white discs proposed by Duntley

(1952), and described by Preisendorfer (1976, 1986).

" Most of the high turbidity observations were made in the estuary of

the River Tamar and Plymouth Sound. This area has received
considerable attention recently in the study of estuvarine geo—
chemistry (eg Moxris et al, 1981, 1982a, 1982b, 1982¢; Ackroyd et al,

1982; Glegg et al, 1985), hydrodynamics (eg Uncles et al, 1983, 1985,

1986), sediment transport (eg Bale et al, 1985:; Bale and Morris,
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1985) and priﬁary production (eg Joint, 1978; Joint and Pomroy, 1981;
TUncles and Joint, 1982). It was =also the 1location of very early
hydro-optical work (eg Poole, 1925, 1928; Poole and Atkins, 1926,
1928, 1929; Cooper and Milme, 1938). Coastal water observations were
obtained off Plymouth, in the SW Approaches (Frederick Russell
cruises, 1985 and 1987), and in the English Channel and Irish Sea
.(Lynch cruise, 1987). Oceanic data were collected in the NE Atlamtic
(Frederick Russell cruises), and Norwegian and Greenland Seas (Lynch
eruise), For safety reasons, diving operations were conducted only
in estuarine and coastal waters, mostly in Plymouth Somnd, a local
fresh~-water <reservoir and the turbid ianshore waters of Singapore and

SE Malaysia.

The objectives of this programme of research were:

(i) To ecritically review existing optical theory related to the

work to be nndertaken.

{ii) To establish relatiomships between the turbidity and the

penetration of light in an estuarine environment.

(1ii) To c¢ritically review existing empirical methods of estimating

optical coefficients, and to formmlate new ones.

{iv) To obtain irradiance measurements in coastal and oceanic
waters inmn order to assess the contribution made by
phytoplankton, and covatying pigmented detrital products, to

the diffuse attennation coefficent.
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(v) To conduct underwater visibility

experiments,

estimate photometric attenunation coefficients.

and thereby

(vi) To assess the performance and suitability of available optical

instruomentation.
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Chapter 2

OPTICAL THEORY

2.1







2.1 THE BEHAVIOUR OF LIGHT

- Light is a form of electromagnetic rédiation. James Clerk Maxwell
{1831-1879) unified the laws of electricity and gagnetism into a
single theory of electromagnetism which incorporates all that is
known abont the macroscopic effects of electricity, magnetism and
electromagnetic waves. Fundamental to this theory is the existence
of elgctromagnetic waves: gamma radiation, visibie light, radioc waves
and so on. These different types of radiation differ only in wave
length end are, essentially, all of the same struncture, namely a time
varying combination of electric and magnetic fields, in phase and
perpendendicular to the direction of propagation i.e. they are
transversé waves, The bardwidth of visible 1light is a very small
fortion of the total electromagnetic spectrum, and extends from about
400 nm (deep violet)} to 700 nm (dark red). The absorption of light

for photosynthesis is also limited to this narrow but important band.

2,1,1 Properties of the radiation field

The radiometric¢ quantities are those which describe the substance of
the radiant field and include the two wvery  important field
quantities: radiance and irradiance. In the definitions following, &

is the zenith angle (0 to n) and q is the azimuth (0 fto 2x).

Radiant flux, ¥F(A,z) Igs—1,¥], is the fundamental concept which
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describes light propagation and is the time =xate flow of radiant

energy:
F(i,z) = d@(Ar,z}/dt [gs—2 (or W)] (2.1)

Radiant intensity, X(A,z,&,q) [qs—-*,W], is the measure of the radiant

flux per unit solid angle in a specified direction:
I(r,z,E,m) = dR(X,z,E,q)/de = d2Q(%,z,E,q)/de.dt (2.2)

Radiance, L{(A,z,E,q) [gs—im-3,Wm2], (alsc termed radiant phase
density by Preisendorfer, 1976) c¢ombines the concepts of radiant
intensi?y and flux density. It is the energy per unit time per wunit
area per unit solid angle incident upon a point from the direction
&,n (Smith and Tyler, 1975): L(A,z,E,n) = 42Q(r,z,E,n)/dt.dA.du, and

incorporating Eqrs.2.1 and 2.2:
L(l,z,c‘;,f[) = d"F(l,Z.E,‘Il)/dA.‘dm = dI(l:zaE:ﬂ)/dA (2.3)

Irradiance, B(A,z) [gs—*m—3,Wm-3], is the radiant flux incident on an
element of surface divided by the area of that element (Smith and

Tyler, 1975},
Downwelling vector irradiance, REd(A,z), is therefore the flux
incident per unit area measwred on 2 horizontal, upward facing cosine

collector (see Fig.2.8):

Ed(\,z) = I L(x,z,E,n).cost.du (2.4)
2n

where Igm = Iﬂlz Iz dn dg
b4
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and for upwelling irradiance Eu(h,z):

Eu(h,z) = I L(x,z,&,n) . [cosE | .da (2.:5)
=2
n n
where f do. = —j jz dn.dE
~2 E=x/2 “7=0

Net downwelling irradiance, Ee(l,z), is therefore given by:

Ee(A,z) = Ed(A,z)-Eu(i,z) = | L(A,z,&,n).cosf.do (2.6)

4n
n n

where Idm = j Iz dn.dE&
4n &=0 “n=0

The scalar irradiance, Eo(l,z), is the integral of a radiance
distribution at a point at depth z over all directions abont the

point and is equivalent to the total energy flux, dF(A,z)/dt:

Eo(,z) = j L(A,z,&,7).de (2.7)
45

We may also have downwelling scalar irradiance, Eod(),z):

Eod(h,z) = j L(k.z,E,1) .0 (2.8)
2%

and vpwelling scalar irradiance, Eou(Ai,z):

Eou(A,z) = I L{)\,z,E,n) .do (2.9)
2n .

The following summation is valid (Héjerslev, 1984):

Eo(A,z) = Eod{(A,z) + Eou(),z) (2.10}
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Some authors {eg Shifrin, 1983; Hfjerslev, 1984) define a -spherical
irradiance, Es, as the ratio of radiant fiux onto a spherical surface

to the total area of the surface:
Es(A,z) = dF/4nz® = Eo/4 . (2.11)

The radiometric quantities of particular interest in this work are
the guantum irradiances (especially 2x and 4n scelar) in the 400-
700 nm photosynthetic band. Measurement iz guanta over the 400-700 nm

bandwidth will be indicated by the superscript '°' so that, for

example:
700
9Eo(z) = I ILq(l,y,n,z).dl.du ' (2.12)
41" 2=400

This will be referred to, simply, as PAR irradiance. We may alsc mse
°Eod(z) and °Eon(z) for the 2n downwelling and upwelling énantum
scalar irradisnces, and °Ed(z), °Eu{z), 9Ee(z) for the downwelling,
upwelling and net downwelling quantum vector irradianmces, all in the

400-700nm band.

In this subsection the fnll suffix notation (i,z,y,n) has been nqsed
in defining the radiometric terms., From here on, for ease of
reading, suffix terms will be included only where necessary; usually;
the simpler suffix (A,z) will suffice,

2.1.2 The sbsorption of light

If light is to induce photochemical change then it must first be

absorbed (Grotthus—Draper law). Chemical change need not follow
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absorption but if it does then only 1 photon per absorbing molécnle
(Ny photons per mol) is normally required (Stark-Einstein law). It
is significant that absorption of light is qnantisized; this is due
to the fact that an atom or molecule is limited to a discrete series

of energy levels.

The simplest form of atomic absorption causes amn electron to move to
a2 higher energy level at an increased distance from the nﬁcleus. The
electron can have only certain energy levels because, according to
the guantum theory, only certain orbitals (wave functions or standing
probability waves) are possible. In hydrogen, for example, a single
photon could lead to & tramsition from the ground state, 1ls*, to the
lowest excited state, 2s*; there is, therefore, a series of energy
levels corresponding exactly to the orbital energies. For other
atoms the sitpation is complicated by electrom—electron repulsioﬁ 50
that energy/orbital levels do not correspond exactly. Energy Ilevels
may also be split becanse spin—orbit coupling, an interaction between
an electron’s spin and orbital motion, causes the two components of

the doublet 2P state to have slightly different erergies.

Of course, a molecule has electromnic eﬁe;gy levels associated with
the electrons of its compoment atoms; it also has quantisized
vibrational and rotational energy levels. Vibrational energy 1levels
are associated with oscillatioms in stom—atom bond distances, and
rotational enmergy levels arise from the rotation ofr molecules in
space. The energies associated wifh transitions ©between different
_ rotational energy levels are much smaller than those for vibrationms
which are, in turn, less than those involved in changes in electronic

energy levels, Conseguently, each electronic level has associated
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with it several vibrational 1levels and each of these have a large

nember of rotational levels. The grouad

Erergy
electronic configuration of Hz0 is shown on 1 d‘*
the right. There are eight valence o *
electrons (H:1x2, 0:6), and since six atomic R *
orbitals are  involved in bonding (H:1s, R z
0:254+2p), there are six molecular orbitals of “-—" o,
which the 1lowest four are occupied. The 1 .
lowest energy transition should be ndo,* and . ‘ ’
is thought to be responsible for an T %

absorpti band with a maximum near 165 nm,
sorption and x n Fig.2.1

A higher energy band in the UV is associated Ground state of H,0
with excitation of an electron from o; to an

orbital invelving the 3s atomic orbital of oxyger (a2 Rydberg
transition). Absorption im  the visible region involves not
electronic exzcitation but molecular vibration, Patel and Tam (1979)
have made accurate absorption measurements of pure water at 21°C
in the 450-700 nm band using a specially developed opto—acoustic
techniqune. They found 2 minimum absorption (1.7x10-4 cm—1) at 475 nm
and distinct shoulders at 514 am and 604 nm associated with the sixth

and fifth harmonics of O-H vibration. Smith and Baker (1981) have

. published a table of the optical properties of pure water and

clearest ocean waters, Part of this tabulation (400~-700 nm) is
reproduced in Table 2.1, and the absorption coefficient of pure water

in the visible band is graphed in Fig.2.2.

Chlorophyll-a is responsible for the conversion of light energy into
the chemical energy of ophotosyathesis, The chloropkyll molecule
belongs to a group of important mnaturally occuring tetrapyrrol

pigments termed metalloporphins. The structure of the Chi-a molecule
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Table 2.1: Absorption coefficient of pure water and the scattering
and extinction coefficients for clearest ocean waters
in the 400-700nm PAR band (from Smith and Baker, 1981)

l(nm) a¥ (1) BV (m-1) K¥(m-2) A(mm) a¥(m1) BV (1) K¥(x-1)

460 0.0171 0,0076 0.0209 550 0.0638 0.0019 0,0648
410 0.0162 0.0068 0.0196 560 0.0708 0.0018 0.0717

420 0.0153 0.0061 0.0184 570 0.079% 0.0017 0.0807
430 0.0144 10,0055 0.0172 580 0,108 0.0016 0.109
440 0.0145 0.0049 0.0170 590 0,157 0.0015 0.158

450 0.0145 0.0045 0.0168
460 0.0156 0.0041 0.0176
470 0.0156 0.0037 0.0175
480 0.0176 0.0034 0.0194
490 0.0196 0.0031 0.0212

600 ©0.244 0.0014 0.245
610 0.289 0,0013 0.290
6200 0,309 0,0012 0.310
630 0,319 0.0011 0.320
640 0.329 0.0010 0.330
650 0.349 0.0010 0.350
660 0,400 0,0008 0.400
670 0,430 0,0008 0.430
680 0,450 0.0007 0.450
690 0.500 0.0007 0.500

500 0.0257 0.0029 0.0271
510 0.0357 0.0026 0.0370
520 0.0477 0.0024 0.0489
530 0.0507 0.0022 0.0519
540 0.0558 0,0021 0.0568

" 700 0.650 0.0007 0.650

is based wupon & ring of four conjugated pyrroles with a single
magnesium at its centre and a long chain pﬁytol- tail, It has one
hydrogenated outér double bond and is therefore a chlorin; hence
its name, Different chloroﬁhylis have different side éhains; the
most important is Chl—-a, the principle opigment. The strong
absorption by Chl-a is -primarily due to its extended conjugated
system. ¥hen two carbons wnite they form a double bond (C=C) which
requires one x crbital; the other 10 electrons go into 5 ¢ orbitals,
The grownd configuration of ethene is, therefore: {(61)3{oz2)2(c3)2

(c4)23(os)3(n1)2. The energy diagram, (Fig.2.3), shows the effect of
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Fig.2.3: Delocalised 5 orbitals in the conjugatioﬁ of two ethenes
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coljugating two ethenes as in buta,1-3 diene (=—=). The x molecular
orbitals combine to give delocalised orbitals: mx and nz. In the
same way, the two n* orbitals give rise to delocalised orbitals: nwa¥
and n4*. Thus the lowest energy transition, mz>ns*, occurs at a lower
energy than for the isolated C=C bonds in, for example, hexa-1,5
diene ( =———= ). The effect of further conjugation such as that in
the extended system of Chl-a is to lower still furthér the energy
transition from the highest occupied n orbital to the lowest
unoccupi;d n* orbital (0U.S5341, 1982). The absorption spectram of
Chl-a is illustrated in Fip.2.2 and it is apparent that there are two
important absorption bands (B and Q) centred at zbout 440 and 660 nm
near each end of the PAR range: the Q band is actnally a series of
overlapping bands, The wanutilized energy centred at 550 nm is
.reflected as the characteristic green colour of chlorophyll. In
marine algae, the absorption band may be extended into the green by
the action of accessory pigments, principally: ehlorophyll-b, ¢z, ¢z,
.and  the m;ny ;arotenOids and biliproteins. For example, the
absorption  spectrum of f-carotene is illustrated in Fig.2.2;
absorption is maximem at about 450 nm and zero at A)>550, hence its
'carrot-red’ colour. As in the case of Chl-a, the stromg absorption
by accessory pigments is due to n>n* transitions associated with

extended systems of conjugated carbon double-bonds.

Natural waters contain ‘yellow substance', sometimes kmown as ‘yellow
organic acids’, 'dissolved humic acid’, 'humolimnic acid’, ‘frlvic
acid' or by its German name ’‘Gelbstoff’'; Kirk (1976) has coined the
term ‘'gilvin’, Gilvin is prodaced during the decomposition of
crganic matter by bacteria, Studies indicate that these substances

are polymers of phenolic and benzenecarboxylic acid (Kirk, 1983).
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Some of the gilvin of estuwarine and coastal waters is generated
within the water body by the decomposition .of plant material; it may
also originate as water—solable humi? substances din soil which
becomes leeched out by rainwater. Again, it is ndn* transitioms
which lead to the strong absorptiom in the blue. A typical gilvim
absorption spectrum is illastrated i"{EiEEé;EF The concentration of
gilvin in natuwral waters varies enormously. Eirk (1976, 1983)
suggests that the concentration of gilvin be indicated by gs4s0, the
absorption c¢oefficient at 440 nm, Bricaud et al (1981) say that
throaughont the 350-700 nm domain, absorption by gilvin approzimately
follows the law: a(A)= a(io).exp[~S(A-2o)], where 0.01{S5¢0.02. This

is consistent with other published results, eg 8=0,015 (Jerlov,1968)},

and 0.011<8<0,017 (Lundgren, 1976).

Suppose & rsdiance, L(A) 1is propagated through an infinitesimelly
thin layer of absorbing but non—scattering medium, dz. There will be
absorption loss, dLa{A), so transmittance: T(A) = (L{A)-dLa(x})/L(a)
= 1-dLa(A)/L{(A), where dLa{A)/L{(A) is the absorbence, A(A). A
specific expression of the sabsorption rate is provided by the

absorption coefficient, a(i,z):

A(l,Z) = dLa(lJz)/L(l:Z) =

A, =
a(k,2) dz dz

=4 ynlL(r,2)1 (2.13)
dz _

and by integration over the range 0>z>z:

LA, z)

L0 = T(A,z) = exp[-a(X,z).Az] {2.14)

This is Beer—Lambert’s law for radiance absorption.
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2,1,3, The scattering of light

When s photon interacts with a molecule or particle it may mnot be
absorbed; it may simply undergo a change in direction. There are two
basic forms of scattering; density flectuation scattering and

particle scattering,

Density fluctnation scattering

According to the Rayleigh theory, when a pariticle such as an aix
molecule is placed in a 1light field, a dipole‘is indaced by the
electric vector of the field. As the dipole oscillates at the
frequency of the exciting radiation then it emits radiation of the
same frequency in all directionms. This reradiation is the scattered

light; its intensity, I(c),in direction o, is given {Morel, 1974) by:

i . )
. 2pft
I{oc) = ;Ef”. [—f] « p2. (1 - cos?q) (2.15)

where I is the incident intensity and d is the oparticle diameter.
Three important reswlts are apparént from this equation; density
fluctuation scattering is:
— proportional to A—+%, ie greater at smaller wavel;ngths
— proportional to d-3, ie greater for particles small compared to
the wavelength of light

- symmetrical abount the direction of propagation.

In fact, Rayleigh scattering is applicable only to gases, (the
atmosphere, for example), and not to dense fluids such as liquids:
however, A—4 type scattering does occur in very clear sea water and

is often referred to loosely as 'Rayleigh scattering'. It is, in
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fact, a type of molecnlar scattering caused by the water itself and
its dissolved salts, which c¢an be determined theoretically by the
fluctuwation theory of Smoluchowski and Einstein (Kullemberg, 1974).
This theory attributes the scatterance to demsity or concentration
fluctuations by molecular movements, This type of scattering is
proportional to A—* and has, as regards intensity distribution, the

same properties as Rayleigh scattering.

Particle scattering

The density fluctuation type of scattering applies only when the
scattering centres are small relative to the wavelength of 1ight,
The particles of natuwral waters have a coatinwous, approximately
h&perbolic distribution in which the number of particles, n, with

diameter greater than d, is expressed (Kirk, 1983}):

a = 1/d%; 0.7<m¢6 (2.16)

This distribution implies more small than large particles; however,
Jerlov {1968) summarizes measurements by several workers who have
shown that most of the scattering of light in natural waters is from
particles of d>2pm, ie particles large compared to the wavelength of
light, Sc;ttering by these 'large’ particles comprises of three
phenomena: diffraction, refraction and reflection. The diffraction
is determined by the sizé and shape of the particle, whereas
refraction and reflection depend upon .its composition (refractive

index), (Kullemberg, 1974).

The basis for predicting the light scattering behaviour of spherical

particles of any size is the Mie theory, developed by Mie in 1908.
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This theory is similar to that of Rayleigh in that it considers the
oscillations set np within a polarizable body by the dincident 1ight
field and the light reradiated (scattered) from the body as a result _
of these oscillations. Instead of equating the particlé to a8 single
dipole, the Mie theory considers the additive contributions of a
series of electrical and magnetic multipoles 1located within the
particle (Kirk, 1983). The advantage of the Mie theory is that it is
gll-embracing; for véry small particles, for example, it leads ta the
same predictions as the Rﬁyleigh theory. All workers are agreed on
one point: the analytical expressions of the Mie theory sare complex
and do not 1lend themselves to easy ndumerical calcolation. The
magnitude of Mie scattering for any particle size at any wavelength
is pgenerally expressed in texrms of the light scattering efficiency,
e, f(effective scattering area over actual area), the particle size
parameter o=nd/A and the relative refractive index, l(u“uw)/nwl.
This type of particle scatterimg is illustrated in Fig.2.4 and it
is apparent that when the particle size parameter is smali. (particle
diameter small compared to wavelength), then the amount of energy
scattered is quite small bet rises to a meximum as particle
size increases, With a further increase in e, the value of ¢
decreases and then oscillates, and eventually setiles about a value
of =2, According to Beardsléy et al (1970), in a typical marine
suspension the index of refraction difference is of the oxrder of 0.1.
This is aparently correct; eg taking py, = 4/3 and p = 1,15 for clays/
silts (Williams, 1970), then [(p—pw)/pwl = (¢.138, The particle size
parameter g will therefore be of the order: nd/A = 2n/0.5 = 12,6, so
that a.[(u—pg) /pel < 1.3, It follows, from Fig.2.4, that 1{e{3 for
marine particulates; in fact Jerlov (1968) has measured values gn the

range: 1.4<e€3.2, We also see from Fig.2.4 that in very clear waterx
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Fig.2.4: Mie scattering curve (Williams, 1970)

(small ¢) then for any particle size: s={1/A); ie scattering will be

greater for shorter (blue) wavelengths.

The extent to which a flux of photons is scattered by a scatte;ing
medium may be expressed in terms of the volume scattering function
and coefficients, These are widely derived and explained in the
literature [ eg. Tyler and Preisendorfer (1962), Duantley (1963),
Jerlov and Nielsen (1974), Smith and Tyler (1975), Preisendorfer
(1976), Morel (1974), Kirk (1983) etc.]. Fig.2.5 illustratés radiant
intensity, I, being scattered by a small volume of scattering medium,
8V = 8A.8r, The volume scattering function B(A\,z,5), is the radiant

intensity scattered in a given direction, o, from volume element, 3V,
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radiant intemnsity,

dI{r,z,0), scattered
‘in direction o

I{)r,z)

aresa

Fig.2.5 Scattering of ir:adiagce.

iiluyminated by a parallel beam of 1light, per unit of incident
irradiance onto the ¢ross—section of the volume, 2ad per unit volume

(Eirk, 1983), It is given by: ;

BlA,z,0) = dX(Ah,z,0)/I(A,2) .8V (2.17)

The total volume scattering coefficient, b(A,z}, is the proporticm of

incident intensity scattered in all directions:

b(h.z) = j' B(r,2,0) .du. (2.18)
4n

Simply, b is the integral of f{e) over all directioms. It is
sometimes useful to consider the total scattering coefficient, b, as
comprising of forward-scattering, bg, and backscattering, by

coefficients:

-
It

bs(A,z) + by(A,z)

T iy
27| B(*,z o).sinc.do + 2x| B(A,z,0).sinc.do (2.19)
0 n/2
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To compare the shape of the amgnlar distribotion of scattering in
different media, it is convenient to use the normalized volume

scattering cpefficients'B(o), Bf and By (Kirk, 1983):

B(r,z.0) = B(A,z,0)/b(A,z)

Be(h,2z) = bp(d,2z)/b(R,2)

Bp(h,z) = by(A,z}/b(A,z) (2.20)

Kalle’s hypothesis states that the particle .scattering coefficient
is proportional to the total cross section of the particle, This
yields a simple equation (Beardsley et al, 1970) for the scattering
coefficient of a distribution of n spherical particles having

different diameters and indices of refraction:

n -
b, = Esi(li,di.ni)j(ﬁ/4),diz

i=1

As g322, (Fig.2.4), then for most expected marine particles this

equation may be simplified to:

n h
by = J2(n/4).d4% = (n/2). )43 (2.21)
i=1 i=1
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2,2 OPTICAL PROPERTIES OF AQUAYIC NEDIA

Optical properties are gemerally grouwped into twe main classifica-

tions: inherent and apparent, plus a hybrid classification.

2.2.1, Inherent optical properties

A property is defined as inherent if its operational valume at a given
point in a given medium is invariant wonder all changes of the
radiation distribution at that point (Preisendorfer, 1960). The

inherent optical properties are now considered.

The volume absorption coefficient, a(A,z), the volume scattering
function, B(A,z,0), and the total wvolume scattering coefficient,
b{X,z). These were dealt with in detail in subsections 2.1.2 and

2.1.3, where they were defined by Eqms.2.13, 2.17 and 2,18.

The volume (beam) attenuation coefficient, c(i,z). Ve may now write
for a medium in which there is both absorptiom and scattering,

equivalent to Eqn.2.13 for an absorption-only medium:

C(X,z) _ dL(X,2)/L(A,z) _
g = SRR

c(h,z) = % LalL(},z)] (2.22)

where dl=dLg+dLy, and in which is introdmced the attemuance, C(X,z),
and attennation coefficient, e(A.z), defined by Gordon (1984) as the
fraction of  emergy in a beam removed by both absorption and

scattering per anit dJdistance. By integration of Eqn.2,22 over the
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depth range 0)>z>z we have, equivalent to Eqn.2.14, Beer Lambert's law

for radiance attenunation:

L(A,zz)

L(x,z4) = T{r,z) = exp[—c(ir,z).Az] = exp[-j{A,z)] (2.23)

J(A,z) is the optical length/depth/thickness:
jh,z) = el{X,z).Az = (aﬁl,z)+b(l,z)).ﬁ z (2.24)

A term sometimes preferred to ¢, (eg Williams, 1970), is the
characteristic attenuation length, £;(X,z), the distance at which the
transmission, T, is equal to 1/e. Substitoting into Eqn.2.23:

exp[-1] = expl[-c.B;], ie &, = 1/¢c.

2.2.2 Apparent optical properties

Apparent optical properties are defined as those which are not
invariant with changes in the radiation distribution; however, not
all authors agree on which these are. Some (eg Preisendorfer, 1960;
Gordon et al, 1984), include radiance, L, and irradiance, E, whilst
others (eg Xirk, 1983), consider these to be properties of the
radiation field. They have been treated as field properties in this
work (subsection 2.,1,1), Preisendorfer (1960} also includes the
distribution function, D, and reflectance, R. Kirk (1983) points out
that many workers now consider dimensionless D and R to be properties
of the radistion field. This is so: ﬁowever,'in this study it will
be convenient +to treat them as apparent properties of the water in
which they are measured. The apparent optical properties aré now

considered.
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The EK-coefficients, K(A,z) describe the loss of photons during the
propagation of irradiance, so are sometimes referred +to as diffuse
attennation coefficients, They are considered apparent bécause they
change, <for example, with solar elevation, ciond cover and sea state
(Hpjerslev, 1978). Field observations have indicated that these
changes are mnormally wvery small (Preisemdorfer, 1960), so tha¥ the
KE-coefficients have become widely used in the study of marine opties,
They are of fundamental importance to this stady where they will be
granted much the same status as the inherent properties; there is
considerable justification for this in turbid water where the

radiation distribution rapidly apbroaches isotropic with depth,

The extinction coefficient for downwelling dirradiance, Xd, may be

expressed (Kirk, 1983):

Rd(A,2) = 2g(k,2) + bpg(A,2) = bpy(r,2).R(A,2) (2.25)

where the mnegative term describes the reinforcement of downwelling
irradiance by the downward scattering of upwelling irradiance. Also,

we may write for K, equivalent to Egn.2.22 and Ean.2.23 for c!

- -dEB(A)/E(A,z) _ -1 dE(A) _ —=d
E(Ar,z) iz E(l,z). P E; LafE(a,z)] {2.26)
E(l,zz) - _ = _
ETETZIT expl-K(i,z}.Az] exp[-T(1)] (2.2

where K(A,z).Az = J{),z)} is equivalent to c(A,z).Az = y(A,z), the
optical length for radiance (Egqn.2.23). Kirk (1983) referred to K.z
simply as an 'optical depth'; Preisendorfer (1986) used the term

diffuse optical depth, which is preferred for this work; 'optical
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length/depthk’ will refer only to: j = c.Az. The coefficients which
may be expressed in the form of Egns.2.26 and 2.27 are for

dovnwelling wvector irradiance:

Kd(a,z) = —d/dz(Ln[Ed(i,z)]) " (2.28)
for upwelling vector irradiagce:

Ku(d,z) = -d/dz(La[En(A,2)]) (2.29)
and for net downward irradiance:

E(A,z) = —d/dz(La[Ed(A,z) — Bu(i,z)]) (2.30)

Eguivalent expressions may be written for downwelling , uwpwelling and

total (rather than net) scalar irradiance and PAR irradiance, eg:

%Eol{z) = —d/dz{(Ln[*Eo(z)1) {2.31)

%Jo(z) = %Ko(z).Az (2.32)

" Equivalent to the characteristic attedmation length, Ec, for radiance

there is 8 characteristic extinction lemgth: H.=1/K, °E=1/°Ko etec.

Inherent optical properties are additive so that we may write, for
example, for the (total) absorption coefficient: atOl = a¥ + g8 + at
+ aPh, where the superscripts indicate: total, water, gilvian, tripton
and pbytoplankton respectively. The terms on the right—hand side of
this eguation are the partial coefficients. Xirk {1983) has pointed
out that there 3is no obvious reason for smpposing that an sapparent

property, such as X, can be partitioned in this way, However, by
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further subdivision of the w, g, t, ph- compenents of K into the
terms given in Eqn.2.25, Kirk argues that: K= a¥q + aBg+ ...
+ ¥R + b8y R, so that partial apparent optical properties can
be wunambigvously defined im the saﬁe way as partial inherent

properties. It mast therefore be legitimate to write:
E{A) = E¥(A) + KB(A) + Kt(A) + KPR()), where X = K, °Ko etc  (2.33)

"Hfjerslev (1975) also defines K1 and K2 which will be wused in
association with the irradiance c¢ollectors described in subsection
2.4.3. In terms of PAR irradiance!

%Ko(z) + %a(z)

°K(z) = —d/dz(Ln[°Ea(z) + 9E(z)]) {2.34)

°K1(z) K(z) * 9a(z)

°Kof{z) - %a(z)
0g(z) - %a(z)

°K2(z) = °K(z) = —d/dz(Ln[°Eo(z) - °E(2)]) (2.35)

The distribution function, D(A,z), or its reciprocel, the average
cosine, ;;;;(l,z), describes the angular structure of the radistion
field at any point, D is equal to the mean path—lengths travelled by
photons propagating throughk a layer of unit  thickness. For

- downwelling 1light:

IL(l;z.T,n).dm
Dd(A,z) = 2% = 52?;1;;’ (2.36)
jL(l,z,y,n}.cosT.dm '
2n
for upwelling 1ight:
Du(i,z) = Eou(A,z)/Eu(),z) {(2.37)
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and for the total 1ight field:

DGz = Bom) | EoGum) . ___ E(ua)
: E(a,z) - Ed(r,z)} — Bu(A,z) Ed(A,z) + [Eu(r,z)|

(2.38)

Some workers 'prefer to wuse the average cosiﬁe, cosy(A,z), the

reciprocal of the distribution function:

Ed{},z)
Fod(h,z)

Eu(X,z)

3 cosrg(d,2) = Eou(,z)

cosyg(a,z)=

E(A.z)

Eo(h.2) (2.39)

cosy(A,z) =

Besides being a simple comnceptual indicator of the structure of the
radiance field, the distribution functions are indispemsable 1links

between the various optical properties (Preisendorfer, 1960).

The jirradiance reflectance, R(A,z), is the ratio of upwelling to

downwelling irradiance at a given point in the radiation field:
R(A,z) = Eu(A,z)/Ed(A,z); ©°Ro(X,z} = °Eou(A,z)}/°Eod(A,z) etc (2.40)

Although not directly wused in this work, mention is made of the

'reflectance’ of remote semnsing metbods (Gordom et al, 1984):

—

BRgs{A,z)= Lu(A,z)/Ed(),2).
2.2,3 Hybrid optical properties

Hybrid optical properties are measured with reference to upwelling or

downwelling streams; they are produced by combining inherent and
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apparent optical properties and so escape simple operational

definition,.

The forward scattering, bf(A,z), and back scattering, bb(A,z), coeff-

icients. These were described in subsection 2,1.3

The diffuse absorption, a®*{k,z), diffuse scaftering, be{),z), and
diffuse attenuation, c*(A,z), coefficients. In subsection 72.1;2,
2,1.3 and 2.2,1, a(i), b{(A) and ¢(A) were defined in terms of
collimated radiance. Analagons coefficients may be defined for the
loss of photons from upwelling and downwelling streams of diffuse
light. a*(i)>a2(A) because of the increased pathlengths, represented

by the distribution fupction, D(A) (Eqns.2.36-2.38), and so:
a*q(d,z) = Dd(A,z}.a(d); a*y(A,z) = Du(i,z).a{d) (2.41)

Similarly, the following relationships hold:

b*3(2,z) = b¥pg(h,z) + b¥pa(h,z) = Dd(A,z).b{A) (2.42)
bR (h,z) = b¥py(A,2z) + b¥pu(A,z) = Duld,z) .b(X) (2.43)
c*q(d,z) = a*q(a,z) + b¥g(X,2) (2.44)
c*y(X,z) = a®;(h ,z) + b¥,(d,z2) (2.45)

According to Kirk (1983), tke relationship between b*¥, and by, is not
so simple but may be calculated; in natwral water bodies b¥g is

commonly 2-5 times as big as by,
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2.3 SIMPLE MODELS FOR RADITANCE AND IRRADTANCE

The strncture of the 1light field is dinfinitely complex so tﬁat
precise description is impossible. Theorqtic models simplify -the
problem by concentrating on just one facet of the complexity. The
two simple models for radiance and irradiance which follow describe

the 1ight fields generated by sunlight and skylight.

2.3.1 The radiance model

The radiance model relates the radiances at the beginning and end of
an arbitrary path as illustrated in Fig.2.6. It is expressed by the
equation of radiative transfer. The derivation of the eqpation‘ of
radiative transfer, given below, is distilled from a number of papers
such as Preisendorfer (1960,1961,1976), Tyler et al (1974), Tyler and
Preisendorfer (1962), Gordon (1975,1980), Smith et al (1974) and Fry

(1974).,

Snell’s classical law of refraction must apply to flux across am air—
water interface: vi/v2 = sipfi/sinfz2 = p, the refractive index., As
1ight passes thropgh the air-sea interface there will be a gemneral
narrowing of a bundle of refracted light rays. The increase is by a
factor of p2 = (4/3)2 = 1,78; an increase of 78%. Thi; is the p3-law
of radiance whichﬁstates that along an arbitrary path through a
medium which exhibits neither absorption, scattering nor secondary
source of radiant fluxz, them L/p? is iavariant. In such a cese, the

equation of radiative transfer is: (1/v).D/Dt(L/p3) = 0. If the path
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loss by scattering
—b.L{zo¥z")

gain by in—scattering
{(path function)
+L*(zo+z")

i_ . -
loss by absorption *

-a.L(zo+z")

r

L*(z0,&) [;_exp[-(c+x.cos§).r]]

L(z) = L(z0).expl-c.zl + c+K.cost

A}
A
‘

Fig.2.6: The radiance model

is now directed through a région in which there is absorption but no
scattering, then: (1/v).D/Dt(L/p2) = —a.Llp’.' In a real médinm there
must be scattering: (1/v).D/Dt(L/p2) ="-(a+b).L/p2 = —¢c.L/p2. The
scattering medium will ;150 scatter light into the path. It is this
incoming radiance,'terhed the path function, L¥*, which gives rise to
the wveiling 1ight of visibility problems. Taking.this in—scattered

radiance into account we ha%ﬁ_the Equation of Radiative Transfer:

-

(1/%) .D/Dt[L(A,z,E,0)/p2(X,z) ]

= —c(A,z) .L(A,z,E,n) /p3(h,z) + L¥(%,2,2,7)/p3 (A, 2) (2.46)
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where L*(A,z,E,q) = IL(l,z,ﬁ,q).ﬁ(X,z,E,n).dw
4n

Light fields in the sea are in the steady state (D/Dt=0) and the
index of refraction is essentially constant within the body of the
sea (dp/dt=0) (Preisendorfer, 1960). It follows that the radiative

transfer eqnation can be simplified to the more useful:
dL(A) /dz = —c(X,2).L(X,z) + L*(a,z) (2.47)

Some optical instruments, such as the beam transmissometer, are

shielded from in-scettered ambient light so that dL/dr = —c{z).L(c):

_[-1 dL) O L)
c(,2) [m.r)‘ a:]mmo [Tt (x,m]]mmo (2.48)

The differential equation, Egn.2.46, is readily integrated if it is
assumed that ¢ is constant along the path, and that L* varies in the
manner: L*(A,zz) = L*(),z1).exp[-K.Az] with depth only (Preisendorfer,

1976) :

L(x,z) = L(A,z0).expl[-c(r}.x] + I;*(L,z').exp[—c(r—r')] dar’ (2.49)
0

" where z' = zo—1’.cosE, therefore:

L(A,z) = L{A,20).expl-c(A,r)]

Lx(a,z2)
c{h,z) + K(A,z).cosE

[1 - exp[—(c(l,z)+K(l,z).cosﬁ).r]] (2.50)

Preisendorfer (1960) presents an interesting form of Eqn.2.50 based
on the fact that in the sea, the radiance along a horizontal path is

invariant with distance r, ie dL/dr=0, in which case: c=L*/L, This
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egquation states that the spatial rate of loss of radiance by
attennation, c.L = dL/dr, is exactly replaced by the spatial rate of
light scattered in, L*, Kirk (1983) uses Egn.2.47 to derive the well
known opticai divergence equation originally presented by Gershuon

(1936). He argues that since dr = dz.cosf then this equation may be

rewritten: cosf.dL/dr = —-¢,L + L*, Integrating each term over all
angles:
dL
cos§.E;.dm = ~-{ ¢.L.ds + | L*.do (2.51)
4n 4n 4n

whence it may be deduced that:

dE(A,z)/dz = —¢(r,z) .Eo(r,z)+b(A,z).Bo(d,z) = —a(h,z) .Bo(A,z) (2.52)

Gershon (1936) expressed this equation: div E = —a.Eo, but since
divgE = 0 in the ses then Egn.2.52 must follow, Tt may be assumed
that the hydro—optical environment is horizontally stratified; this
is so even in frontal zones because the slope of f-~isosurfaces and

c~isosurfaces is so small (Hpjerslev, 1986).

Hejerslev (1972) combines Egn.2.52 with K = —~(1/E).{dE/dz),
(BEqn.2.26), to derive the expression by which the absorption
coefficient can be measnred by means of the 2x2x irradiance sensor

discussed in Chapters 3 and 4:

afir,z) = K{(A,z) .E(X,z)/EBo(A,2z) = K{A,z).cosE(A,z) (2.53)
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2.3.2 The two—-flow model for irradiance

The two—flow model supposes that in a natural hydrosol, the field is
divided into two fluzes, namely the .downwelling and upwelling
irradiances, Ed and Eu (Preisendorfer, 1976). The purpose of the
model is to predict Ed and Eu.at-any z, given values at any other
.depth. Tt is assumed that the propagation medium is plane—parallel
and that: Dd = Du = D = Eod/Ed = Eou/Eu. If a is the absorption
coefficient for irradisnce, then from subsection 2.2.3: a* = D.a and
by* = D.by,. Scattered photons are not lost from the diffuse flux but
only redirected; it follows that the back-scattering coefficient,
b* # D.b but b* = . 8o, the flux lost from Ed in propagating Az is:
D.a.Ed.Az + b.,Ed.Az. Added to this flux will be the photons back-

scattered {(upwards) from Eu, so that:

AEd = —-(a.D+b).Ed.Az + b.Eu.Az (2.54)
and for the upwelling fluox:

Aﬁn = —-(a,D+b) .En.{-Az) + b.Eu.(-Az) (2.55)

Dividing these equations by Az and -Az respectively, and 1letting

Az30:
%zEd(l.z) = ~ia(k,z).D(X,z)+b(A,2z) .Ed(X,z)+b(A,2) .Eu(A,z) (2.56)
ngn(l,z) = ~ia(A,z) .D(A,2)+b(A,2) .Bu(A,z)+b(A,z) .Ed (A, 2) (2.57)

These two equations constitute the two—-flow model for irradiance, for
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which the solutions (Preisendorfer, 1976) are:

Mu.(1-a(A,z).D(A,2)/K(A,2)) .explK(A,z) .2]

Ed(A,z) =

+ Md.{(1+a(A,z).D(A,z)}/E(A,2z)).exp[-K(A,z).2] {(2.58)
Fu(Ar,z) = Ma.(1+a(A,z) .D(A,2)/E(A,Z)) .exp[K(A.2).2]

+ Md.{1~-a(i,z). DA, 2z)/E(A,2)).exp[~-K(),z).2] (2.59)

where Mu, M4 are arbitrary constants fixed by specifying Ed or Eu at

two depths, and:
E{xr,z) = (a(r,z).D(X,z).(a{r,2).D(A,2}+2.b(A,2}) )05 (2.60)
in which case we may write for PAR irradiance:

9Ko = (°a.9D.(°a.%D + 2,95))0e5 (2.61)
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2.4 THE EXTINCTION OF YRRADIANCE

2.4.1 The irradiance profile

In & column of homogeneous water, guantem scalar irradiance, °Eo at
any depth, z, is given from Eqn.2.27: 9%Eo(z) = °Eo(0).exp[-°Ko.z].

Generally, the column will not be totally homogeneous so we introduce

{°Ko), the depth-mean value of °Ko between the surface and depth z:
°Bo(z) = °Eo(0).exp[-(°Ko>.zl; {°Ko) = —d/dz{Lal[®Eo(z)]) (2.62)

It is uswally opreferred to express the exponential profile as =a
straight line of gradient —-{°Ko>, ie Ln[9Eo(z}] = Ln{%Eo(0)]-<°Ko).z.
It is seldom the absolute valme of Ln[®Eo(z)] that is of interest as
this is a function of O9%Eo(0), and so subject to large and rapid
variations in skylight, More wuseful is the PAR diffuse optical

depth, from Eqn.2,27: 2Jo(z) = {%Ko>.z = La[%Eo(0)/°Eo(z)].

Frequent reference is made in biological text (eg Kirk, 1983) to the
eophotic zone, which extends from the surface to the euphotic depth,
Ze, the depth at which the light level is 1% of the surface valme.

From Eqn.2.27:

°Je = Ln[°Eo(0)/%Ec(Ze)] = Ln[100] = 4.605 (2.63)

and for the mid-depth of the euphotic zome, Zm, at which the PAR
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level must be 10% of the surface valme:
Im = Ln[°Ee(0)/°Fo(Zm)] = Ln[10] = 2.303 (2,.64)

Eqns.2.62, 2.63 and 2.64 are illuystrated in Fig.2.7.

Bioclogical texts also refer to the compensation depth, Ze, at which
the rate of photosynthesis is equal to the rate of respiration and
suggest that Zc Iiés, approximately, at the 1% level, It is to be
noted, however, that Zc¢ represents a biological concept whilst Ze is

an apparent optical property of the water.,

°Je = 4.605 ¢im = 2.303 ¢Jo(0) = 0
] | ] °Eo(0)
z=0 > ¢Jo(z) = Ln[-—-———]
] | °Eo(z)
| |
| !
[ !
| | grad = (%Ko’
[ l
o I B
Ze —]— = = =
zZ v

Fig.2.7: The ®Jo(z) profile
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2.4.2. Irradiance collectors

The form of irradiance measured by a system depends wupon the shape
and configuration of its collector. A range of irradiance collectors
has been reviewed by Hfjerslev (1975) and are illustrated in Fig.2.8

on the next page., They are;

Ed—-collector, This is the classical cosine collector in which the

collected flux, F, is given by:

F= j L(&,n).cosé.dw = Ed (2.65)
2n

Inverted, it ©becomes azn En-collector. An E-collector, or Janus

collector comprises of two such collectors back—to-back.

Eo-collector, The flat senor dS is placed horizontally at the base of
an opal sphere. The flux from &,n is: dF(&,n) = nr3 L(&,n).de, so

the total flux is:

F = j aF(Z,n) .do = no3{ L(Z,n).de = nr?.Eo (2.66)
4n 4n

Eod-collector. The collector is sited on an infinite, absolutely
black, horizontal plane at the same level as dS. Clearly, integration

is now possible only for OCE{m:

F = j dF(E,n) .de = nrzj L(,n).dw = nr3.Eod (2.67)
2n 2n

Inverted, it becomes a Eou-collector,
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L(g,m)
1
i
[
&l
i
. - 7/ /S
(2) Ed-collector (b) Bo-collector (c) Eod;collector

(cosine collector)

¥ S3 as
i //
(d) 3(Bod+Ed)-collector (e) 3{Bo+E)-collector

Fig.2.8: Irradiance collectors

Fgay = 3 {Eo+E)

g
CANNANNG

Fp; = 3(Eo-E)p Fpgs = 3(Eo—E)

Fig.2.9: Hfjerslev's }(Eo—E)4§(Eo—E) system

2.34




3 (Eod+Ed)—collector, The horizontal black plane extends from the
equator of the sphere to infinity, and the lower hemisphere is

absolutely black,

[}

dF(y,n) = Inr2.L(y,n).do + %ax2.L(y,n).cosy.dw

i

so, F inr*jL(y,n).dw +'1ﬂr3IL(1,n).cosy.dm
2n 2

3nr? (Eod+Ed) ' {2.68)

Inverted, it becomes ai(Eout+Eu)-collector.

3 (Eo+E)-collector, Again, only the upper hemisphere is exzposed but
the infinite horizontal plane is removed. Limits of integration are

now Q¢y<{2n:

n

so, F }nrszty,n).dm + inr’jL(y.n).cosy.dm
4y 45

h

tnr2(Eo + Ed ~ Eu) = #nr3(Eo + E) (2.69)

Inverted, it becomes a ${Bo~E)-collector.

deefslev’s 3{(Eo+R) + 2(Bo-RB) system. Hfpjerslev (1975) describes a

meter which measvres 2(Eo+E) and 2(Eo~E). From vertical profiles of
these parameters it is possible to calcunlate Kd(z), Ko(z) and
a(z). Horeover, by making ‘the instraument invertible, it does not
require the difficult calibration procedures generally associated
with absorption meters, Consider the meter as illustrated in Fig.2.9
and suppose that semsors A and B have unknown calibration factors: f,

and fp.
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The fomnr ouwtputs (A and B, apwelling and downwelling) will be:

Ad = £f3.3(Eo + E),
Au = f5.3(Eo - E))
Bd = fB.i(Eo + E)p
Bu = fg.3(Eo ~ E)p
whence:

Ad + Au = £,.Eo
Bd + Bu = f£g.Eo
Ad - Au = f£,.E

Bd - Bu = fp.E

We may therefore write:

{Ko>p = (-d/dz.Ln[Eol}, = :ékLn[éE—i;égi
dz fA
= 2% 1a[Ad + Aul, for £, = comst (2.70)
dz
and by similar argument:
(Ko>p = Z2.1nIBd + Bul, for fp = comst (2.70)

Of course Eqns.2.70 and 2,71 should be the same; in practice @ mean
value may be used. By exactly similar reasoning we may find, for the

‘extinction of vector irradiance:

K>y = g.‘ana - Aul, and <E>p = ;—d LafBd - Bu] (2.72)

2z
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Becanse dE/dz = —a.Bo (Gershun, 1936), and X = (—1/E).dE/dz, then

the absorption coefficient, a(z) may be obtained from:

Ad—An
d+A

d—B

(2.73)

a(z)y = i%an[Ad—Au]. i alzlg = ——.Ln

The average cosine for the total light :field, cosé{z) = E(z)/EBo(z),

is given by:

cosé(z)A— [Adm] ; vostlz)g = [gj:ﬁu] (2.74)

The vector reflectance coefficient, R(z) ='Eu(z)/Ed(z), can not be

calculated as Eu and Ed are not separately obtained,

2.4.3 Kirk's Monte Carlo model for scalar irradiance

The inherent optical properties specify the probability of certain
events occurring, eg c{A) goveras the probability of a photon
travelling a certain distance before interacting with some component
of the medium (Kirk, 1981a). The inherent properties therefore
provide a means of modelling light propagation by the Monte Carlo
" method; the fates of large numbers of photons are individually
followed in the computer and the average behaviour of the total flux
calculated. This technique has been used by several workers,
including Plass and Eattawar (1969, 1972), EKattawar and Plass (1972),
Gordon and Brown (1973, 1974, 1975), Gordon et al (1975). However,
this work has concentrated on marine or clear freshwater systems;
Kirk (1981a) conducted a Monte Carlo simulation of light propagation
in turbid water. Kirk's model is described in some detail ia Kirk

(1981a, 1981c), and a Fortran programme is presented in Kirk (198lc).
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To simplify the compntation, Kirk assmumes that ali input light is
direct senlight and that surface reflection is zero., Once within a
water body, the érobahility of a photon following & pathlength, r,
before interacting with a component of the medium is governed by the
attenvation coefficient, ec. Thes the probability of attennation
within distance r is given ?y: I - expl-c.r]. 'A random number,
0<{n{1, is génerated by the programme and the pathlength calculated: r
%w:jlfc).Ln[I-n]. Another random number, 0{n{l, is selected and if r
£ a/(a+b) then absorption is assumed and a new photon is introduced.
If r > a/(a+b) then the ophoton is considered to be scattered at
randomly geperated angle, ¢, and a new trajectory is followed. It is
assumed that photons reaching the surface at an angle > 41.4° pass
through; other photons are reflected down =again, ©Every photon 1is
thuos foliowed wuntil it is absorbed, reaches the totally absorbing
bottom or is lost throngh the smrface. By means of this model, Kirk
(1981a) has shown that the averge cosime, Cos&(A,z), and irradiance
reflsctance, R(A,z), may be dedunced frém a knowledge of the
irradiance depth, J(A,z), scattering—absorption ratio, b(A)/a(X), and
solar altitude. Conversely, a(i), b(A) and ¢o0s&(A,z) mey be found
from measurements of J(A,z) and R(A,z). Of greater significance to
the present research programme is the work of Kirk (1986) in which
he shows that cos&é(z) and the ratio of the diffuse coefficients,
bo/ao, may be found from scaler properties Jo(z) and Ro(z). For
convenience, he uses Ro(Zm) end Jo(Zm) at the 10% 1level, Zm, and
proceeds in the following manner. Ro(Zm) is found from Eou/Eod at
Zm, and wused in Fig.2.10 to obtain bo/ac(Zm) and cos&(Zm) for
a particular solar altitude. Using a = cosf.Ke aﬁd assuming that XKe
= Ko, (found from the Ea(z) profile), then ao(Zm) = cos&(Zm).Ko(Zm).

Since bo/a0(Zm) is known then bo(Zm) may alsc be deduced.
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cosé (Zm) bo/ae (Zm)

1-2

, \\ ' | B

bo/ao

Fig.2.10:

T : | | 1 l 1 1
4 8 12 16 20 24 28 32

Ro (Zm) %

Graphs of the average cosine, cost(Zm), for sun's
altitude 30°, 45° and 90°, and the ratio bo/aoe (Zm)
as functions of water reflectivity Ro(Zm). Zm is
the depth at which Eod(z)/Eod(0) = 10%, and
corresponds approximately to the mid~depth of the
euphotic zone, (Kirk, 1986).
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2.5 UNDERWATER VISIBILITY

2.5.1 Photometric measurement

Photometry refers to light flux visnally perceived by the human eye,
The fundamental gquantity wused in the radiometric definitions
considered in subsection 2.1.1 was radiant energy, given by Eqn.2.1:
F(i) = da(r)/dt., This £flux is an absolute quantity independent of
the sensitivity of the detecting device. The flux units used in
photometry depend npon the spectral sensitivity of the human eye
which rises from zexo at 400nm to a peak at 555nm (yellow—green),
decreasing to zero at T700mm. For example, it wouwld take about 2
watts of blue—green (510mm) or orange (610mm) light to prodmce the

same sensation of brightness as 1 watt of yellow—green (555nm) light.

The wunit of luminous (photometric¢) flux is the Iumen, defined as the
luminous flux emitted in all directioms by & black body of surface
area 1/60 cm? at a temperature of 2042 K (Preisendorfer,1976).
Equivalent radiometric/photometric wunits are given in Table 2.2,
Preisendorfer (1976) gives the following equation to convert a

radiometric concept, X(rad), to its photometric counterpart X(photo):

X(photo) = 680 jx(raa).y(n.).an. (2.75)
0

Where y(A) is the luminosity fanction, eg y(A) = 0(400), 0.03(450),

0.32(500), 0.99(550), 1.00(555), 0.64(600), 0.11(650), 0(700).
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Table 2.2;

Equivalent radiometric/photometric units

{from Preisendorfer, 1976)

Radiometry

Photometry

Radiant flgx
F(x) [¥W]

Luminouns flax
F [lumens]

Radiance

Luminance (brightness)

L(3) [q.s—*m3] L [lumens m—%* = lux]

Irradiance
E(3) [q.s—1m-2]

Iiluminance
E [lumens m—2 = lux]

In discussing Secchi disc visibility (see subsection 2.5.4),

Hpjerslev (1986) points out that the appropriate parameters are the

photometric e¢{Jux), K(lux), R{lux) etc. This is a wvery important

distinction which is not gemerally made in the literature; in this

work, photometric (lux) parameters will be indicated by underlining:

¢, K, p, R, L and E.

2.5.2 Contrast transmittance

The visibility of an object is the maximum range at which it can be

visually detected against its background. If the object is =2

different colonr to its background then it may be visible because of

its colowr contrast, The selective absorption of particunlar

wavelengths (or broad wavelength bands) 1leads to monochromatic

conditions underwater. For exzample, clear water becomes blue with

depth; productive water, due teo the presence of gilvin, displays a

'yellow shift’ towards sea—green, Moreover, with depth, or in turbid
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coastal waters, light levels may be too low for photopic vision, It
follows, therefore, that underwater visibility is u;ually limited by

brightness (luminance) contrast, C, defined by:

target luminance — background luminance
background luminance

C=

(2.76)

We therefore express the inhereant contrast, Co, the contrast a target

would have if viewed at zero distance, by: Co = (tL(O)‘bL(O))/bL(O):

where subscripts t and b indicate target and background. It is
convenient at this point, to introduce a sighting angle, ¥y, measured
from the Herizontal (+y downwards and — vy upwards; ¢y = & — n/2). The
inherent contrast of a target viewed vertically downward (y = n/2) is
described by Tyler (1968), and illustrated in Fig.2.11, The object,
(eg Secchi disec), has reflectivity p, and the water—background has
reflectivity g. If the downwelling irradiance (3illuminance) is E&

then from Eqn.2.76:

Colp,n/2) = &8I = 220/ _ /R - 1 (2.77)

Co(p,n/2) = p/R-1

e
{e
)

Fig.2.11: Inherent contrast of target sighted vertically downwards
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The division by n on the right hand side of Eqp.2.77 indicates that
the reflected 1light is diffuse. It cancels and so, for simplicity,

will not be included from here on.

The inherent contrast of non~black targets sighted horizontally
(y = 0) is not widely discussed in the literature, but we may assume
that & form of Eqn.2.77 would not be appropriate as the water-
background brightness depends not upon the water’s reflectivity, but
upon the horizontally imvariant spacelight: ¢L{(0) = L* (see

section 2.3.,1}. This is illustrated in Fig.2.12, and indicates

that:
p.L* — L*
Co(p,0) = —4=Eu—-=h =p-1=-=(1-p) (2.78)

I

p.L

A A

Co(p,0) = -(1 - p)

|
L

Fig.2.12: Inherent contrast of target sighted horizontally
Equation 2.78 implies that +the inherent contrast, and hence the
visibility of a | horizontally—-viewed target decreases with
reflectivity; that a white target will be less visible than 2 grey
oneé. This is so only in very turbid water where the background water
is ’milky—white): generally, Co(p,0) is observed to incresse with p,
This is becawse underwater objects tend to be illuminated by high

intensity downwelling 1ight rather than lower intensity side light,
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as implied by Eqn.2.78. The contrast problem is further complicated
by the fact that downwelling and side lights have di%ferant spectral
intensity curves so that white targets, particularly, will differ
slightly in colour from the water—background. In ezperiments off
Malta, at a depth of 15m, Hemmings and Lythgoe (1965) found that the
ratio of intensity of side light to dowawelling light was about 10%
at 450 nm, decreasing to about 4% at 570 mm. The rgtio of target
(white) radiapnce to water—background radiance was 2.5 at 440 nm and
2.2 at 460 nm, increasing to 5.2 at 550 nm. It must follow, therefore,
that Eqgn.2.78 does not properly describe the inherent contrast of a

horizontalliy-sighted, non-black target.

The first rigoroms underwater visibility theory is uswally attributed
to the work of Duntley and Preisendorfer (1952), who reported an
experimental investigation of the reduction of visual contrast
underwater, which they had conduncted in 1948, Their observations
revealed that the apparent conirast, Cr, of a target is expomentially
attenuated with distance along any path of sight (ie, that I1ike
brightness, brightness contrast follows Beer—Lambert's Law). Farther
experiments in 1949 showed that along horizontal paths of sight, the
c¢ontrast transmittence equals the beam transmittance of the same
water. Both of these field observations can be derived from the

egnation of radiative transfer (Egn.2.46), as now shown,

Seppose a target at depth z; and range r in infinitely deep water, is

observed at angle 0{y{n/2 from depth z, as illnstrated in Fig.2.12,
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L{z,y) )
tE(z,7) y

pLlz,7)

tI"-( Z¢ i)

bL(f:i?E?jZ;: {

Fig.2.13: Contrast transmittance

We may write, from this figure:

- tE(z¢,7) = pL(z4,7)
bL(zt»Y)

CO(E,T,Zt) (2.79)

_ tLh(z,y) - pL(z,7)
bL(z:Y)

Cr(p,v.z) {2.80)

The apparent radiance ;L(z,y) is given by eqn 2.46:

L*(z,y)

tE(z,7) = L(z¢,v) .exp[-c.z] + T ‘r°(1 - exp[-(c+K.sin y).rl)

(2.81)
The first term on the right describes the loss of image—forming light
and the second term describes the gain in veiling or space 1ight (non

image—forming diffuse 1light)., -The background inherent and apparent
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radiances are the radiance of the space 1light given by Eqn.2.81,

" viewed from r=w, ie:

pllz,y) = pL(zs,7) = L (zp.y) ’ ’ (2.82)

By substitution of Eqns 2.81 and 2.82, this equation is reduced,

(Preisendorfer, 1976), to:
Crly) = Coly).exp[-(c¢tE.sin y).r] (2.83)

This is. the Contrast Transmittance Law, presented by Duntley and
Preisendoxfer (1952) for underwater work, and later, by Duntley,
Boileaw and Preisendorfer {1957) for wuse in the atmosphere. For

observations of horizontal visibility {y = 0), Eqn.2.83 reduces to:
Cr(p,0} = Co(p,0).exp[~c.z] (2.84)
For vertically downward sighting (y = n/2, eg Secchi disc):

Cz(p,n/2) = Co(p,n/2).expl-(c+K).r] (2.85)
and for vertically upward sighting (y = -n/2):

Cr(p,-n/2) = Co(p,—n/2).exp[-(c-K).z] ' (2.86)

Experimental verification of Eqn.2.84 was obtazined by Duntley and
Preisendorfer (1952}, for 1light and dark objects, by means of
photographic and photoelectric telephotometers mounted at five foot
intervals along a trackway projecting from 2 barge. These results
strongly supported their hypothesis <that the only light from and

target reaching an observer is 1ight which has transversed the
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intervening space without scattering; scattered light from the target
serves scolely as a contribution to the scalar irradiance. It has been
pointed out by Hfjerslev (1986), however, that this th?ory holds only
where attenuation is constant for all z,f,n which may not be the case

in some surface waters.
2.5.3 Visual ranges.

0f counrse, a range may be reached at which Cr is reduced to a level
too low for visual detection by the observer. This limiting apparent
contrast is termed the 1liminal or threshold contrast, Ct. In a
pioneering paper omn the subjeet, Blackwell (1946) defined the
apparent contrast of an object as threshold if an observer, on
repeated attempts under identical conditions to decide whether an
object is visible, decides that it is so on 50% of the occasions,
Blackwell reported experimental determinations of Ct in which 450,000
observations (omt of over two million) by 19 trained observers were
analysed to compile threshold tables and diagrams. These tables
give: Ct = 0.0033 for circular targets im aix. Tyler (1968)
suggested that this be doubled for underwater work and so a value of
. Ct =0,0066 has been used by many workers (eg Holmes, 1970;
Hpjerslev, 1977, 1986; Preisendorfer, 1976, 1986). Working with a
Secchi dis¢ in Goleta Bay, Holmes (1970) deduced a threshold contrast
of 0.0013, implying a threshold vismal semsitivity twice that found
by Blackwell in air, This seems anlikely as in reporting his wartime
experiments Blackwell (1946) writes that ‘The observers were young
women, aged 19-26 years, whose vismal acnity in each eye and in both
eyes was approximately 20/20 without refractive correction ...

Observers  were seated at the rear of the observation room in
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upholstered <c¢hairs' ... Observers were allowed to adapt to the
observation room brightncss.;. by preliminary adaptation outside the
laboratory with stendard Polarocid dark adaptation goggles... The
overall brightness of the observation room was subject to precise
control,,.’". Clearly this scenario does not typify the optical
conditions endured by the middle aged oceanographer as he hangs over

the side of a heaving boat peering into the murky depths below.

Lythgoe (1979) has shown that a diver, with normal vision and using a
face mask, can perceive a brightness contrast of 2%; a wvalune of Ct =
0.02 will therefore be preferred in this work. Substituting Ct for

Cr in Eqn.2.83, and introducing threshold visibility, V{y):
Cr = Ct = 0.02 = Co.exp[-(c+K.isin yl;V(y)i

- Ln[Co/Ct] - Inf[Co/0.02] — Ln[50.Co]
ctk.sin ¢ ctE.sin 7¥ ctK,.sin vy

Viv) (2.87)
In the special case of a zexo—xeflector, {p=0; eg the light-trap
described in Chapter 3), the inherent comtrast is, from Egn.2,77:
Co(0,y) = -1, The negative sign indicates a target darker tham its
background, so must remain in force to the point of threshold

visibility, ie Ct = —0.02. Substituting into Eqn.2.87:

La[(-1)/(-0.02)] _ Ln[501

v{0,y) =
i ctK.sin ¢ c+E.sin ¢

(2.88)

Duntley and Preisendorfer (1952) coined the term hydrological range,
v{y), to define the distance through ‘optically homogeneous water

for which the contrast transmittance is reduced to 2%. They were
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s therefore able to write:

Cx/Co = 0.02 = exp[~(c+K.sin 7).v(y)]

(2.89)

In general, this eqnafion does not define threshold visibility. In
Duntley's aefinition, the 2% is 2% of the origimal contrast, Co, ie
Cr/Co = 0.02. An sbsolute visual contrast of 2% must be defined by:
Cr =Ct =0,02,, as in Eqn;2;87. However, as is apparent from Eqns.
2.88 and 2,89, the hydrological range is equal to the threshold range
of a zero—~reflector. This simple equality is much used in the
practical visibility experimeants described in the curreat work. In
these experiments, threshold visibility measurements are always made
vertically dowanwards, vertically upwards or horizontally, and will be
indicated by Z, U and V respectively., Equivalent hydrological ranges
will be givem by the threshold visibilities of a zero—-reflector,

indicated by 'h':

_ Laf1/Ct] _ Ln[501 _ 3.91 3.1, . _3.91
c+K c+K c+K c-E c

Zh

(2.90, 2.91, 2.92)

Equation 2.92 is the origin of the oft—quoted Duntley (1962) rule—of-

thumb, that divers can estimate ¢ from:

g = 4 {(2.93)

=" horizontal visibility of a dark object

a convenient ’'dark object’ being the neoprene wet—suit of a fellow

diver,
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2.5.4 The Secchi depth

Traditionally, oceanographers and marine biclogists have assessed
water clarity by means of a white Secchi dis¢, which is lowered
through the water column wuntil it just disappears at the Secchi

depth, Zs. This depth is given, from Eqns.2.87 and 2.77:

L“[Q%t—_l] F

. S5

Zs = = 2.

s s+ K s+ K (2.94)

Strictly, from this equation, measurement of Zs can produce only an
e;timate of the combination (e+K), which is not a wuseful optical
parameter, In practice, empirical formelae incorporating Zs have
been formulated to estimate the single coefficients ¢ and K, or even

suspended particle concentration (eg Pilgrim, 1984).

The coupling factor, Fs, depends mpon the assumed values of g, B and

Ct.

(i) Disc reflectivity, p. It is gemerally agreed in the 1literature,
(eg Tyler, 1968), that the reflectivity of white paiant is about 80%.
In an experiment with flat white paint, Holmes (1970) measured a
reflectance of B84% when dry, increasing to 93% on immersion in pure
water. However, as pointed out by Hfjerslev (1977 » 1986), small
variations in p make very little difference to Fs; as is épparent

from Table 2.3,

{ii) Water reflectance, R. Reflectance must vary from water type to

water type. Tyler (1968) says that the reflectance of most natural
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Table 2.3: Range of Fs prodnced by selected values
of p, R and Ct (%).

R= R= R = R=101| R =20

p=0 | 3.912 | 3.912 | 3.912 | 3.912 3.912

p =24 7.048 | 6.310 | 5.247 | 4.248 2.303

ct = 2 p =170 8.146 | 7.438 | 6.477 | 5.704 | 4.828
p = 80 8.281 | 7.576 | 6.620 | 5.858 5.010

p =90 8,401 { 7.696 | 6.745 | 5.991 5,165

p =100 | 8.507 | 7.804 | 6.856 | 6.109 5.208

p=0 4.605 | 4.605 | 4.605 | 4.605 4.605

p =24 7.741 | 7.003 | 5.940 | 4.942 2.996

ct =1 p =170 8.839 | 8.132 | 7.170 | 6.397 5.521
p = 80 8.975 | 8.269 { 7.313 | 6.551 5.704

p =90 9,094 | 8.389 | 7.438 | 6.685 5.858

p =100 | 9.200 | 8.497 | 7.550 | 6.802 5.591

=0 5.116 | 5.116 | 5.116 | 5.116 5.116

p =24 8.251 | 7.514 | 6.451 | 5.452 3,507

Ct = 0.66 = 70 9.350 | 8.642 | 7.681 | 6.908 6.032
p = 80 9.485 | 8.780 | 7.824 | 7.062 6.215

p =90 9.605 | 8.900 | 7.949 | 7.195 6.369

g =100 | 9,711 | 9.008 | 8.060 | 7.313 6.502

p=0 6.645 | 6.645 | 6.645 | 6.645 6.645

p =24 9,781 | 9.043 | 7.980 | 6.982 5.036

ct=0.13 2" 70 10.88 | 10.17 | 9.210 | 8.437 7.562
p = 80 11.02 | 10.31 | 9.353 | 8.591 7.744

p = 90 11.13 | 10.43 | 9.479 | 8.725 7.899

p =100 | 11.24 | 10.54 | 9.590 | 8.843 | 8.032

waters, measured for the photopic band width, is about 2%, In a
series of measurements in Goleta Bay (Califorania), Holmes (1970)
measured 5.9% { R  9.5% (mean R = 8,0%; sd = 1.3%), but he does not
state how, (R(L) or R(1lux)?). Hpjerslev (1986) believes that these
unexpectedly high valnes may have been due to bottom reflection

effects; he quotes the following observed values of R: 0.75% in the
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Baltic (Hpjerslev, 1974), 0.95% in Crater Lake {(Tyler et al, 1972)
and 1.3% in the Sargasso Sea (Lundgren and Hfjerslev, 1971). He also
reports lux reflectances of 0.75% and 1% in the Baltic (personal
communication, 1986) and concludes that R = 1.0% is a very likely
valve for most waters, He agrees, however, that R may attain much
higher values in the so—called ’'milky waters’, (eg Prieur, 1976) who

reports a value of R = 5.3%.

(iii) Threshold Contrast, Ct. As discussed in subsection 2.5.3,
many workers appparently assume ideal observation conditions and use
a value, Ct=0,66%, as proposed by Tyler (1968), Lythgoe (1979)

recommends a value Ct = 2% for divers, and this is used here.
2.5.5 Duntley discs

Duntley (1949) has proposed a method of deducing ¢ and K separately
by using two discs, one white and one grey viewed from above and from
below. This method is sometimes referred to by other workers, (eg
Preisendoxfer 1976,1986; Hdjerslev, 1987), but it reqmires that the
observer be a diver, and apart from our own work (Pilgrim et al,
.1988), no other report has been found in the literatore of such discs
being constructed and used. Preisendorfer (1976) ontlines the
optical theory of Duntley discs; esseantially, his argument is as

follows.

If the white and grey discs are lowered to the same depth, zi, then
there is a luminance mismatch between them; the white disc appears
brighter than the grey one, For luminance match, the white disc must

be lowered to a greater depth zit+da, (see Fig.2.14), where its
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Fig.2.14: Duntley discs sighted vertically upwards and vertically

downwards (from Preisendorfer, 1976)

apparent contrast is, from Eqns.2.83 and 2.77

Cr{w,zat+ds) = (p(w)/R - 1),expl~(c+K).(z1+d1)] (2.95)

The apparent contrast of the grey disc is therefore given by:

Cr(g,z1) = (p(g)/R — 1).expl~(c+K) .21] (2.96)

As there is luminance match then:

Cr(w,z1+ds) = Cr(g,z1)

(2.97)

and so, from Egns 2.95 and 2.56:

(p(w)/R — 1).expl-(c+K) . (21+d2)] = (p(g)/R ~ 1).exp[-(c+K).z1]

from which:

(¢ +K) = E_-Ln[co(w)] _1

- dy Co(g)

o(w) - R]
di.Ln[E(g) -y (2.98)
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and as p(w), p(g) >> R, then:

(¢ +E) = Lafp(w)/o(g)]

3 4, (2.99)

¥hen the diver looks upwards at the discs, the white disc is
at distance r and the grey one is at greater distance r+da.
Preisendoxrfer (1976) argues that: '.. by simply appealing to'Eqn.2.83

with y = —n/2, we could deduce that, analogously to Eqn.2.99....°':

gy = L ;o JCo(w)] _ Inlp{w)/p(g)]
(¢ - K) d,'Ln[Co(g}] i (2.100)

Adding and subtracting Egns.2.99 and 2.100:

= Lolp(w)/p(g)] 1 _11
£ ) d P d,] (2.101)

and

o - —

_ Infp(w)/p(g)] 1 _ 1
X 2 . dz] (2.102)

Yt will be shown in Chapter 4 that EBqn.2,100, and hence 2.101 and

2.102, are in error.
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Chapter 3

INSTRUMENTATION AND

HETHODS




3.1 MEASUREMENT OF THE DIFFUSE ATTBNUATION COEFFICIENT

Tﬁe diffuse attennation coefficients, K(A), were described and
defined in subsection 2.2.1. 1In subsection 2.4.1 it was shown and
illustrated thaf depth-mean <K(A)> may be obtained from the depth
profile of E(z). The various practical means of obtaining an E(z)
profile, and hence K(A) or <(K(A)>, have been reviewed by Pilgrim and
Aiken (1988), and include the Single Sensor System (SS8S), the Bio-
optical Profiling System (BOPS), the Multichannel Enviromnmental
Radiometer (MER), the Visibility Laboratory Irradiance Meter (VLIM),
the Undulating Oceanographic Recorder (UOR) and the Multi—depth
Sensor Array System (MSAS). In the research programme described in
this thesis, only an SS8S and a UOR were used to obtain <E(A)> data,

so only these two will be considered further in this chapter. .

Any light-profiling system munst  incorporate  three essential
components: a light sensor, a depth sensor and a recorder or some

means of tramsmitting the signals to & display at the surface.

_A-light sensor comprises of a light collector and a photodetector,
either a photodiode or a photommltiplier, The form of irradiance
measnred by a system depends upon the shape and configuration of its
collector. A range of irradiance collectors has been reviewed by
Hpjerslev (1975); these were described in subsection 2.4.2, and

illustrated in Fig.2.9.

1
An important aspect of monitoring the propagatiom of photo-

synthetically useful 1light is the units of measurement employed.
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Ostensibly, a simple measurement of irradiant energy fiux (W.m2)
shonld suffice; divided by the velocity of light this'givele.m—3,
the total influx of <radiant energy per nqit volume of water.
However, photosynthesis is ; pﬁotbchemical mechanism, the rate of
vwhich depends upon the rate of interacting photons so that low-enexrgy
'red photons' are just as effective as high—energy ’'blue photons’.
Clearly, photosynthetic light must be measured in gnantas rather than
total energy. Working Group 15 (UNESCO, 1963) recommended a standard
technique for measuring photosynthetic energy in the sea by'means of
a conceptionally ideal equivalent detector, ie a detector that, for
the same radiant flux input, yields a response equivalent to that of
a phytoplankton, {Smith and Wilson, 1972). Althongh impractical to
construct a single instrument with ideal response characteristics,
Working Group 15 recommended a sensor which measures total guanta in
the 350-700 nm band, with a geometrical response independent of
direction. it is widely acknowledged that this approaches a
practical optimum for monitoring photosynthetically available
radiation (PAR). The relative spectral sensitivity of an ideal
quantem meter is compared to that of an ideal radiometer (messuring
energy) in Fig.3.1. Also illustrated, is the spectral respomse of the
buman eye (lux measurement, as would be appropriate for momitoring
underwater visibility). In 8 series of model célcnlations, Siegel et
al (1986) have illustrated how the spectral characteristics of an
irradiance sensor can affect estimates of the vertical structure of
the diffuse attenwation c¢oefficient for downwelling irradiance,
Kd(i,z). For example, they <£found that im clear oceanic waters, a
substantial portion of  the vertical structure for orange-red

wavebands may be attributed to the characteristics of the irradiance

sensor, The two systems employed in this work will now be comsidered.
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Rel. sensitivity
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Fig.3.1: 1Ideal relative sensitivities of, (a) a radiometer measuring

Watts, (b) a quantum meter, and (c) a lux meter

3.1.1 The single sensor system

The simplest method of irradiance profiling is to lower a semnsor
through the water columm, recording the 1light 1level and depth at
convenient intervals, This method was used during the optical
surveys of the turbid waters of the Tamar Estmary, and the clearer
oceanic waters of the NE Atlantic, (Pilgrim, 1987). 1In this work
vse was made of a Biospherical IYnstruments Inc QSP series Profiling
Quantum  Scalar Irradiance System, This instroment has been
described and evaluated in some detail by Booth (1976). The 4n
scalar collector-diffuser is a 1.9 cm diameter solid Teflon sphere
with an optic fibre output emcased im a stainless steel pipe. The

fibre optic guwides 1light to the filter—-detector unit where it is

3.4




roughly collimated by 2 lens of short focal length for transmission
throughk the filters. The filters include a Corning 1-62 blue filter,
. & heat absorbing glass filter, a thin film hot mirror, and Kodak
colour—compensating filters. This combination approximates a gquantum
response between 400 and 700 nm, with sharp cut—off above and below
this band., The detéctor is an EG+G UV-100 photodiode which generates
a current (10-7 — 10-32 amp)} in proportion to the incidemt radiatiom.
This current is amplified by a curreat to¢ voltage converter before
transmission, via cable, to the on-board signal processing unit where
the signal is digitally displayed in quanta s—* cm—3. Depth is
measured by a pressure transducer buvilt into the underwater unit, and
displayed digitally. The semsor is rated to 200 m, and has an
operating temperature =zange of -1 to 35°C. The-instrument used in
this stndy was returned to the manufacturer for calibration before

the work begamn.

From Egn.2.62:

{°Xo> = 4 In[%Bo(z)]
dz
{°Ko> may therefore be obtained by graphing the Lan[°Eol(z) data as

illostrated in Fig.2.7 or, more usually, by linear regression using

a4 microcomputer to find the gradiemt of the 'best’ line,

0f course, FEqn.2.62, and~- the method described, assume a constant
surface valme, °Eo(0). This is rarely the case; comparatively small
changes in c¢lomd cover can give rise to surprisingly large and rapid

variations in °Eo(0). The problem is overcome in the Biospherical
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Instrnments_ Inc system by inclusion of a2 skylight monitoring meter
sited on deck. Essentially, +this device 3is a duplicate of the
underwater meter, but mounted in a 25 cm diameter nom—reflecting pan
so that exzactly half of the spherical Teflon collector protrudes
above the plane of the pan rim, This meter therefore functions as a
hemispherical collector, and produces an output proportiomal to the
downwelling skylight. After amplification, this signal is displayed
digitally at the signal display unit. Suppose fractiomn, F, of- the

skylight penetrates the sea surface so that, from Egn.2.62:
°Eo{z} = F.°Eref.expi-<{°Ko>.z]
therefore, Ln[®Bo(z)/%Bref] = EInfF] - ¢{°Ko>.z, so that:

i-% LnI%Bo(z)/%Eref] = <°Ko> (3.1)

Underwater light levels may therefore be mnormalized by division by

Eref, and (%Ko} obtained from the depth-gradient of Ln[9Eo(z)/°Eref].

In practice, it has been found that skylight levels can change
significantly during the time that it takes to switch between
underwvater and skylight sensors, and make the necessary scale
adjustment. In this study the system was modified to take the two
sensor outputs to a voitage divider with its own digital display
which gave the ratio °Eo(z)/°Eref directly. The digital display of
the signal processor was set to give depth. Alternatively, amnalogue
ovtputs from the signal processor may be taken to a chart recorder,

or via an interface to a microcomputer.
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In the experiment described in Chapter 4, it was necessary to measure
the scalar reflectivity of the water: ©°Ro(z) =.°Eou/°Eod(z). To
obtein the 2Zn and —2n scalar irradiances, ©°Eow and °Eod, the semsor
was fitted with a black, horizontal mesk as illustrated in Fig.2.9{¢c).
The lowering frame supplied by Biospherical Instruments Inc keeps the
sensor pointing vertically upwards., A new frame was therefore built
in homse which allowed the masked sensor to be inverted whilst uﬁder

water.

When wusing the Single Sensor System, {(or the BOPS, MER, or YLIM),
care must be taken to obtain all measurements on the éunny side of
the ship/boat. Voss et al (1986) have studied the effects of ship
shadow on apparent optical properties, and have found that in
clondless conditions the effect of ship shadowing on the derived
value of Ed and K may be considerable, The effect uwpon B was found

to be negligible.

3.1.2 The Undulating Oceanographic Recorder (UOR) Mark 2

The Single Sensor System method of profiling from a stationary vessel

limits the acquisition of <K(A)> data to just a few per day.

To extend the coverage geographically and seasopally, Aiken and
Bellan (1986b) have fitted a sunite of 1light sensors (Aiken and
Bellan, 1986a) to the Uﬁdnlating Oceanographic Recorder (Aiken 19812,
1985) which can be towed at speeds of 4 to 10 m.s—2 (8 to 20 kmnots),

-

and provide measunrements over distances of 200 to 300 km d-2 (at 20




km h-2, 11 knots). The UOR is a multi-sensor, oceanographic sampler
which antomatically profiles from near surface to 60 or 70 m, with an
undulation pitech typically 1 nautiecal mile (1.85km). A schematic

diagram of the UOR and its sensor suite is shown in TFig.3.2.

==} - L

L 1light sensors

C chlorophyll (flumozr—
escence) sensor

8§ solid state data
logger

Fig.3.2: Schematic diagram of the UOR Mark 2 {Aiken, 1987, from

unpublished report with permission)

In addition to the light sensors, the TUOR méasures depth, temperature
and chlorophyll concentrations (fluorometer). Data from up to 15
sensors are¢ logged in situ by a digital tape recorder or solid state
data logger at rates of 10.8k data.h-* (5 ; scan rate). The 1light
sensors are arranged in downwelling/upwelling pairs at 5 o0r 6
different wavelengths so that the water reflectance, R(A) =
Eu()A)}/Ed(X) can be determined. Data determined by the UOR have been
compared with those obtained by conventional sensors, such as the
MER, and thes it has been shown that UOR measurements are free £from
any artefact which might be induced by the towing method (Aiken,

personal communication). However, it is suggested bere that self-—




shading by the body of the UOR may affect readings of some upwelling
jrradiances in some oceanographic conditioms. Data from apwelling—
downwelling pairs of sensors are used to determine the reflectance,
R(MA), which may then be used in the interpretation of remotely sensed
images of ocean colour, The guestion is: ¢an shading by the UOR body
be enough to influence the intensity of upwelling irradiances, Eu(i}?
0f course, the shape, orientation and relative 'intensity’ .of any
shading must depend upon such variables as the amount of clond
cover, the altitude of the sun, the scattering of light in the water
(effectively K(A)), the state of the sea surface, and the depth of
the UOR Dbelow the surface. DPrecise defimition in any paréicular
circumstance would therefore be complex and difficult, However, a
feel for the situation may be gained by considering where, below the
sensor, the received upwelling light actually comes from, and hence,
whether this zome is likely to be influenced by the shading from a

1.0 x 0.3 n TOR body.

The situation is depicted in Fig 3.3. The UDOR is at some arbitrary
depth, z = 0, where downwelling irradiance is Bd(0). The upwélling

irradiance, ZEu(0), received by the UOR from depth z, (not from the

sub-UOR water column as a whole), is given by:

ZEu{0)

ZEu(z) .exp{-Ku.z}

by (z) .Bd(z).exp[-Ku.z]

by (z) .Ed(0).exp[-Kd.z].exp[-Ku.z} (3.2)

where by (z) is the back—scattering coefficient at depth z. Assoming
that Kd ~#Ku &~ K, and that by(z) = constant with depth = by, then the

total apwelling irradiance received at the UOR from the water column
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=z

ZEu(z) = by(z).Bd(z) ]

by(z) == | Ed(z) -

Fig.3.3: TUpwelling light received at sensor from depth z

below is given by:

z=m =0
“Eu(0) = IzEu(O) = bb.Ed(O).jexp[—Z.K.z]
0 ‘ 0
= by.Bd(0). | expl-2.K.21 |27

_ by, .Ed(0)
% 2 (3.3)

Now consider the total upwelling irradiance received from the first

diffuse optical depth, (J = E.z2 =1, so z = 1/K), below the UOR:

z=1/K
0

JEu(0)

bb.Ed(O).[ L < exp[‘z.K.z]]

0.865 Ebzgéigl (3.4)
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Therefore, from Eqns.3.3 and 3.4:

JEn(0) _
®Ea(0) = (.865 (3.5)

ie 86.5% of the measured upwelling light comes from the first diffuse
optical depth below the TOR, The gnestion is now one of scale: is
one optical depth large or small compared to the size of the TOR (say
1 m)? In Chapter 4, one set of UOR data (Tow 15, Lynch cruise, 1987)
is considered in detail., At 450 mm: 0.060 { K { 0.161, and so 16.7 2>
1/K > 6,2 m, depths large compared to 1 m, However, at 670 nm: 0.192
LK 0,560, amnd s0 5.2 » 1/K > 1.9 m, ie depths comparable to the
size of the UOR, and so cannot be ignored. It may be, therefore, that
self-shading will give rise to significant error in measurements of
Eu(A) and R(A):

(i) in clear oceanic waters, at long wavelengths where K will be

high due to the selective absorption by Hz0

(ii) in terbid waters at all wavelengths.

Valuable experience of the operation of the UOR was gained during & 3
week research crmise (29 July to 18 August,1987) on board USNS Lynch,
organised by the Visibility Laboratory, Scripps Imstitution of
Oceanography, Dniversity of California., The objective of this cruise
was to measure the 3—dimensional distribmtion of bio—optical
properties, and the associated physical structare and Diogenic
components of the water column throughout the cruise area (eastern
N.Atlantic.Ocean, and Norwegian and Greenland Seas). Of particular
interest was a mini-saurvey of the bio—optical properties along the

Arctic front located, at the time, to the West of Jgn'Méféﬁl Analyses
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of data collecgted by the UOR have been presented in a report (Aiken,
1987),_which also outlines the snrvey routine followed throughout the
cr;ise. Essentially, this routine comprised of detailed profiling at
28 stations (see map, Fig.3.4), . and élong—track measurements between

the stations.

Usually, two stations were occupied each day at approximately 0900
and 1330, Af each station, the following measurements were made:
(i) CTD ({vertical cast to 500 m).

(ii) Optical properties/vertical cast to 200 m of the Marine
Environmental Radiometer, the Visibility Laboratory Irradiance
Meter and the Visibility Laboratory Maoltispectral trans—
missometer,

(iii) Chlorophyll and acceéssory pigment concentration (by HPLC) from
filtered water éamples from various depths throaghont the

euphotic zone),

Cont inuous along~track measurements of chlorophylil flnorescence
(Turner fluorometer), tempgratu:egtfﬁ;;;ig;;;mﬁ;s?ﬁﬁ, and beam trans-
mission at 660 nm (Sea Tech Ainc transmissometer; details of
. measurements presented in Chapter 4), were recorded from the pumped
sea water supply and logged by Apple ITe microcomputer, At the start
and end of each TUOR tow, and at significant bio—optical features
along the track, surface water samples were taken for analysis
(EPLC) and filtered for subsequent identification of phytoplankton
species {stored in buffered formaldehyde and Lygols iodine solutiom).

Ezpendable bathythermograph profiles were also obtained at sizx—hourly

intervals and at significant features,
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Fig.3.4

Trackline of cruise of USNS Lynch, 30 July to
16 Augast 1987. Figures are station numbers;
Tow 15 was between Stations 10 and 11, (from
SIO/IMR Tech Memo GcOp—88t—001, Jan 1988)
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The TOR was towed at full spéed {ca 10 knots), and set to undulate
from surface to 60 m, into the morning statiom (for about 3 hours at
3 s scan rate), between statioms (for about 3 hours at 3 s scan rate)
and out of the afternoon statio; for a longer tow (typically 5 to 6
hours at 10 s scan «rate). Adjacent to each station, the UOR was
towed at slow speed (2—4 knots) to obtain & deep (3100 m), almost

vertical profile.

During the 3 week cruise, the UOR was towed 40 times, covering a
total distance of 1364 ~.miles (2526 km): this amounts to some 54% of
the total cruise distance (station 1 to station 28) of 2541 - .miles
(4706 km)}. Seven deployments (tows 15 — 21) were made across the
Aretic front. Ip all, 1407 undulations were made, and the 15 sensors

produced a total of 1.7 million datal

3.1.3 Hdjerslev—type Janus collectors

In chapter 4 is described an experiment in which the average cosine,
cosf, and diffuse absorption coefficient, %ao, are determined from
measerements with an Hfjersiev-type semnsor as illustrated in
Fig.2.8(e) and 2.9, and described in subsectiom 2.4.2. The sensor
system was built in lhouse, The collector wes manufactured and
donated by Plymouth Hafine Laboratory, and was identical to that
described by Aiken and Bellan (1986a) for <{fitting to the TOR, but
modified by masking the tapered base so as to more closely resemble

the sensor in Fig.2.8(e).
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3.2 MEASURFMENT OF BEAM TRANSMISSION

Throughout this programme of research, beam transmission was measured
at 660 nm by means of a Sea .Tbch Inc 25 em path-length trans-
missometer. This instrument, widely used in optical oceanography,
was developed at the Oregon State University. Transmission is
measured wusing a modulated LED and synchromous detector; the
collimated LED transmitter has & beam divergence of less tham 3 m.rad
and the optical receivexr has an acceptance angle of less than 18
m.rad. The LED prodeces a2 20 mm diameter beam with a radiated power
ontput of 3 x 10-7 at 660 nm. Bartz et al (1978) record that '...
this wavelength choice was geperated by our desire to eliminate
attenustion dge to dissolved humic acids ... yellow matter absorbs
light strongly at shorter wavelengths ... c¢an be ignored for
wavelengths larger than 660 nm’., This is true — however, it is also
known that it is extremely difficult to maintsin a stable output from
an LED at shorter wavelengths. Certainly there is a lomng overdue
need for +transmissometers of comparable quality, performance and
stability to measure transmissions at, for example, 450 nm (peak
absorption of Chl.a), and 555 nm (peak of sensitivity spectrum of

homan vision).

A. significant error which arises in measuring beam transmission is
due to the inclesion of forward-scattered light, Petzold and Anstin
(1968), and Austin and Petzold (1977), have discussed the optical
design of beam transmissometers, including the problem of receiving

foward—scattered 1ight within the acceptance angle of the receiver,
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(the half-angle, w, of the receiver is given by the ratio Af beam
radias, r, to beam lemgth, 1). They quote an equation from
Preisendorfer (1958), which gives the percentage error, A, in beam
attenuation coéfficient, ¢, in terms of the measured (erroneous)

attennation coefficient, ¢', and the forward scattering function, PBg:

1 _ : 3 .
A=226 x100=--2—'-ﬂ—'—B-f.E] x 100 (3.5)
c c
For the Sea Tech Inc transmissometer =z/L = 10 mm/25 c¢m = 0.04. The
forward scattering function may be larpe, however. Bartz et al (1978)
bhave shown that when the volume scattering function is B(v¢), then the

attengation coefficjient will be underestimated by:

g = 2=z B(t}.siﬁo.da (3.6)
0

The measured traﬁsmission will therefore be overestimated by 2 factor
of expl[-gl.  Bartz et al (1978) have tabulated solutions to Eqn.3.6
(Table 3.1), appropriate to the optics of the Sea Tech Inc trans-—
missometer, wusing a forward scattering fuaction, Bg, based upon a
hyperbolic particle size distribution with a slope of 2.9, and a
refractive index of 1.05. Inspection of Table 3.1 shows that the
correction to c mey be considerable. The worst tabulated case is:
Bg = 1000, ¢ = 11.30, % error in T = 53,93, For a 25cm path length,

transmission will be given by:
T' =1,5393 T = 0.09128

Using this value to calcunlate ¢, without allowing for forward
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scattering, then the erroneous beam attenmation coefficient is:

_ —La[T] _ —La[0.09128] _

c’
T

So, errors of the order of 20% may be

waters (see, for example, Fig.4.19),

0.25

2.58,

ie ¢ =

and it

1.18 ¢'

expected in turbid

3.7

estuarine

is a matter of concern

that some workers may not have corrected their-data - or, at least,

it is not apparent from their publised results whether they have or

not! All beam attenuations

presented in this

thesis

corrected, using an algorithm deduced from Table 3.1

have been

Table 3.1: Percentage error in T by which the transmissometer

overreads

for a forward scattering function given

by Br, a hyperbolic particle size distribution with

&8 slope of 2.9,

and a particle refractive index of

1.09 (Bartz et al, 1978)

Bf (m—’- Sr“")
¢ (m2%)

% error in T

0.01

0.077

10
0.11

0.77

50
0.56

3.80

100
1.13
7.46

250
2.83

17.62

500
5.65

32.13

750
8.48
44.08

1000
11.30

53.93
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3.3 UNDERWATER OPTICAL TARGETS AND INSTRUMENTATION

A significant component of this research programme was the
measurement by divers, of the limiting distance of wvisibility of

several ‘standard’ targets. These are now described.
3.3.1 The Secchi disc

The Secc¢hi disc is simply a flat white 30cm diameter horizontal plate
which is 1lowered through the water column mntil it is observed to
just disappear at the Secchi depth, Zs, The idea of assessing the
transparency of water bf making visual cobservations of a submerged
white disc is not a new one but may have originated with a casual
observation by a certain Captain Alexandre Bérard in the early 19th
century (Tyler, 1968). During a passage from Wallis Island to the
Muigraves, Berard noticed a white dish entangled in a fishing net at
a depth of 40 m, This observation was mentioned in the writings of
Dominique Argo the French astronomer and physicist, and subscquently
read by Commander Alessandro Cialdi who, in 1865, was head of the
Papal Navy and interested in the transparency of the sea and
visibility of the sea bed. Cialdi prepared a number of discs of
different colours and sizes (Cialdi, 1866), and engaged the services
of Professor P A Secchi to organise and c¢onduct a programme of
observations from on board the papal barge L’ Immacolata Concezione,
Secchi measured the depth of disappearance of Cialdi's discs off a
graduated lIine. In his report (Secchi, 1865; translation by Collier

et al, 1968), Secchi records that the 1largest disc deployed was of
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3.73m diameter '.,.. formed of an iron circle covered %ith oiled
sailcloth and varnished with white lead’. Smaller discs were 0.4 m in
diameter and *,.. of diverse smbstances. One was pnre white earthen—
ware platé ... Others were cloth discs supported by iromn circles ...
but of different colours: white, yellow and the colour of sea—slime.’
these various discs were deployed 6-12 miles off the coast of
Civitavecchia in Mediterranean water whicﬁ was '... perfectly clear,
of a beantiful colour and of a great purity ... which for a long time
bad not been stronpgly agitated’. During the voyage Secchi carefully
examined and recorded the effects of many variables wupon the
visibility of Cialdi's submerged discs; these are summarised in
Pilgrim (1984), After 1866 the Secchi disc became established as a
standard instrument for measuring turbidity at sea. It's simplicity
and cheapness pgunaranteed its survival, even after the introduction
early this century of the photoelectric cell for the medsurement of

underwater illumination.

It is mnot common practice today to construct a Secchi disc with a
3.73 m diameter iron ring covered with ociled sailcloth and varnished
with white lead. Nor is sea—-slime a fashionable choice of colounr.
Carionsly, exact size and reflectivity have not yet been standardised
internationally, though it is usual to use flat white painted discs
of 30 cm diameter. All estnarine Secchi depths obtained in the
course of this research were observed through & glass—bottomed bucket
or diver’s face mask to avoid image problems associated with surface
refraction and reflection. Discs were lowered on a plastic—covered
steel surveyor's tape for ease of measurement. For measuring Secchi
depths of less than 1.5 m, a disc was fitted to the end of a

graduated pole. This was especially nseful in turbid, fast flowing
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water as the pole maintained a vertical 1line of sight. In really
fast flowing watexr, & line was attached to the bottom of the pole and

secured at the fore part of the anchored survey vessel,

3.3.2 The 1light trap, corner reflector and neuwtral filter.

Tt will be shown in Chapter 4 that a usefrl optical theory gan be
.developed for the threshold visibility of an absolutely black,
non-reflecting target., It will also be demonstrated in Chater 4 that
a flat black surface will usually reflect some light and is therefore
nnsuitable, However, a matte-black, sheet metal cone with an open
base diameter of 30 om serves as a very efficient 1light trap
underwater, The inside of the cone is observed along its axis. Any
light entering the core is reflected away from the observer towards
the apex so that_the light trap appears absolutely dark, has a
reflectance of zero, and an inherent contrast (Egn.2.77) of -1. Such

a light trap is meationed by Héjerslev (1986).

In the same way,A the 100% reflector provides the basis for some
uwseful optical theory in Chapter 4, It is believed that the first
reference to such a target, the corner reflector, is in Pilgrim et al
(1988). The reflector was constructed of wood strengthened by angle
iron; it is ebout 30 ¢m across and plated internally with 4 mm mirror
glass., A silicon sealant was applied to all mirror edges and joints
to prevent the ingress of seawater. The three mirrored surfaces, set
at right—angles to each other in three planes, énsures that any

photon entering the corner is reflected back in the appropriate

direction,
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Also introduced in Pilgrim et a2l (1988), and considered in Chapter 4,
is the use of neutral filters as underwater targets. This is a very
attractive proposition for twoe important reasons. Firstly, it is
much easier to specify or meaéure the transmission of a target than
it is to specify or measure its reflectivity. Secondly, vwhen
observing the contrast of a neutral filter against its backgronand,
then the target and background share the same source of illumination.
Consequently, the inheremt contrast of the target can be specified
withovt knowing the reflectivity of the water, (eg compare the
egquations presented in Table 4.3). A 30 cm disc of almost any
material with a flat transmission between 400 and 700rm would be
suitable., In this stndy, sheets of neuntral filter {(of specified
transmssion) were obtained from a2 local theatrical lighting suppliexr,
and sandwiched between sheets of perspex. Perspex has a refractive
index very close to that of water, so is mnon—reflecting and non—

refracting underwater.

All underwater threshold distances were measured from the faceplate
of the diver’'s mask or glass of the glass~bottomed bucket, to the

nearest 10 cm or, in the case of very short distances, 5 cm,

3.3.3 Duntley dises

The 50 cm and 30 cm diameter Duntley discs (see Fig.2.14) were
painted matte—white on one side and grey oan the otheér, The larger
was fitted with an axial rod, and the other with an axial tube
throagh which passed the measuring tape to the larger disc. Floats

supported the targets during vertically upwards sightings,
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Thé Duntley disc principle depends upon knowing the reflectivities of
the grey and white discs, or rather the ratio of their reflectivities
p(g)/p(w). This was determinéd by measuring the illuminance
(reflected irradiance) of the discs in a large laboratory tank by
means 6f an underwater photometer, under exactly the same 1ighting
conditions. The average of a nuwber of readings indicatéd a

reflectance ratio of p(g)/p(w) = 23%,

3.5.4 Diver held photometer

A photometer suitable for diver use was constructed in house. The
collector—sensor was a standard Crump Scientific Instruments system,
the output £rom which was amplified and displayed on a Radio Spares
voltmeter, The amplifier and display was housed in an aluminium box
with a perspex window., The external cosine collector was fitted with

a removable tube to produce radiance measurements.
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Essential to the theme of this research programme is the observation
of optical coefficients in the natural environment. Five approaches
to the problem of acquiring meaningful data have been investigated:
direct measurement, estimation from empirical relatiomships,
estimations from models and spécial sensors, observations of under-—
water visibility, and lastly, the deduction of time—series patternms
in 1light penetration. These five methodologies are ’considered
separately in the five subsections of this chapter, using data
collected at three locetions: the estwvarine enviroament of the
River Tamar and Plymouth Sound, the clearer ocean waters of
the NE Atlantic¢ during iwo voyeges of RRV Frederick Rn;sell, and
the frontal areas of the Norwegian and Greenland Seas during a

voyage of USNS Lynch.

In subsection, 4.1, are considered direct measurements of the diffuse
attenpation coefficients, °Ko and K(X), by instrumentation designed
specifically for that purpose, namely the Biospherical Imstruments
Irradiance Profiler which was used in the estuary and NE Atlantic,
and the PML Undulating Oceanographic Recorder whic¢h was deployed

during the Lynch cruise.

Irradiance profiling is a tricky and time consuming procedure for
which the vessel must be stopped; few data per day ¢an be collected
in this way. By means of a UOR, vast numbers of coantinuouns data over
a considerable geographical area may be obtained in a single day's
work, waever,r TUOR deployment is expensive in terms of
instrumentation costs and the need for skilled operators. In some
circumstances, therefore, it may be acceptable to estimate the

diffuse attenunation coefficient or, at least, its temporal or
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geographical variation, by means of a continuous recorfding of the
closely related, and easily measured beam attennation coefficient.
The estimation of <{%Ko> and <E(A)> from beam transmissometer

measurements of c{(660nm) is considered in subsection 4.2.

During the Lynch cruise deployment of the UOR, Kd(A) and Ku(A) at a
number of wavelengths were measured but not the gumantum coefficient
°Ko. A means of estimating °Ko from a range of K(A) readings is also

included in subsection 4.2, -

Thus far, only the measurements of dJdiffuse and beam attenunation
coefficients have been considered. Two procedures are considereé in
subsection 4.3 by which it is opossible to obtain wvalmes of the
average cosine, ¢cosf, and the absorption and scattering coefficients
a and b. The'first is Kirk's Monte Carlo Model for which it is
necessary to measure the water reflectivity. Modification of the
Biospherical profiler for this purpose was described in Chapter 3.
The second method involveg. :he ase of a Jamus—pair of special

HBfjersley-type sensors, also detailed in Chapter 3.

It is recognised (eg Egn.2.87) that underwater visibility is Ilimited
by the c¢onbinéd effect of the beam and diffmse attennation
coefficients. It must therefore follow that visibility measurements
of underwater objects of known optical quality must tell us something
about the controlling attenumation coefficients. This is not 2 mnew
idea; for example, it is well known that the traditional Secchi depth
is proportional to the sum (¢ + K). In subsection 4.4 the scope of
this simple idea is greatly extended by using several 'standard’

targets other than the matte—-white painted Secchi disc, and by using
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divers to make observations not only vertically downwards, but also
vertically upwards and horizontally, The ’'standard’ targets include
the non-reflecting light trap'referred to by Hbjerslev (1986), and
the two novel targets developed in the course of this research and
described in Chapter 3, mnamely the corner reflector and newtral

filter.

In broad terms, the smaller the attemuation coefficients, ¢ and/or K,
then the clearexr the water and the greater the propagation of
illeminating and/or visnal light. ¥t might therefore be implied that
the propagation of 1light is contrelled solely by the attenuation
coefficients, 3e by the transparency of the water. This is not the
case, however, where the thickness of water through which the 1Iight
must propagate is also subject to variation. 1In this situation we
mast comsider the combined effect of coefficient and photon path—
length, die the optical depth/distance, j = c.r, or the diffuse
optical depth, J = K.2z. An apt exzample is the ocyeclic variation in
diffuse 1ight reaching the bed of an estvary, where the diffuse
optical depth is subject to the cyclic variation ir tidal height and,
approximately 2n out of phase, the cyclic variation in turbidity
indeced by tidal flow. This phenomenon is explored in detail in

subsection 4.5 where analyses of data collected in the Tamar estuary

reveal interesting and predictable patterns,
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4.1 DIRECT MEASUREMENT OF <{°Ko> AND <K(A)>

4.1.1 Direct measurement of {°Ko> from °Eo profiles

-In the course of this research programme, over 200 determinations of
{*Ko> were made from the gradienmts of Ln[%Bo(z)] profiles (Edn.2;62)
measured with a Biospherical Instruments Inc QSP series Profiling
Gnantem Scalar Irradiance System, {as described in Chapter 3). Of
these data, sbout 50 were obtained in the clear oceanic waters of the
NE Atlantic, from on board RV Frederick Russell (26 February — 4
March 1985, 27 Febrnary — 14 March 1987); the remainder were measured
in the turbid waters of the the Tamar Estuary over a period of 5
years (April 1982 to Jume 1987). These {Ko> data have been incorp—

orated into analyses:

(i) to determine relationships between <°Ko> and other optical
properties such as the Secchi depth, Zs, and beam attenmation

coefficient, ¢(R}, (subsections 4.2 and 4,3, and Pilgrim, 1987).

(ii)} to study the tidal variations im optical properties in an
estuary, especially the cyclic variations in irradiance reaching

the estuary bed (smbsection 4.5, and Pilgrim and Millward, 1988),

Scme 80 determinations of (°Ko} were made 8t sea from Ln[°Fo(z)]
profiles measured with a pair of back—~to-back Hpjerslev—type 3(Eo+ E)
sensors (as described in Chapter 3). These data are coamsidered in

connection with the determination of cosE and ®ae in subsection 4.3.
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4,1.2 Direct measurement of <K(A)> by TUOR

The UOR Mark 2, and its deployment during the 1987 Cruise of USNS

Lynch was described in Chapter 3. The 15 parameters measured were:

— Depth, z(m)

~ Temperature, T(°C)

|

Chlorophyll concentration, Chl (mg.1-3)

Downwelling and upwelling scalar irradiances, Eod(450), Eod(490),
Eod(520), Eod(550), Eou(450), Bou(490), Eou(520) and Fou(550)

~ Downwelling and npwelliﬁg vector irradiances, Ed(490), Ed(670),
Fu({490) and Eu(670).

From the 12 light measurements it was possible to calcuplate fhe 12
equivalent diffuse attenuation coefficients: Kod(450), EKod(490),
Kod(520), Kod(550), Kou(450), Kou(4%90), Kou(520), Kou(550), Kd(490),
Kd(670), Ku(490) and Ku(670), the 4 secalar irradiance reflectances:
Ro(450), Ro(490), Ro(520), Ro{550), and the 2 vector irradiance

reflectances: R(490) and R(670).

To demonstrate the scope and value of UOR data, a particelarly
interesting tow carried out during the Lynch cruise has been
analysed, namely Tow 15, across the Axctic front during the night
of 5-6 Augnst, 1987. The UOR was launched at 2056 GMT (69° 48.9'N,
04° 37.6'W), and recovered at 0752 GMT (71° 27.1'N, 04° 53.5'W); on
the map (Fig.3.4), Tow 15 is located between stations 10 and 11.
The tow 1lasted 10k 56m, durimg which time the UOR made 103 .
undulations and covered a distance of 98.52&@@@@% all 15 channels
were logged thromghont at 10s intervals, The frontal structure which

existed at the time of Tow 15 is illustrated in Figs.4.1(a), (b), (c)
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Fig. 4.1: AVHRR Images (Univ.of Dundee)
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which are AVHRR imeges of SST in the Jam Mayen region on 27 July and
7 Aungust 1987. The photographs indicate a strong temperature front
(light = cold, dark = warm) running in & general E-W direction at
70°N in the Greenland Sea south of Jan Mayen, On the basis of these
images, and temperatures observed daring the Lynch cruise, Aiken

(1987) has identified the following water masses:

(i) The most northerly-watefs were characterised by surface temper—
atures of 4-6°C, <-1°C at 40-60m and >0°C at 120 -140m. As these
were the only sub—zero temperatures encountered, then these must
be Arctic Waters. On this basis, the Jan Mayen front which was

crossed during Tow 15 is identified as the Arctic front.

(ii) Sea surface temperatures to the south of this froant are
typically 8-10°C with sab-surface temperatures &always 20°C.
Because ‘the observations showed mixing of Arctic Waters im this
part of the Norwegian Sea, then these waters could be described
as Modified Arctic Waters or Modified Polar Water. However, in
recognition of the generally high surface "temperatures at this
time of the year, then it may be appropriate to describe them as
Modified North Atlantic Waters.

Figures 4.2(a)-(c¢) are three different illustrations of the frontal

temperature structure deduced from TOR measurements during Tow 15,

Fignre 4.2(a) is a depth-distance plot of isotherms, T(z,x), produced

by SDS (Surface Display System) on an IBM—XT microcomputer. Figure

4.2(b) is an SDS!3—dimensional version, and Fig.4.2(c) is a time-plot

of the mean temperatnre (0-20 m). It is apparent from each of these
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Fig.4.2(2): Plot

of isotherms as a function of depth (m)

and distance (n.miles) for Tow 15, Lynch 1987
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Fig.4.2(¢): Time—plot of mean temperature (°C, 0-20 m) for Tow 15,
' Lynch 1987

plots that there was a steady decrease in temperature on approach to
the front (0-450 mins from the start of the tow), and a very marked
drop in temperature as the TOR passed through the fromt at 450-490
mins  (c¢.0425 — 0505, 6 August). The bunching of isotherms in
Fig.4.2{a) marks the thermocline, so it is apparent that on approach
to the froant the surface mized layer (SML) decreased from »30 m to

{15 m, and that the SML temperature fell from ca 8°C to ca 6°C.

Figure 4.3(a)—{c) are equivalent plots of chlorophyll concentration
(mg.m-3) during tow 15. In the Modified N.Atlantic Waters, south of
the fronf, the chlorophyll was concentrated in the SML with values of
51— 1.5 mg.m3, North of the front the chlorophyll distribution
became very patchy with some concentrations of »>2 mg.m—3, This
extreme patchiness is best illustrated in Fig.4.3(b), the 3-
dimensional plot, as a cluster of spikes which contrasts markedly
with the smooth pattern south of the front, This spiky signaturel
is usually an indicator of Phaeocystis poﬁchetii in its colonial

form, (Aiken, 1987). Notwithstanding these peaks, chlorophyll
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Fig.4.3(c): Time-plot of mean chlorophyll concentration (mg.m-3,
0-20 m) for Tow 15, Lynch 1987

concentration decreased with the frontal drop in temperature. This is
apparent from the two time-plots, (Fig.4.2.(c) and Fig.4.3(¢)), and
from Fig.4.4, a plot of chlorophyll concentration against temperature,
Altkough Tow 15 took place from evening to early morning, there was
snfficient light thromghout the Arctic sommer anight to measure
downwelling irradiances at all wavelengths except the red; Ed(670)
was not recorded during the five darkest hours. Upwelling irradiances
_were recorded only during the last few (morning) hours of the tow.
Thé overnight variation in ambient light is illustrated in Fig.4.5, a
timeplot of the surface values of Eod(450). These values were
determined by the extrapolation of Eod(450,z) data to z=0, for each
undulation., ©Figure 4.6 is a plot of Eod(450,z,x). The vertical
spacing of  the qu isoirrads dis an indication of the diffuse
attenuation coefficient, Eod(450,z). The time variation in the mean
value of Eod{450,z) between the surface and 20 m is illustrayed in
Fig.4.7. Similar sets of diagrams were prodaced for the other wave~

lengths,
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Fig.4.4: Marked changes in Chlorophyll coacentration (mg.m—3)
and mean surface Temperature {(°C, 0-20 m) across the
‘Arctic Froat during Tow 15, Lynch 1987
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Fig.4.5: Time—plot of Fod(450,2=0) for Tow 15,Lynch 1987
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We have from Egn,2,.33 (Kirk, 1983):

K(r) = Ew(A) + Eg(A) + EKt(A) + Xph(d)

4

On the basis of measurements of the spectral variation of EKd(A) in
various ocean waters, Smith and Baker (1978b) have concluded that im
regions away from terrigemous influences, the attennation (apart from
that duoe to water) is mainly due to the phytoplankton and the
pigmented detrital products that covary withk it. A practical measure
of these planktonic materials is the concentration of c¢hlorophyll,
indicated by its first absorption pesk at 450 nm., We may therefore

wiite:
Kd(450) = k2(450).Chl + Ew(450) + Ex(450) (4.1)

where Chl is chlorophyll concentration (mg.m-2?), k2 is the specific
diffuse attenuation coefficient due to c¢hlorophyll and chlorophyll-
like pigments associated with chlorophyll, and Kx is the contribution
by particles and dissolved compounds which are not .related in any way

to the concentration of chlorophyll,

The relationship between Kod{(450) and chlorophyll concentration

during Tow 15 is illastrated in Fig.4.8, and indicates that:
Kod(450) = 0.0402 Chl + 0,0597 (r2=0,782, n=101) (4.2)

The intercept, 0.0597, is the sum Kw(450) + Kx(450). Smith andtBaker
(1981) give Ew(450) = 0.0168, in which case for Tow 15: Ex(450) =
0.0429, The gradieat, dE/dChl = 0,040 in Bgn.4.2 is k2. According
to Smith and Baker (1978b), k2(450) = 0.037. The difference, 8kz, is

only 0.003 in this case, Similar analyses of the other Kod(A) and
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and distance (n.miles) for Tow 15, Lynch 1987
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Fig.4.7: Time—plot of mean Kod(450, 0-20 m) for Tow 15, Lynch 1987
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Fig.4.8: Relationship between KEod(450 nm) and Chlorophyll
concentration (mg m-?) during Tow 15, Lynch 1987.

Table 4.1; Simple analyses (see text) of the contributing components
of Kod(i), Kd(ix) for TOR Tow 15 (Lynch crmise, 1987).
Values of Kw(A) and k2 (L) are from Smith and Baker (1981)
and (1978b), respectively.

K+ b ey | kxi) dE(2)

K@) Ex(A) dChl

k; () |8ka{(Q)

Kod(450) | 0.0597 | 0.0168 | 0.042¢ 0.040 | 0.037 { 0.003
Kod(490) | 0.0545 | 0.0212 | 0.0333 0.029 | 0.026 | 0.003
Kod(520) | 0.0547 | 0.0489 | 0.0058 0.031 | 0.019 | 0.012
Kod(550) { 0.0908 | 0.0648 | 0.0260 0,012 { 0,012 0

Kd(490) 0.0638 | 0.0212 { 0.0426 0.028 | 0.026 | 0.002

Xd(670) 0.3500 | 0.4300 [(-0.08) 6.080 | 0.015 | 0.065
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Kd(l}-data are presented in Table 4.1

It is apparent from Table 4.1 that tﬁronghout Tow 15 values of
Eod(670) were too low for proper deduction of Kod(670). The value of
3k2(520) = 0.012 is, operhaps, a little high; it was subsequenitly
discovered that the Eod(520) sensor had leaked, so Kod{(520) values

must be, considered suspect,

Only one wavelength, 490 nm, was monitored by both scalar and vector

collectors on the UOR. Comparison of Kd(490) with Kod(490) during

-

Tow 15 produced the relatioaship:
Kod(490) = 0.864 KEd(490) + 0.004 (r2=0.883, 2=103) (4.3)
and through 0,0: Kod(490) = 0,906 Kd(490) (4.4)

This is in agreement with Kirk (1983), and others, that Kod ~ Ed.
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4.2 ESTIMATION OF <{°Ko) AND <K(i)>

’
The measurement of an irradiance profile is a time—consuming
procedure, Moreover, irradiance profiles cannot be obtained at night
nor in very dell conditions. A number of experimenté were therefore
conducted to find empirical relaticmships between <(°Ko> aand other,

more essily obtained, optical parameters,
4,2,1 Estimation of (°Ko) from c¢(660 nm)

Where a continuom of observations ks required, or where data are
obtainable only at anight, then reasonable estimates of {°Ko) can be
made from the.easily measured beam attenunation coefficient, c(A).
The =ratio ¢(A)/E(A) is about 2.7 in clear ocean water (Tyler, 1968),
but increases in.tnrbid waters; it must therefore be determined for

the particular waters under investigation,

Values of ¢{660} were obtained in the northeast Atlantic and Tamar
using a 0,25 m path-length, Sea Tech ITnc transmissometer (see
Chapter 3). The attenuvation of 660 nm light by gilvin is negligible
compared with that due to the waters and their suspended particulate
matter. The c(660):{%Ko> data were partitioned for oceanic
(°K0(0.27i and turbid {(°Ko>0.27) analyses, this separation being
about midway between Jerlov’'s oceanic type III and coastal type 1
waters {(see Jerlov, 1976; Table 27), Linear regression of ¢:X data
obtained by Williams et gl (1984) in the Patuxzent River, Chesapeake

Bay and Atlantic Ocean produced different siopes for the three cases.

~
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Observations made in the course of this work revealed a similar
difference, as is apparent from the logarithmic regressions presented
below (Pilgrim, 1987). Figore 4.9 shows the relatiomship between

{%Ko» and ¢(660) for the combined, oceanic and turbid waters, data.

Al11 observations; 0.0517 { °Ko £ 4.276

{°Eo> = 0.113 c2*23% (r2=0,996, n=37) (4.5)

Oceanic (°Ko < 0.27); 0.0517 £ °Ko £ 0.2677

{?Ko> = 0,127 c*+57% (r2=0,955, n=14) (4.6)

Torbid (°Ko > 0.27); 0.2902 £ °Eo £ 4.276

{®Ko>» = 0.107 c1*314 (r2=0,927, n=23) (4.7)
Ln{°Ko]
19 8
0 -]
- 1 -
°ko = 0.113 ¢"**
-2 9 Oceanic (r? = 0.996,_ n= 37)
-3 T ™ =
-1 0 1 2 3
- " Ln[c(660 nmj]

Fig.4;9: Relationship between Ln[{°Ko>] and Inlc(660)}] from all
observations. ¢(660) valnes were corrected for forward
scattering by the method given by Bartz et al (1978) for
a hyperbolic particle size distribution with a slope of
2.9, and & refractive index of 1.05, (see Table 3.1)
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4.2.2 Estimation of K(A) from c¢(660)

Beam. transmissions were measured during the Lynch 1987 cruise with a
Sea Tech Inc tramsmissometer, and logged by means of a WDC 131/132
interface and Apple IIe microcomputer as described in Chapter 3.
Sampling intervals were 1 minute during tows and 5 minutes between
tows. Figure 4.10 is a time—plot of homrly means of ¢(660) for the

entire cruise.

UOR data presented the only apportunity, thromghout this programme of
research, of comparing values of the attenuatioul'and diffuse

attenuation coefficient at nearly the same wavelength, namely: c¢(660)

and Kd(670). These data are presented in Fig.4.11, and show that:

Kd(670) = 0.230 c(660) + 0.203 (r2 = 0.773, n=40) (4.8)

and throuwgh 0,0:

c(660)/Kd(670) = 2,173 (4.9)
Logarithmic least squares regression produmces:
Kd(670) = 0,433 c(660)0*s0>° . (4.10)

At ¢(660) = 0,93, the mean value dutring Tow 15, Eqn.4.10 reduces to:

c(660)/Kd(670) = 2,23 A (4.11)

Tyler (1968) says that c/E o 2,7 in oceanic waters, and this figure

is widely gquoted. However, the photon survival probability model of
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Fig.4,10: Time—plot of hourly means of ¢(660), Lynch 1987.
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Fig.4.11; Relationship between <Kd(670)> and c(660) during Tow 15,

Lyach 1987, c(660) values were corrected as for the

c(660) date in Figure.4,9
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Timofeeva (1973) (see Table 4.4), indicates that ratios smaller
than this are to be exzpected in comparatively clear (low

scattering, small b/c) oceanic waters.

4.2,3 Estimation of <{°Ko)> from Ed(ii,z) ... Ed(Ap,z)

During the Lynch 1987 cruise, the UOR was not fitted with a broad—
band PAR quantum sensor, so that (°Ko) was not directly calculated.
An attempt was made, however, to estimate {°Kod> from the available

Eod(a,z) data,

Suppose that Fig.4.12 represents an Eod(A,0) spectrum constructed
from measuvrements of Eod(A1), EBod(Az) ... Ecd(An), and assumed cut—

off at 400 and 700 am,

[ /\
Eod{a,0) (W.m3)

or /
°Eod(},0) {q.s—%.m-3)

400 Ay As A

J Fig.4,12: Constructed Eod(A,0) or °Eod(,0) spectrum
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To convert each value of Eod(A,0) from W.m-? to q.s-1.m~%, wuse is

made of the Morel and Smith (1974) eqguation:

W.{q.5~%)~2 = A/h.c = A(am) z 0.5035 x 1016 (4.12)

The spectrum, (Fig.4.12), now becomes one of °Eod(A,0), and the total

guantom PAR at z=0 is given by:

YEoa(n,0) %["Eod(l,_,O).(l;‘*%OO)]

+

3[(°Eod(3.1,0) + °Eod(23,0)) .(ra=r0) |

+

3[(°Eod(a0-2,0) + 9Eod(an,0)).(An-An-2) ]

+

1[°Bod (32,0) . (700-an) | (4.13)

At some depth, z, each value of °Eod(A) is reduced to:
9Eod(A,z) = °Eod(A,0).exp[-°Kod(A).z]

According to Kirk (1983), and others, °Kod nv ;od ~ Kd, so:
9Eod(X,z) = °Eod(A,0).exp[~Kod(A).z]

VWe may therefore write for °Eod(A,z) at, say, z=l:

®Bod(A,1) = °Eod(A,0).exp[-Kod(A)] (4.14)
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and for total PAR guanta at z =1, a modifieé form of Eqn.4.13:
YERoa(,1) = ;[omu,n.m—wm] toaaenn (4.15)
It is apparent that:

YEod(x,1) = Y°Eod (2,0 .exp[-(Kod> .11

where <(“Kod> is the required estimation of the PAR extinction

coefficient, ie:
{OKod> = Ln[}"Eod(?..,O) / °Eod(i\.,1)] (4.16)

Six downwelling irradiances, (Eod(450), Eod(490), Eod(520), Eod{(550),
Ed(490) and Bd(670)), were measured during the Lynch 1987 crumise.
Because of sensor leakage, Eod(520) was not used in this calculation,
and Eod(490) was preferred to Ed(490). Possibly, the 4 downwelling
irradiances at 450, 490, 550 and 670 am do not give an adequate cover
of the constructed 400-700 nm spectrum (Fig.4.12); however, the

analysis was carried out to test its feasibility

The irradiance data and Eqns.4.12-4.16 were entered into a Minitab
worksheet (Prime), and {°Kod) (Eqn;4.16) was celculated, The relat—

ionship between estimated {°Kod> and ¢(660) was found to be:

{%Eo> = 0.201 c(660)9-3%% (12=0,527, n=41) ‘ (4.17)
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For ¢(660) = 0,93, the average value during Tow 15, Eqn.4.17 is

reduced to:’
¢(660)/<%Kod> = 4.76 _ (4.18)

This may be compared te the resalt that would be given by -using
¢{660) = 0,93 in Bgn.4.6 (Pilgrim, 1987), which was derived from
direct measnrements of {°Eo)> by means of a Biospherical Instruments

Iﬁc profiling system:

¢(660)/<%Ko> = 8,21 (4.19)

\

The rather large difference between Eqns.4.18 and 4.19 is almost
certainly due to dinherent errors in tbe estimation method. For
example, the measured (UOR) irradiances have significant bandwidths

which must distort the shape of the constructed spectrum of Fig.4.12,

Tow 15 was made in the low-light conditions of an Arctic night so
that npwelling irradiances were insignificant, In brighter, daylight
conditions, wvalues of Eou(l), Eu()) shounld be added to egnivalent
Eod(A}, Ed{i) measurements at the start of the analysis outlined

_here. This would produce an estimate of <{°Ko) rather than ¢ Kod).

Jerlov (1974) and Hgjerslev and Jerlov (1977) have proposed two
simple methods of estimating downwelling gquantum irradiance, °Eod{z).
In the first, °Eod(z) is estimated from measurements of Ed(465), 1In
the second, the depths at which ®Eod{z)/°Ecd(0) = 30%, 10%, 3* and 1%
are estimated from measuremeats of the colour Vindex: F(z=1) =
Ln(450,1)/Lu(525,1) = Eu(450,1)/Ba(525,1). These methods are further.

considered in Chapter 5 where proposed future work is discussed.
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4.3 ESTIMATION AND INDIRECT MEASUREMENT OF THE ABSORPTION AND

SCATTERING COEFFICIENTS

4.3.1 Estimatiom 6f cosé, %aec and °bo from Kirk'’s Monte Carlo Model

Kirk's Monte Carlo model was illustrated in Fig.2.10 , and described
in Chapter 2, where it was shown that the average cosine, and
absorption  aad scattering coefficients, may be estimated from

measured valunes of Ko and the scalar irradiance reflectivity, Ro.

The PAR scalar irradiance reflectivity, °Ro = °%Eou/?Eod, is readily
determined from measvrements of uapwelling and downwelligg scalar
irradiance. Twenty—seven observatioms of °Eou,°Eod. were made in the
NE Atlantic and Tamar Estwary by masking and inverting the
Biospherical Instruments Inc QSP series profiling OQuantum Scalar

Irradiance System as described in Chapter 3.

it is theoretically possible to determine ©°Ro{z) by lowering the
instrument to  depth z to measure ®Eod(z), and then imverting it to
measure °Eon(z). This is not a practical solution, Lkowever, as
inversion of the dinstrument involves a change in collector depth;
moreover, éhe ambient (sky) light level may vary substantially during
the time interval involved. A method was thérefore designed by which
%Ro was calculated from separate profiles of "Eou and °Eod. We may
write: ORo = °Eou/%°Eod = Yu/Yd, where Yu,Yd = °Eou/Eref,?Eod/Eref,

the normalised upwelling and downwelling values.
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Therefore:

Yu(z) _ Yu(0).exp[-°Kou.z]

%Ro{z) = Yd(z) Yd(0) .exp[-%Kod.z]

(4.20)

These derived values of °Ro(z) were subsequently used in the Kirk
(1986) version of his Monte Carlo model, where z = Zm, the 10% level.
This is the depth at which °Eo(z)/%Eo(o) = 0.1, and corresponds to

the mid-depth of the euphotic (1%} zome, therefore:

980 (Zm) =

0.1 = -%Ko.Zm] , whence:
50 (0) exp [ 1,

Zm = ILn(0.1)/-9Ko = 2,303/9Ko, therefore, from Eqns.4.20:

ORo(Zm) = exp[Ln[Yu(O)] ~ La[Yd(0)] + -"’—'3%3- ("Kou + °Kod)] (4.21)

°Ko
This eguation is illastrated in Fig.4.14, and implies that it is alsco
necessary to find °Ko, ie necessary to take a separate profile with
the instrument unmasked. This would be inconvenient, so an eqmnation
for finding °Ko from °Kod, °Koum, Yul(o), Yd(o) was derived. Ve have,

from Egn.3.1:

_ LalY(®)] - Ln [Y({z)]

°Ko
z

and as Y(z) = %Bo(z) _ YFEou(z) + ®Eod(z) = Yu{z) + Yd(z) then:
Exef Eref

Ko = Ln[Yu(o)+Y¥d(o)] - Ln [Yu(z)+¥d(z)]

4.27



Therefore:

°%o.z = Ln

u{o) + Yd(o)]
Yulz) + Yd{(z)

- Ln[ Yu(o) + Yd(o) ]
Yu(0) .exp[-°Eou.z] + Yd(0).exp[-Kod.z]

whence, for z =1, say:

°o(du) = Laf i) r Y ]

. - . 2
Yu(0) .exp[-°Koul + Yd(0).exp[-°Kod] (4.22)

As upwelling irradiances are so low, particularly in turbid estmarine
waters, measurements of 9Forw are subject to considerable fluctuation.
Therefore, during these reflectivity experiments, incoming -signals
were not read from the display wunit in the usual way but were

directed, via-a WDC 131/132 data-logging interface, to an Apple IIe

Yu(0) 1d(0)

¢—— Lan[°Ro(0)] > Ln[Y]

z=

é—— La[%Ro(z}] —>
°Kod

°Kon

¢—— Ln{%°Ro(Zm)] —>

Fig.4.14: Relationship between Ln['Ro(Zm)] and profiles of
Ln[ ‘Bou/Bref and Ln[%Fod/Eref]
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microcomputer, Readings were obtained at 5§ sec intervals, and wmean.

valmes were calculated (programme: MEANER) and displayed by the

computer. This system worked satisfactorily.

The Monte Carlo Model of Kirk (198la, 198lc, 1986) was described in

Chapter 2 and illustrated in Fig.2,10, Entering this graph with
°Ro(Zt), then values of the average cosine, Cco0s¢, and the ratio of
diffuse scattering to absorption coefficients, 9%bo/%ae, may be
extracted. Now a2 = $0st.Ke, and assuming that °Ko o Ke (Kirk, 1986),
then: %ao = £0s{.%°Ko., Also, we have %bo/%20, so: °bo = (°bo/%20).%a0

and °co = %ao + %ho.

Results of the 27 observations are presented in Table 4.2, Column 1
is of profile numbers prefixed: (27) NE Atlantic, (28) Tamer-Lynher
Estuarine. confluence, (25) Tamar Estmary, and (29) Plymouth Sound.
Column 2 comprises of °Ko(du), (values of °Ko calculated by Eqn.4.22)
and °Ko measured directly with an unmasked instrument. Reflectivities,
°Ro(Zm), and Secchi coefficiemts, 1/Zs, are 1listed in column 3.
Values of éost and °bo/%ao extracted from Fig,2.10 (Kirk’'s Monte
Carlo model) are presented in columm 4., Columns 5, 6 and 7 contain
the calcnlated values of %ao, %bo, 9co, %co/%°Ko(du) and Pco +
%Xo(dun). Valnes of ¢(660am) obtained by transmissometer are also

listed in column 7.

Calculated values of °Ko(du) (Eqn.4.22) are plotted against measured

velues of ?%e in Fig.4.15. Least-square regression indicates that:

9Ko{da) = 1.022 °Ko - 0.009; °Ko(du) = 1.015 °Ko (r2=0.992, p=18)

(4.23)
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Table 4,2: Results of analyses using Kirk’s Monte Carlo model

*Yo(du)]| *Ro(Zm)| ecosz ™ te *(o+L)o(du)

Prof .
Ko 1/Zs | *(b/a}, by ¢(660) 1*{a/K)a{dn)

2701 | ©0.0525 | 5.43 0.636 0.0334 | 0.1373 0.1898
- - 3.116 0.1040 | 0.5040 1.6160

02 1 0.0538 | 4.30 B.555 0.0353 | 0.1202 ©.1740
- - 2.409 0.0850 | 0.6404 2.235

0% | 0.0796 | 4.1% 9.657 0.0385 | 0.1724 0.,2520
0.0783 G.03526 § 2.351 -0,1210 | 0.7482 2.202

10 | 0.1143 | 3.59 0.663 0.0303 | 0.2449 0.3612
0.1202 | 0.0667 § 2.076 0.1666 | 0.8950 2.034

12 | 0.0605 | 5.04 0.644 0.0411 | 0.1563 0.2168
D.0638 | 0,0323 2,803 0.1152 | 0,.5943 1,450

13 { 0.0560 | 5.32 D.6440 0.0355 | 0.1401 0.1961
D.0554 | 0.0435 | 2.951 0.1047 | 0.5912 2,530

14 | @.0561 | S.61 0.644 ¢.0398 | 0.1633 0.21%%9
0.0618 | 0.0323 3.115 0.5240 | 0,5943 2,651

15 | 0.06564 | 3.61 0.681 0.04556 | 0.1411 0.2075
0.0684 | 0.0476 | 2,031 G.0945 | D.6465 2.063

16 | 0.0578 | 3.42 0.586 Q.0385 | D.1125 0.1703
0.0561 | 0.0476 | 1.924 0.0740 | 0.6234 2.005

17 | 0.1307 | 13.13 0.541 0.0709 | 0.5921 0.7228
0.1311 | 0,0833 | 7.355 0.5212 | 1.0933% 4.516

18 | 0.2027 | 11.86 0,55 | 0.1103 | 0.3247 1.0274
0,1985 | 0.13540 | 6.478 D.7140 - 4.155

3801 | 2.338 10,07 | 0,576 1.3662 | 95.074 11.612
2.312 1.5600 | 5.642 1.7080 | 12.27¢6 3.825

04 | 0.866 12.67 0.544 0.3950 | 3.216 4.082
0.726 0.5714 § T.141 2.8210 | 4.538 4.430

05 1 0,943 9.710 ¢.577 0.5646 | 3.7T19 4.662
0.978 0.588 5.388 3.155 4,961 3.803

06 | 1.050 11.49 0.519 0.5936 | 5.753 6.803
1.148 0.506 8.659 3,157 5.587 s.011

07 | 1.051 15.32 0.436 D,5389 1 6.264 T.315
1,126 0.714 10,208 | 5.705 6.118 5.563

2516 | 1.145 13.85 0.521 0.5539 | 5.2%1 5.436
1.064 0.910 8.552 | 4.737 - 3.99%

19 § 1.256 14.30 Q0,508 0.6325 | 6.639 7.895
1.252 - 9.496 6.006 - 5,148

22 | t1.201 19.13 0.512 0.633)1 | 6.363 1.564
1.236 1.110 9.051 5,730 - 3.302

25 § 1.70% 9,560 0.566 0.97%6 | 5.927 8.628
1.732 1.670 6.072 J.948 - 4.9872

2901 | 0.6123 | 12.49 0,476 0.2914 | 3.746 4.358
- - 11.859 | 3.4353 4,788 6,119

03 | 0.5389 | 22.50 0.478 0.2574 | 3.274 3,813
- - 11.720 | 3.016 4,961 6,074

o4 | o.sLs7 | 22.18 0.512 0.2639 | 2.661 - 3.177
- - 9,087 2.398 4.320 5.161

05 | 0.5773 11.906 0,564 0.3258 | 2.321 2.598
- - §.125 1.995 4.691 4,021

06 | 0.5290 | 14.43 0.567 0.3566 | 2.502 3.131
- - 6,018 2,146 4.480 3.978

a? 0.6249 15.90 0.566 0.3536 | 2.497 3.122
- - 6.061 2.143. 4.936 3.995

08 | 0.6265 | 14.95 0.588 0.3683 | 2.266 2.833
- - 5.132 1,897 4,813 3.616
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2 . —
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1-5 1
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Fig.4,15: Relationship between calculated values of °Ko(dun)

and measured values °Ko

Equation 4.23 shows that it is in order to calculate the total

extinction coefficient from Eqn.4.22,
We may write, from Eqn.2,94, for the Secchi depth:

°o(c + K)o = ;_ (4.24)

Regression of ©9(c¢ + K)o valges with values of Secchi coefficient,

1/Zs, is illustrated in Fig.4.16 and shows that:

°(c + K)o = 6.719 Zs—* + 0,299; °Fs = °(¢c + K)o = 6,998 ~ 7
(r? = 0,916, n = 17) (4.25)

It will be shown later that analysis of photopic observations by

divers produces the equivalent estimate : Fs = (¢+K) = 5.98 ¥ 6
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Fig.4.16: Relationship between ®°(c + K)o, calculated from Kirk's

Monte Carlo medel, and the measured Secchi coefficient

Other least—squares regressions of data extracted from Table 4.2 are

now considered.

Regression of calcnlated values of ®¢o with measured values of c(660)

produces:

®co = 0.816 c(660) + 0.479; %co = 0.733 ¢(660) (r2=0,937, n = 22)

(4.26)

The correlation is reasonable. We would not expect to find that Pco
= ¢{660) as c(660) is the beam attenmation of narrow-band, collimated

light, whereas %co applies to broad-band, diffuse light,

Regression of °co = °Ko(dn) data gives:

0co = 4.679 °Kp 14333 (r2 = 0,982 n = 27) (4.27)
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The non-linearity of this relationship is due to the increase in the

ratio %°co/%Ke with increase in turbidity, indeed, we¢ may write, from

Eqn.4.27:

9¢o /%Ko = 4.679 9K, 0*223 ) (4.28)

As expected, reflectivity °Ro(Zm) is shown to increase with the

attenuation coefficient ratio, %co/%Ko:

Ro (Zm)% = 3.739 °co/°Eo — 3.48% (r2 = 0.748, n = 27) (4.29)

4.3.2 Indirect determination of cosi and %ac from messurements with

a Héjerslev-type sensorx

Hpjersiev (19?5) describes a sensor—pair which measures 2(Eo + E) and
2{Eo — E). The 'sensor was illmstrated in Figs.2.8 and 2.9, and
described in Chapter 2 where it was also shown that dats obtained
withk this type of meter may be used to calculate (Eo> (Eqns.2.70 and

2,71), <K> (Eqn.2.72), a(z) (Eqn.2.73) and ¢ost(z) (Eqn.2.74).

A Hpjerslev-type sensor was constructed in house, as described in
Chapter 3 , and was used to obtain observations inm the NE Atlantic
during the 1987 Frederick Russell cruise, As the semsors began to

leak water early in the cruise, the number of these data is limited.
Figure 4.17 illustrates values of (Ko», calculated from Hpjerslev~

type meter measurements and Egqns.2.70 and 2.71, compared to values of

{%°Ko> obtained by direct measurement with a Biosphericel Instruments
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°KolHgi) (m™)

°Ko{Hgij) = 1.639°Ko(Bios} - 0.0242
r2 = 0.804, n = 8)

0-05 T T
0-05 0-06 0-07 ¢c-08
°Ko(Bios) {m™")

Fig.4.,17: Comparison of values of {Ko)> calculated from Hfjerslev—
type meter measurements, and wvalunes of {%°Eo)> obtained

by measurements with a Biosphesical QSP meter

Inc QGSP system. Least-squares regression shows that:

{EKo> (Hpjerslev)

1.639 <{°Ko> (Biospherical) — 0.0242 )
(r?=0,804, n=8) (4.30)

and through 0,0:

{Ko> (Hdjerslev) = 1,254 {%Ko> (Biospherical) (4.31)

There should not, of course, be such a marked difference between

these two data sets.

We have, from the derivation of Eqn.2.73, that dEfdz = -a(z).Eo(z) =

- K{z).E(z), whence: a(z) = K(z).E(z)/Bo(z). It must therefore
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follow that:

ao.(z) = Ko{z).EB{(z)/Eo{z) (4.32)

Figure 4.28 shows values of <a> { 0 ) and <ao> {( A ), calculated from
Héjerslev-type meter data and Eqn.4.32, plotted against values of %ao
estimated from Kirk'’s Monte Carlo model (Fig.2.10)} and measurements
of (%Ro)> obtained with a masked Biospherical Instruments Inc QSP
system a&s described in Chapter 3. 'The data points, particularly A ,

Y

ShO‘;lld be close to the 1:1 line.

This considerable discrepancy will be discussed in Chapter 5.

a,a. (Hejerslev) (m™")

PN /’,
0-10 11
o) el
0-08 -
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. 7 o
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//
/, - O
”
0-02 |' [ I T

|
0-02 0-04 0-06 0-08 010
®a0 (Kirk} (m™")

Fig.4.18: Poor comparison between valmes of {ad> { 0 ) and {80> ( A ),

calculated from Hejerslev—type meter data, and values of

{%ae) estimated from Kirk’s Monte Carlo model
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4.4 ESTIMATION OF OPTICAL COEFFICIENTS FROM VISUAL RANGES

All of the threshold visual ranges referred te im this subsection are
observed vertically downwards (Z), vertically uapwards (U) or

horizontally (V), Ve have, Eqn.2.87:

LalCo/Ct]

vi(y) =
o c + E,sin vy

from which we may write:

gz = LnlCo/Ct} (4.33)
c+K

v = LL“’-E—’-C—H— (4.34)

g = LnlCo/Ct] (4.35)
c—- K

The targets wused in the underwater observations have been described
in Chapter 3 and were: Secchi disc (s), white disc/target {w), grey
disc/target (g), black disc/target (b) or light-trap (h), cormer

reflector (x) and neutral filter {(f).

It was made clear in Chapter 2, and is apparent from Eqgns.4.33-4.35
above, that underwater visibility depends upon the transmittance of
inherent contrast. The inherent contrast of a target of reflectivity
P, sighteé vertically downwards (anIZ),.is illustrated in Fig.2.11, -

and again in Fig.4.19(a).




(a) (b) (¢c)
Co=p/R-1 l
- vy ]
4; Ed L* | '
K L a|
p=p R.Ed g.R.Ed
2_-@_ B-.E_d_ \f Ed |
| —'—:\\\\ Ed f.Ed
£.Ed
. e —p.£.Ed — T Y
= = —— p.L* — y ‘
| < P N
C om0 — Co = p.(£.Ed/L* +1) - 1 Co = —(1 — p.{£+R))

Fig.4.19: Inherent contrast of target of reflectivity p

(a) (v) (e)
Co=1/R-1
Co =10

’1Ar Zo

Ed R.Ed - L?I—:N\\\
I N Ed R.Ed
= / ] R.Ed Ed

Co=1-R

Fig.4.20: Inherent comtrast of cormer reflector (p = 1)

(a) () (c)
Co =1~ TN\ | |
Ed Ed

i1 i
T.Eu En . — &L —|3
IR I=T |
(-—I.Lt—l[:{__l‘_*_ I‘E .1.3.5‘.'.
— =T —| —L¢ ——— L — } |
Co=1-T ﬁ::;?’
En En
I Co=1-T

Fig.4.21: Inherent contrast of neutral filter (T = I)
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"The inherent contrast of such a target is expressed by Eqns.2.76 and

2.77:

£L(0) - $1(0) _ p.Ed - R.Ed

Colp=p,y=n/2) = = p/R-1 (4.36)
The corner reflector is designed to give practically 100% reflection
(p=1). The vertically downward sighting of a corner reflector is
illustrated in Fig.4.20(a), and shows that:

R.Ed

CO(E=1,Y=ﬂ/2) = -E—d__—___.._.

R.Ed = 1/R-1 (4.37)

Figure 4.21(a) illustrates the vertically dowaward sighting of a

neutral filter of transmission T. It is apparent that:

The negative sign in Ean.4.38, and several subsequent eqguations,
indicates that the target is darker than its background. The
'maximum’ contrast of a dark target against a light backgrouad, =no
matter how bright, is "1-(for T=0, or p=0); in theory there is no
limit to the (positive) contrast of a bright target against a dark

background.

It is apparent, without illustration, that a perfect zero—reflector,

eg a light—trap (see Chapter 3), has zero reflectivity (p=0), then:

Co(p=0,y>n/2) = 9 - En_ -1 {4.39)
En )
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The inherent contrast of a target, of reflectivity p, sighted

horizontally (y=0), was illustrated in Fig.2.12, and expressed by
Egn.2.78 as: Co{(p=p,v=0) = —(1 - p)}. However, it was pointed ount in
Chapter 2 that Eqgn.2.78 implies that the inherent contrast of a
horizontally-sighted target decreases with reflectivity; that a white
target, for ezample, would be less wvisible than a grey one,. The
problem was recognised as being tﬁat of target illemination by high
intensity downwelling light rather-than lower intemsity side light,
Suppose, as illustrated in Fig.4.19(b), that some fraction, f>R, of
the dowanwelling irradiance is scattered onto the target surface and
s0o becomes available for reflection. The dinherent contrast is

therefore given by:

p.£.Ed + p.Le — La _

L,

Co(p=p,y=0) = 2. (£.Ed/Ly + 1) - 1 (4.40)
It 1is to be noted that p and f may be large enongh for p.f.Ed)Lsy, in
which case Eqn.4.40 becomes positive, ie the target appears brighter
than its backgrouvnd, which is often the observed case. Unfortunately
Eqn.4.40 defies simplification so that thoxrizontal observations of

targets of reflectivity 0{p{1 are of little practical use.

The horizontal sighting of a corner reflector is illustrated in Fig.
4.20(b), which shows that:

Colp=1,y=0) = L& ~ L& _ (4.41)

L

This is invisibility — of the type employed by silver—sided fish. In

a shoal, such fish signal their presence to neighbours by occasional

side—rolls; the silver sides then reflect brighter downwelling







irradiance, Ed, which contrasts nicely against background La.

The inherent contrast of & nmeunitral filter, sighted bhorizontally, is

illustrated in Fig 4.21(b) which shows that:

(4.42)

 Co(T=T,y=0) =_$I.,1;L£t= T=1= —(1-=T)

Of c¢ourse, such a target will =alweys sappear darker than its

background, so Co(T,y=0) is always negative.

Clearly, the inherent contrast of a horizontally sighted zero-
reflector (perfectly black target or light trap) will be:

Co(p=0,y=0) = Lt - 4 (4.43)

L,

Figures 4.,19{c), 4.20{¢} and 4.21(c) illustrate vertically upward

sighting (y=—-n/2) of targets. It is apparent that we may write:

£f.Bd - Bd _ ¢ - 1= —(1- p.(£+R) (4.44)

I L -— Q'.
Co{p=p,y=—n/2) "
; .10y I.Ed ~ Ed o
| Co(T=T,y=— =2 T2 s 1= -1 - y
- o(T=T, y=-%/2) E T-1 (1 -1) (4.46)
0 - Ed
C =0 ,y=— 2 = ———— = - .
o(p=0,y=—n/2) B 1 (4.47)
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The nse of a light trap as & black target is mentioned in Hfjerslev

(1986) and in Hpjerslev (1987, personal communication}. It is

believed that the theory, construction and use underwater of both the

corner reflector and neuntral filter is original to Pilgrim et al

try

{(1988). These three targets possess the particular advantages of

being of known reflectivity/transmission, and of being unaffected by

side/top lighting.

have any desired transmision.

The neuntral filter, moreover,

All of the inherent contrast egunations

may be

derived in this subsection are summariséd in Table 4.3.

Table 4,.3:

Inherent

contrasts of four

*standard’

targets with

allocated equnation numbers; all optical parameters are photometric.

Sighting angle, 7y
~ Vertically Horizontally Vertically
. downwards upwards
Target v = nf2 v=20 v =-nf2
painted Co(p,nf2) = Co(p,0) = Co(p,—n/2) =
reflector| p/R— 1 p.(f£f.Bd/L* + 1) -1} -(1 - p.{(f+R))
p=p (4.36) | (4.40) (4.44)
corner Co(l,n/2) = Co(1,0) = Co(1,-n/2) =
reflector] 1/R -1 0, invisible -(1 - R)
p=1 (4.37) (4.41) {4.45)
light— Col0,n/2) = Co(0,0) = Co(0,-n/2) =
trap -1 -1 -1
p=20 (4.39) {4.43) (4.47)
newtral Co(T,n/2) = Co(T,0) = Co(T,-n/2) =
filter -{1-T) (1 -T) -{1-T)
T=T (4.38) (4.42) (4.46)
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4.4.1 Estimation of (c+X) and ¢,k from Zs

The sum of the coefficients ¢ and K is provided by the Secchi disc

equation, Eqn.2.94:

¢c + K= Ln[(E/I_{_ 1)/Ct] - Eg.
- Zs Zs

As discussed in Chapter 2, the value of the coupling constant, Fs,
depends in practice upon the choice/estimation of valuaes of p, R and

Ct. These are given in Table 2.3.

Over 300 Secchi disc depths were observed. in the course of this work
(0.35¢Zs<{31), in estuarine and coastal waters, and in relatively

clear oceanic waters.

It is almost wniversally recognised among Secchi disc cognoscenti
that given a good estimate of Fs, the disc provides ap estimate of
¢+K but not of the separate values ¢,K. Clearly ¢,K could be deduced
from c+K only if the ratio K/c were a comstant for all waters, but
this is not the case. However, Hpjerslev (1986) claims that it is
possible to separate ¢ and K, within reasonable errors, from a single

Secchi depth, The same argument is reprodaoced by Preisendorfer

(1986) .

Héjerslev uses p = 0.8 and Ct = 0.0066, which, substiteted into

Egn.2.94, gives:

(¢ + K).Zs = 4.80 — Ln[R] (4.48)
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whence:

o.7s = 4:80 = Ln[R]

-3 1+ Ke (4.49)

Hpjersiev then uses the optical model of Timofeeva (1974) which gives
R and K/c in terms of photon survival probability b/¢, (cols.1-3 in
Table 4.4), and calculates, from Eqn.4.56, the egnivalent value of

¢.Zs (col.4 in Table).

Table 4.4: Secchi disc parameters as a function of photon survival
probability, b/¢, from Timofeeva (1974) [cols.1-3],
Hbéjerslev {1978) {col.4]1, and a calculation presented
here [col.5 = co0l.2 x col.4].

(1) (2) (3) (4) (5)

b/e K/e ¢/X R c.Zs K.Zs

0.1 0.93 1.08 0.0014 5.89 5.48
0.2 0.85 1.18 0.0021 5.93 5.04

0.3 ¢.77 1.30 0¢.0032 5.96 4,59
0.4 | 0.68 1.47 0.0050 6.01 4.09
0.5 0.60 1.67 0.0075 6.06 3.64
0.6 0.50 2.00 0.0123 6.13 3.07

0.7 0.40 2.50 0.0203 6.21 2.48
0.8 0.30 3.338 0.0334 6.31 .1.89
0.9 0.19 5.26 0.0508 6.43 1.22

He then takes the average value of ¢.Zs from col.4, and writes:
¢.Zs = 6.10 ' ' (4.50)

Observations of ¢ and Zs obtained in this study produnced a similar

estimate: ¢.Zs = 4,75 (Eqn.4.95).
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Substitating Ean.4.50 into Eqn.4.49 gives:
K.Zs = -1.3 - LalR] _ (4.51)

At this point, Hbjerslev argues that since, from Timofeeva (1974),

R = 0,15 exp[-5K/c], then:

I

Zs = 3.3 (4.52)

In effect this mnst mean that Table 4.4 was again nsed to extract an
'average’' value of K/c = 0.54, appropriate to ¢.Zs = 6.10. Ina
similar argument, (Hbjerslev, personal commmnication, 1986), he says
that as 'R = 0.01 is =2 very likely valne for most oceanic waters’,
then substiteting this mean approximation into Eqn.4.51 produces

Egn.4.52.

It is considered that this method of separating ¢,K is unsatisfactory

for three main reasons:

(i) As stated earlier, solution for two unknowns requires two

equations nnless the two unknowns bear a constant relationship.

(ii) Division of Eqn.4.52 by Eqgn.4.50 gives K.Zs/c.Zs = K/¢
= 3.3/6,10 = 0.54 always, no matter what the Secchi depth. This
ratio was also assumed in converting Eqn.4.51 into Eqn.4.52.
However, it is widely recorded (eg Tyler, 1968), that K/c decreases
with turbidity, as is quite clear from Table 4.4, the basis of
Hpjerslev's argument. Topliss (1982) has found K/c values as low as
0.1 in Liverpooi Bay, and similar wvalues will be-indicated by
observations made during this study and presented later in this
chapter. Indeed, if K/¢ = const is to be a temet of this proof, then
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Egns.4.50 and 4.52 could be derived directly from the Secchi disc
equation (Egqn.2.94), without the terxtnous journey through Timofeeva's

photon survival probability model.

{iii) In Table 4.4, the range in ¢.Zs is small (5,48 { c¢.Zs { 6.43),
‘so that it may seem not unreasonable to extract the mean value: c.Zs
= 6.10. However, associated with this-range is a comparatively larger
K/e range (0.93 > Efc > 0.19). IXIf we mow add to HbjerSIev's table'
with ¢01.5 = co0l,.2 x col.4, then we deduce that 1.22 { K.Zs { 5.48
which is not reasonably approxzimated by the proposed universal K.Zs =

3.3 of Eqn.4.52.

It is stressed that mno c¢ase is being made against Egms.4.50 and
4.52 as general approximations for, say, most .oceanic waters; the
objection is to Hfjerslev’s claim that it is possible to solve for
the two unknowns, ¢ and E, from a single observation. It is surely
apparent that 1iwo Secchi—type equations are required., It will be
demonstrated in the next two subsections that this may be achieved by
combining both downward and upward, or downward and horizontal

observations.
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4.4.2 Bstimation of ¢,k from Duntley disc distances

In the previous subsection it was argued that separation of (c+X)

into ¢,k could be achieved only by obtaining two different

observations in the same water.

We have, from Eqns.2.98, 2.99 and 2,100 (Preisendoxrfer, 1976):

1 Co(w)} _ Lanlp(w)/p(g)]

e+ B) = Co(g)] = (4.53)
I | Co(w)] _ Lalp(w)/p(g)]

(c - K) -—dz.Ln[co(g)] T (4.54)

where d1 and d» are the separation, upwards and downwards, of a pair

of white (w) and grey (g) Duntley discs. So, Eqrs.2.101 and 2.102:

o = Lalp(w)/p(g)] 1,1

p= 2 L d1 Ez] (4-55)
_ Lnfp(w)/p(g)] 1_1
g = etielel [c11 dz] (4.56)

80, these last two equations apparently satisfy the requirement, and
are the basis of the method proposed by Dnntléy, and describeh by
Preisendorfer (1976). Now Egn.4.53 is based upon the same reasoning
as the Secchi disc equation so must be correct, but frog Eqns.4.53
and 4.54, because (c+EK)>{c-K), then 1/d1>1/dz, ie did>di. Also, from
Egn.4.56, to keep K positive, then dz)>di. However, observations in
Plymouth Sound and Malaysian waters, (Pilgrim et al, 1988), have
shown that di>dz always. Equation 4,54 is clearly suspect, and the

question now is: is it viable to follow Preisendorfer's argument
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and ',.simply appeal to Eqn.2.83 with y=—n/2..' and thereby transform
Eqr.2,.99 into Eqn.2.100?7 The pair of discs are not only taraned
upside—down; the white disc is placed nearer to the observer,

Preisendorfer’s reasoning produces the apparent contrasts:

Cr(w,r) = (p(w)/R -1).exp[-(cK).r]

and

Cr(g,r+dz) = {p(g)/R -1).exp[-(c-K).(r+d2)]

Equating at luminance matching:

(p{w)/R ~ 1).exp[-(cK).r] = (p(g)/R —1).exp[-(c—K).(rtd2)]

which reduces to:

. ';?'L”[%Ev% _ Ln[g(g;:a(w)i (4.57)
which is mnot the same as the result given in Egn.4.54, from
Preisendorfer (1976). Moreover, Eqn.4.57 implies that Kdc so is
entirely wrong, unless the grey disc should be nearer to the observer
than the white disc (to make dz effectively negative). This cannot
be. Both discs must appear darker than the bright sea-surface
background; the grey disc mpnst therefore be further away from the
observer to redoce the greater contrast, Observations in Plymouth

Sound have confirmed that this is always so. By 'inverting' Eqn.4.53

to.derive Eqn.4.54, it is implied that when observing the discs from

below, then the background brightness is compriseé of R.En {analagous

to R.Ed in Eqn,2.77 when looking down), ie just a perceat or so of the
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upwelling irradiance. This is illustrated in Fig.4.22(a), but cannot
represent the true case; the overwhelming component of the yackground
brightness' seen -when looking upwards is the very bright downwelling
irradiance, Ed. This was recognised in the model proposed in

Fig.4.19(c), and reproduced in Fig.4.22(c).

(a) (b} ' {c)
i ]
Y —1 I o ] T 2
» 1 i ~
’ . Ed
RES.Z | RE et
Ed I p.n.Ed
1 Ed £.Ed
Eo
R.Eu p.£.Ed
p.Ee .
Ed J l

p.R.Ed v
r; v 1 Co = —(1 - p.(f+R})
Co=p/R-1 Co=-(1-p.R)

Fig.4.22: Inherent contrast of Duntley disc sighted vertically
upwards,
(a) as implied by Preisendorfer (1976), and
comparable to Fig.2.11
(b) improved but unrealistic model which takes no
account of side—lighting.

(¢) proposed here as a realistic model

This model also takes account of the side-lighting which must arise,
and it is interesting to note that if tbis allowance were not made
then the situation wonld be as depicted in Fig.4.22(b). The inherent

contrast would then be given by:

R.Ed -~ Ed

Colp,0) = & =p.R-1= -(1-p.R . (4.58)

x4
[~1
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Substitution of Eqn.4.58 for p(g) and p(w) in Eqn.4,51 gives:

(4.59)

o - ) = i_z .Ln[%:_%] _ Lal(1 - Q_(g)%:/(l - p(w.B)]
Equation 4.59 is a great improvement on Egn,4,57 in that it gives
¢k, however, as p.R{{1 then it implies that Colp,0) » 1, ie that a
white target, for example, would self—shade ;nd appear almost black.
Observations in Plymowuth Sound have showan that this is not the case;
the disc is illuminated by side—-light (see Fig.4.19(¢)), and appears

dull but mnot black. We are therefore justified in using derived

equation Eqn.4.44:
Co(p,—n/2) = —=(1 - p.(£+R))

where £ (PR) is the fractionm of the downwelling irradiance which is
back-scattered omnto the underside of the target, 8o, Egn.4.359

becomes wviable in the form:

e _ 1 .Ln[CO(g)] - Inl{1 - p(g) (£+R))/(1 — p(¥) . (£+R))] , (0
dz CO(W) dz

Adding and subtracting Egns.4.53 and 4.60:

o -1 [laleio(] , tala - 2(8) (£R) /(1 ~ p(w) @] (4.61)
2 ds ds

g - 1 [leletn/o@] _ Lal(1 = p(g) (H)/(L = o) (£HD)]] (4.62)

- 2 d;l_ dz )

These new eqnations, easily solved by microcompnter, are therefore
proposed as solutions to Duntley disc¢ observations. Unfortunately,

this means of finding ¢,K, which for comnvenience will be called
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¢,k method I, suffers from two serious pfactical difficulties,

Firstly, reliable observations of di and d2 are not easily obtained.
Experience of measuring d1 and d2 over a period of two years has
shown that it is extremely difficult for a diver to decide the exact
point of luminance matching, as Fhis type of assessment is too
subjective, Jndging a threshold distance is more objective (’see’ or
'aot see’), and hence comparatively simple, and it will now be shown
that the Duntley distances, di and dz, can be derived from the

threshold ranges Zw, Zg, Uw and Ug of the white and grey discs:

Ct = Co(w).exp[-(c+K).Zw)] = C(g) .exp[-(c+K).Zgl (4.63)
therefore:
Co(g)/Colw) = expl[-(c+K).(Zw-Zg)] (4.64)

but at Inminance matching, from Eqn.2.97: Cr(w,zi+dz) = Cr(g,21), in

which case, for zi=0:

Cr(w,d1) = Cr(g,0) = Co(g) (4.65)

ie, at luminance matching the apparent contrast of the white disc is,

simply, the inherent contrast of the grey one, and so we may write:

Co{g)/Co(w) = Cr(w,d1)/Col{w) = exp[-{c+K).d1] (4.66)
Equating 4.64 and 4.66, and by a similar argument for mpward sighting:

d1 = Zw — Zg; dz = Ug - Ow ’ (4.67)
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The second problem with ¢,k method I, and hence Eqns.4.68 and 4.69,
is that the significant value of £ must depend upon the volume
scattering function B{ad), and so constitutes yét another varigble
with which one must contend; =nor is it readily assessed by
observation, Also, one must know the more easily measured

reflectivities: p(w) and p(g).

The soletion to these problems is to be found in the use of a corner
reflector and 1light +trap, both of these targets being of known
reflectivity and unaffected by side—lighting. TUsing the values of

inherent contrast given in Table 4.3, Eqns.4.53 and 4.59 beconme:

=1

- Laafjeton] e
o~ 5= Lnfpecey] - /e
and so:

e
g-1flal/R-1]_ Lall/ (B (4.71)

Zx ~- Zh Uh - Uz

These novel equations represent proposed ¢,K method XX and are rather
elegant in that they require only one assumption: the value of R,
The major disadvantage of method II is apparent from Egn.4.69:
because das = 1/(c—K), then in clear water where ¢,E and hence ¢K are

small, Uh may become greater than the observer's safe or convenient

4.51







maximum diving depth. TBbis has not been a problem in turbid Plymouth

waters.,

It is soggested that this diving-depth problem may be overcome in
¢lear water by using two neutral filters (see Chapter 3), unaffected
by side-lighting, for the upward observations, The inherent contrast
of such filters is given, in Table 4.3, as —-(1-T) in which case

Eqn.4.70 becomes:

1 Co(fz) Laf(1-T2)/(1-Ta1)1
- K== L!l[ ] E = == 4. 2
£ 25 leoen v, - Uf, (4.72)
where T1>Ts. Adding and subtracting Bqns.4.68 and 4.72:
¢ = ']; 'Ln[ilg_ - 1] + Ln[(l-Iz)/(l—Ii)]] (4.73)
2L Zx—-Zh Uf, — Ufy
g =L [lala/R - 11 Ln[(l—Iz)/(l—_T_z)}] (4.74)
2L Zx—-Zn uf, - Uf,

This is proposed c¢,X method JXIX, cumbersome in that it uses four
differeat targets but probably the most practical for use in clear

water. As deep clear water temds to look dark when sighted vertically

downwards (low R), then the obvious simplification - wusing neutral
filters both upwards and downwards - may not be practicable, If it

is viable, then the egqmations for ¢,K method IV are :

1 [Lol(1-T1)/(1-T2)] . Lal(1-T2)/(1-Ts)]
€72 [L Zfy - Zf, T E, - U ] (4.75)
1 [{(1-T1)/(1~T2)1 Ln[(1-T2)/{1~T1)]
== = = — = = . 6
,E 2 [Ln Zf, - Zf, Uf, — Ufy ] (4.176)
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4.4.3 Estimation of ¢/K, and ¢,K from diver observations of.U,V}Z

Forther methods of estimatimg ¢.X and ¢/K from diver observations of
U,Vand Z will now be ezplored. For -convenience, . expressions for

threshold visibilities are summarised in Table 4.5; they are derived

from the inherent contrasts of Table 4.3 and the threshold visibility

equation, Eqn,Z;ST.

Table 4.5:

Threshold visibilities

of four 'standard' targets with

allocated equation numbers; all optical parameters are photometric

Sighting angle, 7
VYertically Horizontally Yertically
- downwards upwards
Target ¥ = n/2 y=0 v = -n/2
Zp = Zs = Vp = Up =
ainted : .
P Lal(p/R - 1)/Ct] [p<f.Ed/L. +1)-1] Lal(1-p. (£+R))/Ct]
reflector In
¢c + K Ct ¢c ~ K
p=p c
~ (4.77) (4.78) (4.79)
Zz = Vx: Tz =
corner
. Ln _ . _
reflector| [(1/R — 1)/Ct] invisibility Ln[(1 . R}/Ct]
¢ + K ¢c—- kK
=1
P (4.80) (4.81)
Zh = Vh = Uh =
light | La[1/Ct] Ln[1/Ct) Lnl1/Ct]
trap ¢c + K c e - K
p=20 (4.82) (4.83) (4.84)
Zf = Ve = Uf =
neutral
filter Ln[(1-T)/Ct] Lnl{1-T)/Ct] Iaf(1-T)/Ct}
T = c +K e ¢ — K
(4.85) | (4.86) (4.87)
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The estimation of ¢,K from diver observation of a - pair of Duntley
discs was considered, in some detail, in the previous subsection, and
c,K methods I to IV were proposed. As thesé methods produce separate
estimates of ¢ and K, then ¢/K, effectively a-measure-of scattering,

can also be calculated.

Better estimates of ¢/K and ¢,X may be obtained from the two simple

light trap observations Vh and Zh. From Egns.4.82 and 4.83:

In[1/Ct] = (c+E).Zh = ¢.Vh, whence:

Zh '
K 2 — .88
e/K E— (4.88)

an equation guite independent of p, B or Ct. From Eqn.4.83, and by

combining Eqns.4,83 and 4.88:

. LnfCt] _ 3.9

£* " Vi (4.83)
- 1 . ¥Yh—Zh La[Ct] - 1 _1

E= (g/B-2.g = BTN < sl - T (4.89)

The comparative ease of these two novel measurements — horizontal and
vertically' downwards obsexvations of a light‘trap ~ and the elegant
simplicity of Eqns.4.88, 4.83 and 4.89 compare favourably with the
difficulties associated with Duntley dise type observations anad
their analyses. This is ¢,K method V and is strongly recommended for

rootine diver observations,

Similarly, from observations of a light trap vertically downwards and
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vertically upwards, from Table 4.35:

Inl[1/Ct]

Egn.4.82: +f = ———
qn.4.8 etk 7

Ian[1/Ct]

Eqn.4.84:; ~E = ———"—
an.4 e T

whence, by addition and subtraction:

(Ln[Ct]/Z).E—h + % 1.95[;—]1 + % (4.90)
(Ln[Ct]/?.).[% - %1-]] 1.95% - %1?] (4.91)

(]
i
1

I
Il

i

from which, again independent of p, R or even Ct:
(4.92)

This is ¢,K method VI which may suffer the same disadvantage as
discussed for c¢,K method IX: in clear water the diver may need to go

uncomfortably deep for threshold obsexrvation Uh.

Some results of diver observations of Vh, Zh, Uh, Vb, Zb, Ub, Zx, Ux
and Zs, analysed by methods IX, V and VI, are now presented. It is
convenient to c¢ombine the very similar Vh, Zh, Uh and Vb, Zb, Ub.
However, although a matt-black surface should, in theory, have a
reflectivity of zero, this is rarely the case; moreover, it has been
noted in the course of these experiments that a vertical matt—black
surface receives and reflects ; significant amount of the inéense

downwelling irradiance (see Fig.4.19(b)). This is also true of the
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black wneopreme wetsuit of a diver (see, for exzample, Egn.2,.93).
Observations in Plymouth Scund have indicated that the hydrological
range, Vh, is about 15% grpafer than the threshold range of a black

target, Vb, ie:
1,15 Vb = V' = Vh (4.93)

From Eqnf2.94, Secchi depth, Zs = £(¢ctK) and so, as ¢>K (see eg Table
~4.4), then is is controlléd more by ¢ than by K. Figure 4.25
compares valwes of ¢, calculated by methods V, VI and II, with
concurrent observations of Zs-*, Figure 4.24 compares similar values

of X with Zs-1, It is apparent that:

(i) valwes of ¢ and K calculated by methods Vand VI {( O and A )

compare closely with each other, particularly in the case of ¢

{(ii) values of ¢ and K caleulated by method IT ( ® ) do mnot
compare clpsely with those found by methods V and VI

(iii) as expected, there is a2 better correlation between ¢ and Zs-12

than between K and Zs—* and so, from method V only:

e = 4.711 Zs—-* + 0,109 (1,95{Zs£19.0, ©2=0,925, n=64) {4.94)
and through 0,0: c¢.Zs = 4,75 | (4.95)
K =0.634 Zs—* + 0.192 (r2=0.269, n=33) (4.96)
and through 0,0: K.Zs = 1,39 (4.97)

This analysis supports the earlier recommendation that method V is to

be preferred for rouwtine diver observatiocnm,
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eV, VLI (m™)

clV) = 4.711/Zs + 0.108
s (r? = 0.925, n = 66) %
clV).Zs = 4756
2.
1 -1
0 | [} i 1 [}
0-0 01 02 03 04 05 06

Secchi coeff., 1/Zs {m™)

Rig.4.23; -Relationship between the Secchi coefficient, Zs-* and the
photopic beam attenuation coefficient, ¢, found by method
V(O ) in PlymOu'th Sound, Burrator Resexrveir and Malaysian
waters, and by methods VI ( A ) and II ( ® ) in Plymouth

Sound and Burrator Reservoir, (Pilgrim et al, 1988)

K{V.VIVID {m™")

K(V) = 0.634/Zs + 0.192

0-8 - {r? = 0.269, n = 33)
K(V}).Zs = 1.39
0-6-
0-4-
3
0-2 - 0 I ﬁgj o i
FaY
o) o o
O | | [ 1 [}
0-0 01 02 03 04 05 06

Secchi disc coeff, 1/Zs (m™)

Fig.4.24: Relationship between the Secchi coefficieﬁt, Zs—1 and the
photopic diffuse attennation coefficient, K, found by method
V ( 0) in Plymouth Sound, Burrator Reservoir and Malaysian
“waters, and by methods VI ( A ) and IXT ( ® ) in Plymouth

Sound and Burrator Reservoir
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We have the Secchi disc equation, Eqn.2.94: ¢+K = Fs/Zs, where Fs is
a function of disc reflectivity, p, threshold contrast, Ct, and water
reflectivity, R. Fignre 4.25 presents values of ¢+K calculated by

method V from 34 diver observations of Vh and Zh, regressed against

concurrent observations of Zs—1.

c+K (V) im™)

35 o
3
25 -
-
1.5
-
0-5 -
0 1 I | i |
00 0-1 0-2 0-3 04 05 0-6

Secchi coeff., 1/Zs {m™)

Fig;4.25: Relationship between values of ¢+K and Zs—* in Plymouth
Sound ( 0 ) and Burrstor Reservoir ( ® ), calculated by
method V

These data prodace the regression:
etk = 5.347 Zs—* + 0.159 (1.95{Zs{i2.5, r2=0.933, n=34) (4.98)

and through 0,0: ¢c+K = 5.98 Zs—1, ie Fs ~ 6 (4.99)

Values of Fs = f(p,Ct,R) are presented in Table 2.3, and it can be

seen that Fs = 6 corresponds to, say: p = 80%, Ct = 2% and R = 9%.
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Howevér, R = 9% must.be seen only as an average condition of the
waters observed. Indeed, 2 major problem in using a Secchi disec is
that whilst p and Ct are essentially constant for a given disc and
observer, water reflectance varies with turbidity — the parameter
being measured. This 1is illgstrated in Fig. 4.26 in which
reflectances, Rp, observed by a diver with a hand-held photometer,
(see Chapter 3), in Plymouwth Sound and Bu;ratﬁr Reservoir (Darimoor)
are compared with concurrent observations of tﬁe Secchi depth.
Burrator Reservoir is a shallow and dark-bottomed lake; consequently,

its reflectance is anomalously low,

Reflectivity, Rp (%)

0
o
4...
o o ©
o
3 | o}
O @
2 - o
o
1_
™
°
0 l t | | i l | { |

0 2 4 6 8 10 12 14 16
Secchi depth, Zs {m) ’

Fig 4.26: Illustration of the general trend for water reflectivity
to decrease with increasing Secchi depth. Measurements of
Rp were obtaired by a diver with a hand—held photometer in
Plymouth Sound ( O ), and the comparatively shallow waters

of dark-bottomed Burrator Reservoir, Dartmoor ( @ ).
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Figure 4,26 well illustrates the important gemeral trend for water
reflectance to increase with decreasing Secchi depth (increasing
turbidity), but it would be neither appropriate nor useful to fit a
curve to these particular data. We now see that a Secchi Disc
Equation should, properly, incorporate the varying nature of R, and

hence Fs, with Zs. We have from Eqn.2.94:
Zs = Fs.(c+K)-1

but assuming that Fs = f£(Zs), then this wounld be improved as:

ie Ln[Zs] = Ln([Fs1] - Fsa.Ln[c+K] : (4.100)

Using the data presented in Fig.4.25, and Eqns.4.98 and 4.99:

¢tk = 4.8 Zs-0+84;. Zs = 6.4 (ctE)-21-2 (1.95¢{Zs{12.5, r3=0.916, n=34)
(4.101)

Eqoation 4,101 is therefore presented as an 'improved’ Secchi Disc
Equation which properly incorporates the variation in water

reflectance with turbidity.

As 1is apparent from Teble 4.4 (Timofeeva's model), increased photon
scattering (b/¢), and consequent decreased Secchi depth, Zs, also
gives rise to an increase in the ratio ¢/E. Method V was used to
obtain estimates of ¢/K from diver observations of Vh and Vz; these

are compared to concurrent observations of Zs—* in Fig.4.27.
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c/K {-)

@]

6 - o /K = 7534 Zs™ + 1470
(r’ = 0.263, n = 33)

4 ll
2 - !
%9
Con E?
0 | | ] i |
0-0 0-1 02 03 0-4 0-b

Secchi coeff., Zs™ (m™)

Fig.4.27: Observed relationship between Secchi coefficieant, Zs—*
¢/E from diver observations in Plymouth Sound {

and

0)

and Burrator Reservoir ( ® ), by method V. Both ¢/K and

; Zs=1 are expected to increase with increased scattering

4.4.4 Estimation of Vh from Zs

In optical work, it is freguently useful to be able to estimate

horizontal visibility from an on-board observation, (eg in

the

assessment of net visibility in an ip sitw stwdy of ‘ghost—met’

fishing; Pilgrim et al, 1985)., Fifty-eight concurrent observat

ions

of horizontal visibility and Secchi depth have been obtained by

divers in the waters of Plymouth Sound, SE Malaysia and Singapore

(Pilgrim et al, 1988), and are presented in Fig.4.28. Some of these

visibilities were the hydrological range, Vh, of a 1ight trap:
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were the threshold visibilities of a matt—black disc, Vb, adjusted by

Eqn.4.93.

Vh, Vb! {m)
20

15 -]
10 -
. Vh = 0.812 Zs + 0.133
(r? = 0.949, n = 58)
Vh = 0.83 Zs
0 ! i I
0 5 10 15 20

Secchi depth, Zs (m)

Fig.4.28: Relationship between the hydrological range, Vh, and
the Secchi depth, Zs, in Plymouth Sound ( 0 ), Burrator
Reservoir ( @ ) and SE Malaysian waters ( © )

Regression of the datas presented in Fig.4.28 prodmces the equations:
Vh = 0,812 Zs + 0.133 (1.95{Zs{19.0, r2?=0.949, n=58) (4.102)
and through 0,0: Vh = 0.83 Zs (4.103)
For practical purposes, and incorporating Eqn.4.93, we may write:

0.8 Zs (4.104)

=

0.7 Zs (4.105)

S
it
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4.4.5 Estimation of c+K, p, R and Ct from on-board observations of Z

If diver observations are unobtainable or inconvenient, thea only
verficallyl downward measurements (Zp, Zh, Zx and Zf) are viable.
Likely useful rearrangements of Eqns.4.77, 4.80, 4,82 and 4.85 (Table

4.5), for our 4 standard tarpgets, are tabulated in Table 4.6.

Table 4.6: Useful rearrangements of equnations for vertically down—
wards threshold visibility with allocated egunation

numbers; all optical parameters are photometric.

Standard target type
painted corner neutral
reflector light~trap reflector filter
p=1p p=0 p=1 T=T
tafp ) ] | el
.Ct ‘LolCt] Ct Ct
¢tk = | ——— _
Zp Zh Zx Zf
(4.106) (4.107) (4.108) (4.109)
p=| R.(Ct.expl[(c+K).Zp]l + 1} _ N
(4.110)
- : | ) |
Ct.exp[(c+K).Zp] + 1 Ct.expl(ec+K).Z2] + 1
{4.111) (4.112)
ct = p/R -1 i i/R-1 1-T
expl(c+K).Zpl| expl(c+K).Zh]}| expl{c+K).Zx]| exp[(c+K).Zf]
(4.113)_ (4.114) (4.115) {(4.116)

The sum ¢+K has 1little theoretical wvalue but is the parameter
estimated from the Secchi disc equation (Eqn.4.106), and is uwseful as
g2 broad measure of optical turbidity. Values of p, R and Ct must be

assumed, and this is particunlarly risky in very turbid waters where
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R may be high and unknown. By using the corner reflector, the target

reflectivity is known {p=1) bDbut an assumed value for R is still

reqniréd:
R
Eqn.4,108: +K =
- Zx

In turbid water it is better to use the light ‘trap (this has also
been recommended by Héjerslev, 1986), or mneutral filter, as it is
then necessary to assume only a value for Ct, say 2%, (Hdjerslev uses

0.66%); so:

_ -La[Ct] _ 3.91
Zh Zh

Eqn,4.107;: c+K

or

Ln[_:gi
¢t | La[1-T] + 3.91
Zf Zf

Eqn.4,109: ¢+K

]
|

In the nnlikely event of the observer preferring an estimate of R to
one of Ct, then an estimate of ¢+K may be obtained by using the light

trap and corner reflector together. Equating Eqns.4.114 and 4.115:

1 - 1/R -1
exp[(c+K).Zh] exp[(e+K) . Zx]

so, —(c+K).Zh = Ln[1/R - 1] - (c+K).Zx, whence:

(o+g) = Lall/R = 11

etk 7 7h (4.117)
z —

The light—trap and corner reflector pair may also be msed to estimate
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the pnknown reflectivity of a third disc:

Egn.4.110: p = R.Ct.exp[(c+K).Zp] + 1
Bqn.4.117: c+K = —In[Ct]/Zh

Eqn.4.112: R = 1/(Ct.expl[(e+K).Zx] + 1)

Substituting ¢+K and R from.Eqns.4.107 and 4,112, into Eqn.4,110:

~Ln[Ct]
Ct.ex [——-————.Z
P 7h P

-La[Ct
Ct.exp[rEgi——l.Zx] + 1

+ 1

_ expl-Ln[Ct] Zp/Zh] + 1

4,118
expi—-LniCt] Zx/Zh] + 1 ¢ )
and as Zp/Zh, Zx/Zh ~ 2, then expl[l)>>1, and so:
exp[~Inl[Ct] Zp/Zh] [3.91 ]
= = —_ (Zp - Z 4,119
exp[-LnlCit]l Zx/Zh] P Zh (Zp x) ( )

Table 4.7 1ists observations of Zx, Zh and Zs in different waters.
The 'unknown' p is that of a matt—white painted Secchi disc -

generally assumed to be sbout 80%, (eg Tyler, 1968).

By equating Eqns.4.107 and 4,108, weter reflectivity, R, may be

estimated:

_Ln[l/B = 1]
WK = —LalCt] Ct
&2 Zh Zx
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therefore, Ln[ligéi—l] = 3.91 Zx/Zh, and so:

R = (0.02 exp[3.91 Zx/Zh] + 1)-32 (4.120)

Table 4,7¢: Some calculations of p by Equation 4.119

Obsexrvation Reflectivity of Secchi
- disec calculated <£from
Zh Zs Zx Equation 4.119
5,55 9,30 9.55 0,839
2.66 4.50 4.57 0,902
5.90 10.76 11.22 0.737
Mean; 0.826

This result agrees closely with the 80% suggested by Tyler (1968).

Lastly, consider a meané of estimating the observer's threshold
contrast, Ct, The corner reflector is not useful in this case as
Eqn.4.121 contains both R and ¢+K. However, nuse may be made of a
nentral filter of known transmission, T, and a light trap. Equating

Egns.4.107 and 4.109:

+g = —LalCt] _ La[1-T] ~ LalcCt]
- Zh A S

Ln[1-T]

75 , and so:

therefore, —Ln[Ct].[%i - %;] =

Ct=c¢e

a1 .11

£/Zh - 1
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4.4,6 Estimation of ¢{°Ko) from Zs

The Secchi disc depth is a function of photopic ¢ and K, (Eqn.4.106).
Traditionally, however, workers have estimated the eupﬁotic depth,
Ze;y;” a function of diffuse attennation only, by assuming an empirical
relationship of the form: <%°Ko>.Zs = ©Js, where 9Js is the PAR
diffuse optical depth of the Secchi depth {eg Poole and Atkins; 1929;.
Clarke, 1941; Gall, 1949; Duntley and Preisendorfer, 1952; Graham,
1966; Tyler, 1968; Williams, 1968; Quasim et al, 1968; Holmes, 1970;
Idso and Gilbert, 1974; Weinﬂerg, 1976; Otobe et al, 1977; Walker,
1982; Hpjerslev, 1986)., Most agree that 1,3 { E.Zs {( 1.8, but
debate the exact figure, (where K = <K, <Kd>, <{%Ko> or, oftem, an
nnspecified form of K; they are, in any case, approximately equal).
There is 1ittle to be gained from this search for great accuracy
since Zs is a function of ¢ and K, and ¢ is several times as big as
K. The expression: K.Zs = constgnt, {or c.zs = constant), represents
& parabola, and some workers, (eg Idso and Gilbért, 1974; Hpjerslev
1977 , 1978, 1986), have presented their dats closely scattered about
a2 c¢urve of this form, In fact, the shape of this parabola is rather
insensitive to small changes in the chosen constant, particmnlarly at
large or small Secchi depths (eg clear ocean or +turbid estuarine
waters), This is illustrated in Fig.4.29 by the two parabolas: K.Zs =
1 and K.Zs = 2 within which, seemingly, would fit 2all of the
curves specified by the listed workers. Of greater significance, the
listing includes the number of observatioans {(n) and ;ange of Secchi
depths on which these ‘laws' were based. It is apparent that some
were based on too few observations and too 1limited a range of
turbidities for wuniversal application; the scope of Pilgrim (1987)

compares well with most.
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Fig.4.29: The two parabolas K.Zs = Js = 1,2; and values of

K.Zs = Js published by eleven workers (including
Pilgrim, 1987) with the nomber (n) and range (——)
of Secchi depths measured
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Figore 4.30 illustrates 201 <°Ko):Zs data—pairs collected in the NE

Atlantic and Tamar Estuary.

°ko {m™)

4 - o)
3+ O

o ° o

© o
9 . 8 00 (@] o
o o _

800 %Ko = 1.470 Zs~' + 0.011

1 - e r* = 0.395, n = 201
°ko = °Js = 148
O | 1 | | ]
0 05 1 15 2 25 3

Secchi coefficient, 1/Zs {m™

Fig.4.30: Relationship between {°Ko)> and Zs from data collected
at 201 stations in the NE Atlantic and Tamar Estuary

Least-squares regression analysis gives:

€°Ko)> = 1.470 Zs-1 - 0.0114 (4.122)
(0.35¢Zs{31, 0.0517<{%K0<4.276, r2=0.895, n=201)

and through 0,0: <(°Kod>.Zs = °Js = 1,48 (4.123)

Secchi disc data were also partitioned for 'oceanic’ ( Ko ¢ 0.27) and’
‘tarbid’ (°Ko > 0.27) analyses. This separation is about midway

between Jerlov's oceanic type III and coastal type I waters (see
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Jerlov, 1976, Table 27). The equations derived from these analyses

aroe;

Oceanic (°Ko < 0.27)

¢9Ko> = 1.309 Zs-% + 0.0073 (4.124)
(6.5(Zs{31, 0.0517{°K0<0.2677, r2=0.811, n=48)

and through 0,0: {(°Ko}.Zs = 9Js = 1,38 (4.125)

Turbid (°Ke > 0.27)

{%Ko> = 1.450 Zs-* + 0,0327 (4.126)
(0.35{Zs{2.7, 0.2902{°Ko<4.2767, r2?=0.834, n=153)

and through 0,0: {°Ko)>.Zs = °Js = 1.48 (4.127)

The 153 'turbid’ data—pairs were obtained in the same waters in which
Poole and Atkins (1929) derived: K.Zs~ 1.7 (based on 12 data points),
Recalculation of their dats (Walker, 1980) gave a more accurate
estimate: K.Zs = 1.4, a value closer fo the 1.48 presented here.
Unless the local value of 9JFs has recently been derived from direct
observations of (°Ko), then it is suggested tbat biologists adopt the

working relationship:
°Ts = {9Ka>.Zs = 1.5 (4.128)
and hence, from Eqn,2.63, for the euphotic depth, Ze:

- _%Je _ 4.6
{9Ko> 1.5/2s

Ze =3 Zs ‘ (4.129)

The regression analyses reveal 2a small difference between turbid
(®TJs= 1.48) and oceanic (°Js = 1.38) waters, which may be real, or
possibly a consequence of the fact that all of the  turbid

a
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observations were made using a plass—bottomed bucket or diver’'s face
mask, (to avoid +the adverse effects of surface reflection and
refraction), whereas the oceanic observations were made from the deck

of a2 research ship.

That there should be markedly better correlation between Zs, a
functi;n of ¢tK, and Vh, & function of ¢ only (r2 = 0.949, th.4.1Q2)
than between Zs—~1 and {°Ko} (r2 = 0;895, Eqr.4.122) may be‘attrihnted
to the fact that ¢ is several times‘as big as K or {(°Ke>, and so the

more significant part of the parameter citk.

The regressions presented in Eqns.4.122 — 4.127 are very slightly
different to those published in Pilgrim (1987) for the same data.
In that paper, regressioné were calculated by the method given by
Pedoe (1970),_in which it is assumed that both z and y, (ian this case
Zs—1 and <{°Ko)), are subject to observational error. This is
certainly co:rect; but it is now appreciated that adoption of this
method may not allow proper comparison with the published results of
other woxkers, who almost certainly use the standard method of legst
squares, Throughout this current work, all least—squares regressions
have been obtained from the MINITAB package on PRIME, Of course,
these small differences are of no opractical significance; the

important conclusions (Eqns.4.128 and 4.129) are unchanged.
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4.4.7 Estimation of {Ko> from Vh

The Marine Conservation Society is currently organising a nationwide
observation scheme,_ Viswatch, in which divers are asked to note the
depth of the deepest kelp plant and the horizont#l visibility at the
seabed, The reasoning here is apparent: the better the visibility,
then the clearer the water and so the deeper the penetration of
sunlight for photosynthesis, This researcher was invited to analyse
the collected data. The question therefore arose: what is the most

appropriate empirical relationship between the depth of the euwphotic
zone, Ze, a function of (°Ke), and the hydrological range, Vh, a
funetion of ¢? No doubt a solution of sorts could be derived from
the c(660):¢(°Ko> data which produced Eqn.4.5 - 4.7. However,
transmission at 660 nm is not a good representation of broad-band
vision. A more direct approach was therefore taken by usimg the real
observations of horizontal visibility. Combining Eqns.4,129 and

4.103:

Ze _ (4.6/1.5).Zs

- ie Ze = 3. .130
vh 0.83 7s ie Ze = 3.7 Vh (4 )

If preferred, {°Ko)> may be estimated from Eqns.4.127 and 4.103:

°Ko>.Vh = 1248 4 33 75, je <0Roy = 1223 (4.131)
Zs Vh

Unfortunately, the Marine Comservation Society gave no instructions
to divers om how to obsexve ‘'horizoatal visibility’, whilst the

observations of Vh, which prodoced the relationships given in
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Egn.4.130 and 4.131 are of the hydrological =range as defined by
Eqn.2.92, ie the threshold wvisual range of a zero-reflector. In 2
series of exzperiments in Plymouth Sound and the waters of East
Malaysia and Singapore, divers were asked to estimate the 'horizontal
visibility’ mnear the bed, no indication being given on how this
should be done. These estimates (Vis) are compared to measured-

values of Vh (light trap) and Vb' (black disc, adjusted) in Fig.4.31.

Estimated vis., Vis (m)

Vh = 0.909 Vis + 2.020
20 - (r® = 0.640, n = 73) .
Vh = 117 Vis ' e
15 -
10 -
5 -
0

20

Hydrol. range, Vh (m)

Fig.4.31: Relationship between measured values of the hydrological
reange (Vh,Vb’) and 73 divers’ estimates of 'visibility'
(Vis), Vertical lines join estimates offered by several
divers on the same occasion. Observations were made in
the waters of: Plymouth Sound ( O ) and SE Malaysia ( @)
The broken 1line indicates the egmality: Vis = Vh.
(Pilgrim et al, 1988)

4.73




Least-squares regression of the data in Fig,.4.31 produces the

relationship (Pilgrim et al, 1988):

Vh = 0.909 Vis + 2.020 (1.6{Vh{16.0, r2=0.640, n=73) (4.132)
and throungh 0,0: Vh = 1.17 Vis . - {(4.133)

That Vis ( Vh is to be expected; an uninstructed observer will not
judge ‘the visibility' to be the absolute threshold range of a zero
reflector, but rather the maximum range at which common objects are

just visible.

4.4,8 Estimation of particle concentration from Zs

It is apparent that the Secchi depth must decrease with increased
suspended particle concentration, P, usually expressed in parts per
million (ppm). There is no governing theory which gives P in terms
of Zs so this relationship must be determined empirically. The data
plotted in Fig.4.32 were obtained from on board 3 boats anchored in
the lower reaches of the River Tamar on two separaté occasions (30
June and 7 July, 1982);: these data dre included in the two tidal
time-plots, Figs.4.33(a) and (b). The particle concentration P (ppm)
was obtained by turbidity meters which had been calibrated again;t
international standard formazin.,” The 1least—sqnares regression

equations are:’

P=24.71 Zs-* - 9.16; Zs—* = 0.033 P + 0.45 (r2=0.823, 2=52) (4.134)
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Fig.4.32: Relationship between Secchi coefficient, 1/Zs,
and the gravimetric particle concentration, P,
during two surveys on the River Tamar: 30 June
1982 (neaps) and 7 JTuly 1982 (springs).

The rather high degree of scatter in Eqn.4.134 is not unexpected.
The turbidity meter effectively measures beam transmission which is a
function of particle size as well as concentration (Gibbs, 1974); the
scatter therefore suggests a range of particle sizes different to

that of the formazin standard.

The relationship between particle concenfration and Secchi depth
presented in Eqn.4,134 compares very closely with that found by Joint
(1983) from gravimetric measurements in the Bristol Channel in 1973

and 1974:

Zs—-1 = 0,040 P + 0,10 (4.135)
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This eguation is plotted (broken lime) in Fig.4.32. The intercepts
in Eqns.4.134 and 4,135 represent Secchi depths of 2.2 (Tamar) and
10.0 (Bristol Chanmel) at P=0, and may reflect differences in
concentrations of dissolved organics in the two rivers. '_I'he
gradients, d(Zs-1)/dP, are very similar: 0.033 (m1).ppm-1 in the

Tamar, and 0.040 {(m—21).ppm—* in the Severn.
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4.5 TIDAL VARTATIONS IN OPTICAL PROPERTIES

4.5.1 Tidal variation in <*Ko), Zs etc

Although internal c¢ycling of sediment within the Tamar estmary is
predominantly driven by seasonal changes.in river flow (Bale et al,
1885), it has been demonstrated by Uncles et g1 (1985) and Uncles et
al {1986) that resuspension of sediment is locally enhanced by tidal
bed stress with a large springs—neaps variability in a manner similar
to that described for the Gironde and Autune by Allen et al (1980).
Figures 4.33(a) and (b) show the gradual changes in five tide~related
parameters measure& at half-hourly intervals th?oughout & neaps and a
spring tidal cycle. These parameters are: depth of water under the
boat, h, (effectively the height of tide), the depth-mean PAR diffuse
attennation coefficient, {°Ko)>, the depth-mean particle concentration
P, the Secchi coefficient, 1/Zs, and the fraction of fresh water,
FFW, (tsken to be: ((35~8S)/35)x100%). As the dimension and/or
nomerical range of each parameter is different, data have been
converted to 'percentage of range above minimum’, and so each curve
covers the full 100% scale. Two controlling factors are apparent.
The very distinct c¢ontrol is FFW for it is the fresh river outflow
vwhich is responsible for the down-stream flux of suspended particles
from the tubidity maximum, The rising tide brings clearer saline
water dinto the estuary. This dependence of suspended sediment
concentration upon salinity is also illustrated in Figs.4.34(2) and
(b). If sediment concentration depended only upon the influx by

river water and sea water, then the sediment concentrations in these
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Fig.4}33: Tidal variations in turbidity parameters at Cargreen
(19.7 km from Weir, (a) 30 June
1982 (mneaps)., 7 July 1982 (springs). The
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Fig.4.34: Relationship between PAR diffuse attenuation coefficient

and salinity at Cargreen (19.7 km from Weir, R.Tamar) on:

(2) 30 June 1982 (neaps), (b) 7 July 1982 (springs)
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two would be given by extrapolation to 8=0 and 5=335:

Neaps: <(°Ko) = —-0.0561S + 2.61 (r2=0,793, n=26) {(4.136)
which produces the extrapolations:

S =0, <°Ko} 2.61 {river water)

8 = 35, <%Ko>

0,647 (sea water)

Springs: <°Ko)> = —0.,2068 + 7.61 (r2=0.879, n=26) (4.137)

which produces the extrapolations:

S=10, <{°Ko> 7.61 (river water)

0.40 {sea water)

i

8 = 35, {°Ko’

The seawater values of {%Ko» are of the right order; otherwise these
results tell wus 1little. It would be a mistake to assume that the
river contribution to {°Ko> on the two occasions was 2,61 and 7.61
m— respectively; there must be & considerable contribution by tidal
resuspension of the type described by Allen et al (1980), Morris et
al (1982a), Uncles et al (1985), Uncles (1986) and others,

The other impoxtant control wupon turbidity is the water column
torbulence, a function of water velocity. Although turbulence was
B0t measured directly, its effect is just mnoticeable at high water
and low water. We see from Figs.4.23(a) and (b) that at slack water
{°Ko), P and 1/Zs decrease for a short period as the larger particles
settle out in the temporary low-turbulence conditions, Salinity is
‘not affected in the same way and so the FFW curves do not exhibit

pérturbations at H¥ or LW.
It is apparent from Figs.4.33(a) and (b) that the phase angle, @,
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between the height of tide, h(t), and the approxzimately sinusoidal
variation in turbidity, say {°Ko>(t), is about =. It is given by:
%Ro>(t) = a + B.cos(ot'+d), where t = time, t’' =t — t(H¥), o =

2n/duration of tide, and a,p are constants. Therefore:

{®Ko>(t)

a + Pp.cos ot'.cosd + B.sin ot’.sin ¢

)

e + Bz,c0s ot’ + Pz.sin ot’ (4.138)

where Bz = B.cos o, B2 = P.sin ¢ and ¢ = tan-2(B2/B1) are obtained by
multiple regression of <°ﬁo>(t) data against cos ot' and sin ot',
Results showed that dering the particular tides in question: the
{°Ko>(t) curve at neaps (Fig.4.33(2)) lagged the tidal curve by 1.08n

and at springs (Fig.4.33(b)) by 0.84n.

4.5.2 Tidal variations im irradiance reaching an estuary bed.

A significant proportion of total estusrine primary prodnction takes
place on the estmary bed. The most important producers are the
intertidal angiosperms suck as Zostera spp., and salt-marsh Spartina

Spp. Also of consideration are the macrophytes, mainly Fucus spp.,

filamentous algae svch as Enteromorpha spp., and diatoms and other

microalgae (microphytobenthos) very near the surface of mod flats

(McLusky,1981). Colijn (1982) has measured PAR diffuse attenupation

coefficients in the fEﬁé—Dollart_ Estuary and has calculated column

irradiances for phytoplankton, and irradiances reaching submerged
microphytobenthos over mud—filats at high water, Paterson {1986) has
investigated, in a laboratory tidal micro-system, the stabilisation

of cohesive sediments by the mncopolysaccharides produced by
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intertidal diatoms. Species of Navicula and Nitzchis were observed
to migrate to the sediment surface when photon flux densities were
inereased above 0.5 pB m—%s-1; after 4 hours there was a synchronous

appearance of large numbers of Scoliapleunra tumida.

The amount of light available to benthic flora must depend on the
sky-light 1level, a function of latitnde, season, time of day and
cloud cover, and the proportion of surface light which is able to
penetrate the overlying water column, a function of water depth and
turbidity. 1In the Tamar Estvary the main compoment of turbidity is
suspended inorganic particles (mainly quartz, with smalle; fractions
of tourmaline,fﬁlﬁfgéfgj; magnetite, feldspar and granite fragments),
and this varies tidally, reaching a maximom at low water with the
resuspension of sediment by increased turbulence, and a corresponding
minimum at abont high-water (Morris et al, 1982; Bale et 21, 1985;
Uncles ot al, 1986), (see eg Figs.4.33(a) and (b)), It is therefore
apparent that the tyo factors limiting light intensity at the bed are

about 1« out of phase and countieract; when the depth is least, so is

the transparency and vice versa. It might be assomed therefore

that the two opposing factors simply cancel, but this is not the
case, as demonstrateé by Pilgrim and Millward (1988). The time
variation in the natural log of the proportion of surface light
reaching the bed is expressed by Jp(t), givenm by: Ju{t) = h(t}.E(t)

where, for simplicity, we write Ju(t), K(t) for °Jh(£), {°Ko>(t), so:

Fplt) = h(t).E(t)

{h + é;j.(cos 0)).(K + ég.(—cos a))
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whence:

Jp(t) = A.X + E}ég.(—cos 8) + E.Ag.(cos e) - Ah;AK.cosze {4.139)

where Ah, AE, |, K are the tidal ranges and mean valmes of water
depth and diffuse attennation coefficient, and 6 is the tidal angle.
Suppose that AK/K = Ah/B, ie that K.AK = K.Ah; clearly the second and

third terms wonld cancel so that:

Ah.AX Ah.AK

.c0s20 = h.K — 22220(1 - cos 20) (4.140)

Jp(t). = B.K - 2

This fuanction varies at twice the tidal frequency (cos.28) as
illustrated in Fig.4.35, curve (8}, which indicates mazimum light
penetration (minimum Jy) at both HW and L¥ and minima at rising and
falling mid-tides. It is also apparent that all the maxima and minims

r———
are equal; eg JL(BW) = JL(L¥W), end tbis may be written:

(2 + 3Ah).(K - 3AK) = (h — $Ah).(X + 2AK) (4.141)

which simplifies to Ah/h = AK/K, the special preconditiom, This
situation will therefore be called: equilibrium Jh(t).occurring at

the equilibrium depth.

In shallower water (nearer +to the bank rather than wp—estvary, so
giving approximately the same AK/K), the ratio Ah/R will be 1larger
and J4{(BW) > Jy(LW). This condition will be called tide—dominated
Jp(t), as light penetration is controlled more by the tidal variation
in water depth than by the opposing wvariation in K. It is

characterized by Ah/R » AK/K and illustrated in Fig.4.35, curve (b},
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It cen be seen from curve (¢) that as Ah/h >> AK/E, the Ju(t) curve
tends to fellow the depth carve, This will {herefore be known as

tide—following Jq(t).

In water deeper tham the equilibrium depth: Ah/h ¢ Ak/K. This is the
turbidity-dominated Jy(t) ?ype in which Ih(ﬁW) { Jp(LW), and is
illustrated in Fig.4.35, curve (d). As Ah/R {{ AK/K (curve (e)), the
thtt) curve tends to follow the turbidity cunrve, K(t), which is

identified as turbidityfollowing Jj(t).

h, K, Jh

O -
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Fig.4.35: Theoretical curves of the time variation in the diffuse
optical depth, Jy(t), of an estuary bed.

(2) Tp(t, ©=1) (b} Jp(t, ©>1) (¢} Jp(t, ©>>1)
(d) Ju(t, ©<1) (e) Tp(t, ©<L1)
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It is sometimes more convenient to estimate K from the Secchi depth,
Zs. Although Zs is inversely proportional to the sum c+K, simple
empirical formulae are frequently used to give separate valmes of K
andfor ¢. It has been found, for example, that for work in the Tamar
Estuary (Pilgrim, 1987): (°Ko>.Zs = Jg; = 1.5, where Jg is the diffuse
optical depth of the Secchi depth. 'We may therefore write:
Jp = K.h = (1.5/Zs).h ie Jh = hfZs. The-term h/Zs will be recognized
2s the scaled depth, H, used by Pingree (1978, 1986) in constructing
S-H (stability -~ scaled depth) disgrams which describe the
relationship between epvironmental conditions and the start of the
productive season in coastal waters. We may therefore use H’ as
2 meaningful substitute for Jp. Similarly, K may be estimated.
locally from an empirical K:¢c relationship. In the Tamar Estuary,
the correlation: X = 1.1066 ¢ 1*214 has been obtained (Pilgrim, 1987)
where ¢ is measured at 666 am and corrected for forward

al (1978). Actual

scattering by the method given by Bartz et
conversion is wunnecessary; the general pattern of Jp(t) may be
studied from analogons time series of yp(t). We may therefore

predict the Jy(t) curve type by calcnlation of the ratio z:

_ AWE _ AR/E _ AWE

AK/R  A(1/Z3)/(1/Zs)  Ac/% (4:142)

The characteristics of the five named J;(t) types are summarised in

Table 4.8,
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Table 4.8: Summary of J,{t) curve types and characteristics

T (t i Siteation -
p(t) curve [Curve inj < Shape of T,(t) curve tuation — one
type Fig.4.35 or more of:
Tide— Follows depth curve; Shallow water
1 ingl treti
following ¢ w22 sz?g © penctration max Large tidal range
(min Jy) at LW
High turbidity
Smal i
Tide- all penpetration max Small turbidity
. b T>1 (low Jy) at HW; larger
dominated . range
max (min Jy) at L¥
Equal penetration
Equilibrimpm a T= maxima (Ih minima) at
LW and HW
Small penetration ma
_ Turbidity- ponetration max Deep water
dominated d ©{1 {(low J;) at LW; larger
n mex (min Tp) at HW Small tidal range
Low turbidit
. Follows turbidity curve; v
Terbidity— - . . .
e T{{1 |single penetration max{Large turbidity
following
(min Jy) at HW range

These theoretical patterns have been observed in data obtained in the
Tamar Estuary. K(t) and Zs(t) data were obtained during twe surveys
(30 June, 1982, and 7 July, 1982) at stations 8.8, 19.7, 23.3 and
26.7 km down—estuary of a weir used as the baseline for distances.
Another survey, which included the collection of beam transmissometer
{660 mnm) data, was carried out on 19-20 March, 1987, at the

confluence of the Lynher and Tamar {26 km from the weir).,

Figures 4.36 ~ 4.41 illustrate observed tidal variatioms in h(t},

E(t} and Jy(t) (or their Secchi disc or beam traasmission
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equnivalents). Percentage scales covering the full ordinate are again
used so that any tidal pattern is immediately apparent. The data
relevant to ‘these percentage scales, the v ratios and the predicted

Jp{t) curve types are presented in Table 4.9.

Table 4.9: Data illustrated in Figs 4.36 — 4.41, calculated v and
predicted Jn(t) curve types. The turbidity datz are:
K in Fig.4.36, 1/Zs in Figs 4.37 — 4,40, and ¢ in

Fig.4.41,
Tide Turbidit Predicted
T
Figure y T Ty (t)
Np/Sp[h(HW) |[R(LW) | max min curve type

4.36(a) Np 7.10 |4.25 |1.549 [0.787 (0.770 |turbidity-
dominated

4,36(b) | Sp |6.36 |1.95 |4.850 [0.770 {0.731 |turbidity—
dominated

4.37(a) Np -[7.10 [4.25 11.020 |0.561 [0.864 |turhidity—
dominated

4.37(b) Sp |6.36 {1.95 |1.538 |0.541 [1.106 !eqnilibrium)

4.38(a) { Np |7.95 }5.30 |0,811 |0.400 [0.589 turggg%ggzng

4.38(b) | Sp |7.80 [3.85 |0.884 [0.403 [0.908 |equilibrium

4.39(a) Np ]4.45 }[1.70 ]0.646 ]0.408 [1.978 |tide- .
following

following

4.40(a) | Np [4.20 [1.25 [10.00 |2.443 |0.891 |equilibrium

4.40(b) | Sp |4.85 |0.80 |10,00 |1,867 [1.046 |equilibrium

4.41 - |20.43[14.96]12.04 |1.17 |0.188 |turhigity
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Fig.4.,36: Variation in K(t) (A), h(t) (0), and Jp(t) (@) at Cargreen

(19.7 km), (a) 30 June 82, neaps; (b) 7 July 82, springs
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Fig.4.37: Variation in 1/Zs(t) (A), h{(t) (0), and H(t) (®) at Cargreen
(19.7 km), (a) 30 June 82, neaps; (b) 7 July 82, springs
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Fig.4.38: Variation in 1/Zs{t) (A), h(t) (0), and H{t) (®) at Saltash
(23.3 xm), (2) 30 June 82, neaps; (b) 7 July 82, springs
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Fig.4.39: Variation in 1/Zs(t) (A), h(t) (0), and H(t) (®) at D’port
(26.7 km), (a) 30 June 82, neaps; (b) 7 July 82, springs
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Fig.4.40: Variation in 1/Zs(t) (A), h(t) (0), and H(t) (®) at Calstock
(8.8 km), (a) 30 June 82, neaps; (b) 7 July 82, springs
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Fig.4.41: Variation in c¢(t) (A), h(t) (0), and yp(t) (®) at the
Tamar—Lynher conflunence (26.0 km), 19-20 March 87
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Figures 4.36(a) and (b) show the time series h{t), K(t) and J4(t) at
Cargreen (192.7 km) at ﬁeaps (30 June, 1982) and springs (7 July,
1982). PFrom Table 4.9 it is seen that = < 1, (Ah/E ¢ AK/K), in each
case, and from Table 4.8 that this turbidity-dominated situwation
should produce a double-frequency curve with a low J, at LW and =
minimom Jp at HW. This is nicely illustrated in both cases. The
same expected pattern is displayed by the neaps scaled—depth curve
(Fig.4.37(a)). The springs scaied—depth curve (Fig.4.37(b)) shows
the distinct double frequency but H(LW) < B(H¥W). This may be due to
one or two anomalons Secchi depth readings near LW, whichk would also

account for the erromeous ‘equilibrimm Jp(t)' prediction (Table 4.9).

At Saltash (23.3 km), <t <{ 1 daring the neaps observation (Table
4.9), As expected, the H(t} curve closely follows the 1/Zs(t) curve
(Fig.4.38(a)) in this turbidity-following situation (Table 4.8).
Another turbidity—following sitvation is shown for the beam
transmission obsérvations made at the Tamar-Lynhér confluence (26
km); the optical depth curve, vyh(t), follows the attenumation

coefficient curve, c(t), almost exactly (Fig.4.41).

At springs at Saltash (Fig.4.38(b)), v = 1 and we see an equilibrium

H(t) curve somewhat distorted by irregularities in the 1/Zs(t) curve.
At neaps and sprimgs at Devonport (26.7 km), ©t >> 1, and the curves
of H(t) c¢losely follow those of h(t), (Figs.4.392(a) and (b)), as

anticipated in this low-turbidity, tide—following situatiom.

Figures 4.40(a) and (b) present neaps and springs curves obtained at

Calstock (8.8 km)., Table 4.9 shows that v = 1 (equilibrium H(t))
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on both occasions. Although both H(t) curves display éomething of g
double—frequency pattern, this shape is greatly influenced by the
distinct buckle in the 1/Zs(t) ecunrves at LV. This Secchi depth
perturbation is to be expected. At this distance ap the estnary,
mid-tide flow' velocities and asso?iated turbulent—suspension
turbidities are high; the temporary but marked redmction in 1/Zs at
LW mest be due to the settling ont of larger particles dnrigg this
period of slack tide. Smaller LW perturbations can be seen in the K,
1/Zs and P curves (Figs.4.33(a) and (b)); it is significant that the

associated FFVW cuxrves do not display these perturbations.
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SUMMARY

Chapter 5

AND CONCLUSIONS

5.1




The aim of this research programme was to study the optical
attenunation coefficients and =xelated optical properties of oceanic
and estuarine waters, and the methods of measuring and estimating
them. Principally, these are forms of the diffuse attennation
coefficient, K(XA), the beam attepumation coefficient, ¢(iA), the
absorption coefficient, a(X), the scattering coefficient, B(A), the
optical depths, J(A), j(X) and H(L), and the reflectance, R(A)}). Of
special significance are the narrowband coefficients related to
particular conditions of the water, (eg the 450 nm abéorption peak of
Chl.a}, the broad-band attenvation of PAR, and the broad-band

photometric coefficients related to vision.

Appropriate and accessible coefficients were studied in two ways:
by optipal instrumentation (radiometric emergy measunre, dqs—im? or
Wm—2), and by the visual observation of ’'standard’ optical taxrgets
{photcometric measure; lumens m—3% = lux). The second approach is not
well covered in the literature, and this presented éhe opportunity of

developing improved and novel theory and methodologies.

5.2
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5.1 DIRECT MEASUREMENTS OF OPTICAL COEFFICIENNTS

In this study, direct measurements of the diffuse attenuﬁtion
coefficient were obtained from the calculated gradients of the log—
irradiance profiles. Tﬁis was illustrated in Fig.2.7, and expressed
by Egn.2.62: K = —d!dz(Lﬁ[E(z)]). Four methods of measuring E(z) were
employed in the course of this work, (others are reviewed by Pilgrim
and Aiken, 1989); they were: the Biospherical Instruments Inc GSP
series Profiling Quantum Scalar Irradiance System measuring °Eo(z),
the same instroment modified in house to measure °Eod{z) and °Eou(z),
a Hpjerslev-type Janus pair of sensors, and lastly, both vector and
hemispherical sensors mounted on the PML Undulating Oceanographic

Recorder.

Some of the earliest recorded irradiamce profiles were obtained, near
Plymouth, by staff of the Marine Biological Association (Poole, 1925,
1928; Poole and Atkins, 1926, 1928, 1929). Recent work includes
measurements in the ﬁestern Mediterranean (Héjerslev, 1973, 1974a),
the Baltic (Hpjerslev, 1974b), Liverpool Bay (Topliss, 1982),
Chesapeake Bay (Williams et al, 1984), the Ems—Dollﬁrd Estnary
(Colijn, 1982), the Western Englishk Channel (Aiken snd Bellan,1968a)},
the NE Atlantic and Tamar Estuary (Pilgrim, 1987), and an extensive
study of Amstralian waters (Kirk, 1976, 1977, 1979, 1980a, 1980b,
1981a, 1981b, 1983). Clearly, this method is well established in

optical oceanography; it has been found altogether satisfactory in

the present work.
Particular care must be taken, however, when interpreting the depth
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Fig.5.1: Example of a biphasic J{z) profile in clear water, observed
in the NE Atlantic before the spring bloom, 6 March 1985,

dependence of broad-band irradiance, such as PAR, in very clear water
where the profile is gemerally biphasic with a higher value of K near
the surface, An example of this phenomepon is ilipstrated in Fig.5.1;
the profile was obtained in ‘the clear, pre—bloom waters of the NE
Atlantic on 6th March, 1985, (first Frederick Russell cruise). The
mean gradient of this profile smggests that <%Ko> = 0.092. Near the
surface (z{7.5m}, however, the water has an extinction coefficient
of 0,187, whilst at depth (z)>17.5m) there is epparently clearer water

of {"Eo> = 0,063,

This curiosity is well documented (eg Kirk, 1983) and understood. As
solar radiation penetrates a water body, it becomes progressively
impoverished in those wavelengths which are absorbed strongly, and so
relatively enriched in those whick absorb weakly. The diffuse

attenuation of PAR is high near the surface where red is strongly
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absorbed; it falls to a lower velue at depth where the surviving blue

is less readily absorbed.

In turbid water there is a tendency for diffnse attenuvation to

increase ! with depth.dnerta?the flux becoming more diffuse, ie the

photons follow longer pathlengths. This effect counteracts that due
to the change in spectral composition so that in tuwrbid water it is

generally found that the irradiance profile is remarkably linear.

As described in Chapter 3, underwater irradiance measurements
obtained by the Biospherical Inc anderwater sensor were divided by a
sky~light reading to 2lliow for any changés.in the sky-light duaring
the profiling period. There is nco provision for sky-light monitoring
in the UOR system, All of the UOR data included in this present
research were obtained in the Norwegian—Greeanland Seas in overcast
conditions and very steady ambient light (eg see Fig.4.5). However,
if the TUOR were to be deployed in ¢loudy-and~clear conditions then
significant errors could arise., For example, if the sky-light 1level
were to double or halve during the 2-3 minutes of a half-undulation,

then the error in K would be: Ln[2,3]/Az = +0.7/Az.

Another concern about the performance of the UQOR, namely the
possibility of self-shading affecting measurements of uapwelling
irradiance (and hence important reflectance), is dealt with later in

this chapter,
Notwithstanding these reservations, experience of using the system
during the Lynch cruise, and the subsequent analysis of the collected

data, have shown conclusively that the U0OR provides by far the best
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means of collecting optical data at sea. VWorking with the Bios—
vherical system in the NE Atlantic (Frederick Russell cruises), it was
vswally possible to obtain only 2 or 3 profiles each day — for which
the ship had to be stopped, The TUOR measures two profiles every
undulation (ca 5 minutes), for as many hounrs as is required. Only
with a continnonsly recording system smch as this can ‘knowledge be
gained of the widespread distribution of optical properties, and

perhaps more importantly, the occurrence of local anomalies.

Meaningful measurements of beam transmission, to calculate c(i), can
be obtained only from transmisscemeters of the highest gquality amnd
most exacting design, ‘The instrument unsed thromnghont this programme
was the Sea Tech Inc 25¢m path-length transmissometer which operates
at 660 nm. A remarkable feature of this excellent instrument is it's
stability. Trﬁnsmissions were successfully logged for 430 hours
during the Lynch cruise (see Fig.4.10); although frequent checks were

made, recalibration was unneccessary throughout this peried.

Transmissometer data must be corrected for forward scattering (see
Table 3.1 from Bartz et al, 1978); this correction is very high for

turbid water and cannot be ignored.

- Unfortunately, Sea Tech Inc transmissometers operate at 660 am only.
There is a great need, in optical oceanography, for high quality
transmissometers operating at other wavelengths, eg at 555 nm, the
peak of the human photopic spectrum, and at 450 nm, the peak of the

Chl.a absorption spectrum,
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5.2 INDIRECT MEASUREMENTS AND ESTIMATIONS OF OPTICAL COEFFICIENTS

It has been emphasized throughout this work that the beam attenmation
coefficient, c(A), does not bear a fixed relationship to the diffuse
attenuation coefficient, EK(A). Increased turbidity gives rise to
increased scattering, which in turn gives rise to increased path
lengths in diffunse propagation; and hence some increase in E(x), In
the case of collimated 1light, bhowever, gcattering gives rise to
direct photon loss so that c(A) is increased considerably. So, with

.ing¢reased turbidity the ratio ¢/K must increase.

It must follow, therefore, that K(A) camnot be properly calculated
from the more easily measured c¢().)., However, from the argument above,
it is epparent that any empirical equation that is formulated should
be of the geometric form K(A) = fi.c{A)f2z, in recognition of the non-
linear increase in ¢/X with turbidity. Three such equations (Eqmns.4.5
- 4.,7) were presented in Pilgrim (1987) from data collected in the NE

Atlantic and Tamar Estuary, for estimating %Ko from ¢{660):

All observatioms; 0.0517 £ Ko { 4.276

{%Ko> = 0,113 c2'3233 (r2=0.996, p=37)}

Oceanic; 0.0517 £ Ko € 0.2677

{9Ko) = 0.127 ¢2*575 (r3=0,955, n=14)

Turbid; 0.2902 £ °Ko < 4.276

{%Ko> = 0.107 c**314 (r2=0,927, n=23)
It is theoretically possible to caleulate CKo almost exzactly from a
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selection of E{\) measurements. This was demonstrated in Chapter 4
where values of {®Eo) were estimated from E(A) measurements obtained
by the TOR during Tow 15, Lynch ¢ruise. The UOR was -not fitted with
a PAR sensor during this crumise, so direct comparison could not be
made, An empirical comparison was made through Egqn.4.6, and this
cast some doubt on the (%°Ko)> estimates. The method is theoretically
soand; the probable error may be attributed to the faet that each of
the E(A) sensors have a considerable baﬁdwidth which distorts the
shape of the constructed spectrum. This is a problem to be conrsidered

in fature work (see section 5.6).

Kirk's Monte Carlo Method (Fig.2.10) was used to estimate values of
CosE(Zm), ©%ao(Zm) and 9bo(Zm) from measured values of °Ko(Zm) and
°Ro{Zm). Estimates derived from 27 observations were presented in
Table 4.2. These were compared to concurrent observations of Zs and
¢(660), and reasonable correlations were obtained (Eqmns.4.25 - 4.29).
It is concluded that a2 Monte Carlo model of this type wounld be a
valuable asset to the hydro—optical work ocurrently under way in
Plymouth. However, the model will need a high degree of flexibility
to accommodate the diverse problems that will be tested. Also, the

model must be based upon parameters whichk define local, rather than

Australian or US, hydro—optical conditions.

As described in 4.3.2, attempts were made, in the North Atlantic and
Tamar Estmary, to calculate the average cosine and absorption coeff-
icient from measurements of upwelling and downwelling irradiance
obtained from a Héjerslev—type sensor-pair (Hfjerslev, 1975)., This
sensor-pair is illustrated in Fig.2.8 and 2.9, and was constructed in

house using collectors donated by Plymouth Marine Laboratory. These
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were identical teo the cellector described by Aiken and Bellan {1986a)
for fitting to the UOR, but modified by masking the tapered base so
as to mozre closely zesemble the semsor in Fig.Z.B.(é). It is
apparent from Fig.4.18 that this experiment was not successful.
There was poor comparison between values of {a) aand <{ao> calculated
from the Hpjerslev-type meter data, and values of {%ae¢) estimated
from Kirk's Monte Carlo method and measurements of <(°Roe> obtained

with a masked Biospherical sensor,

The sensor of Aiken and Bellan (19862) is almost 1ike semsor (d) in
Fig.2.8, and Hpjerslev (1975) says that the response of this is:
1(Eod + Ed). Of course, thke constant % is irrelevant in terms of
output voltage;' the significant factor is the vector compoment Ed
which will decrease from a maximum at & = 0° to zeroc at £ = 909,
Could it be that the sensor responses presented by Héjerslev (1975),
and reproduced in Fig.2.8, are incorrect? Unfortunately, Hpjerslev
does not provide proofs of his findings, so a simple method of
judging the angular response of a diffuse collector has been

developed,

The total flux received by an irradiance sensor is the sum, over all
angles, of the intensity of the intercepted radiant flux mupltiplied
by the intercept area: F = Ai x ledE. As optical constructions are
reversible, then the angular reception response of the sensor must be
the same as the angolar distribution of radiance that it would
produce if it were a transmitter. A plot of the angunlar distribution
of trammitted radiance would then form a curve identical in shape
to that of the anguler distribution of received radiance. An ideal

receiver of radiance is the eye; it must therefore follow that the
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response of a sensor at any angle & may be judged by ‘'seeing’ the
relative size of the exposed sensor area, This method is tested in
Fig.5.2 for the five sensors (a)-(e) described by Hpjerslev (1975)

and illastrated in Fig.2.8.

(a) This is a classical pair of back—to-back {Janus) circular cosine
coliectors., From € = 0, the collector is seen as a circle (area
= 1), For 0 < & ¢ inlz,.thn collector is seen as an ellipse of
decreasing area (L < 1), At & = +n/2 it disappears. For +n/2 <
¢ £ 7 the eye sees an ellipse increasing in area to a circle,
*Seen areas’ are equivalent to radiance, L. A plot of the
angular distribution of I produces the expected c¢osine curve

(the upwelling radiance 'is negative). So, sensor messures Ed,Eu,

(b) This is the classical spherical 4n irradianmce semsor, It is seen

as a circle (L = 1) from all directions. Sensor measures Eo.

(c) The spherical semsor is placed on & black plame. As in the case
of (b), it is seen as a cirele (L= 1) when 0 { & ¢ +1/2. On
crossing the plane there is a sharp cut—off and the sphere is not

seen (L = 0}, Sensor measunres Eod.

(d) Hemisphere on black plame. It is seen as a circle (L=1) at & =
0, and as an ellipse of decreasing area (1 > L > %) when 0 ¢ & ¢
+7/2., At & = +nf2 it is seen as a semicircle (L = 1), followed

by cut—off (L = 0). Sensor measures %(Eod + Ed).

(e) This is the well known ‘Hfjerslev collector’, It locks 1like (d)

for 0 <& ¢ *n/2. There is mno cut off at *n/2; thke eye sees a
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Fig.5.2: Five examples of a proposed ’‘seen area’ method for judging

the angular response of a diffuse collector; (these are

the same collectors as depicted in Fig.2.8 and 2.9, from
Hpjerslev, 1975)
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crescent of decreasing area (2 > L > 0) for #n/2 ¢ &€ { n. From
the plot it is to bs seen that the angular distribution of L is
equivalent to 3L + %L.cos &, whence F = 2L + 3IL.cos & = 1(Eo

E). So, sensor A measures 3(Eo + E) and sensor B measures (Eo -

E).

All of these deductions, (a)-(e), are in total agreement with the
findings of Hfjerslev (1975) as reprodoced in Figs.2.8 and 2.9. It is
therefore reasonable to suppose that this technique of judging the
response of a2 sensor may be wsed in the study of any existing 1light
collector (with a diffusing surface), or in the design of new ones.
For example, teflon spheres are not easy to produce, and their
mounting is fragile. So is there a hemisphere type of sensor that
has a response that approximates to, say, type (e)? Seen from & = @,
the sensor will be circular (area = xr2)}, It must therefore have an
apparent area of nr? when seen from & = +n/2. Two possibilities are
illustrated in Fig.5.3. One is & hemisphere mounted on 2 cylindrical

base of height nx/4 = 0.785 r; the other is a cone of height xr,

The original problem remains, On the basis of Fig.5.2, the sensor of
Aiken and Bellan (1986a) should have a response somewhere between
types (d) and (e), probably more like (d). This has been checked by
calibration (Aiken 1988, personal communication), and the anticipated
% + 3cosf response has been found. Therefore, there should be much .
better agreement, in Fig.4,18, between absorption coefficients a and

ao (Hojerslev's method), and %ao (Kirk's model),

A simple analysis was performed (Table 4.1) on the K()A) data from TOR

Tow 15 (Lynch cruise, 1987) to assess the contribution to K(A) by the
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Fig.5.3: Two approximate 2; collectors proposed by means of the

'seen area’ method of judging & sensor’s angular response

components: water (K(A)),planktonic materials measmred as chlorophyll
concentration (kz(A).Chl), and particles plus dissolved compounds not
related to the concentration of chlorophyil (Kx(A)). The calculated
values of ka2, the specific diffose attenuation coefficient due to

chlorophyll-like pigments associated with chlorophyll, agree closely

with those from Smith and Baker (1978b). ii;_tié_faggiqf_L % %59 o,
it is apparent from Fig.4.,7 that for Tow 15 the average value of
%Kod is about 0,110 m—-*, and from Table 4.1 that Ew(450) = 0,017 m-2
and Kx(450) = 0,043 m-2*, So, in the particular example comsidered,
the .approximate contributions to ©9Kod(450) were: water 15,5%,
chlorophyll and chlorophyll-like pigments 45.5%, and particulates

plus non—chlorophyll related compounds 39%,




5.3 MEASUREMENTS OF WATER REFLECTANCE

Since the 1launch of the Coastal Zone Colour Scanner (CZCS) in 1978,
inceasing use has been made, in oceanography, of information gathered
by the remote sensing of radiation emanating from the sea surface.
The scope of remote sensing is global, and provides a synoptic wview
of widespread phenomena swvch as phytoplankon blooms. Radicmeters in
the CZCS measure in sixz bands: blue (443+10 nm), . green (520+10 nm),
yvellow (550410 mpm), red (670+10 nm), mneaxr infra—red (750450 nm), and
infra—-red (1150041000 nm), The measvred radiance is strongly
dominated by atmospheric scattering and absorption. Even aunder
favourable conditions, this may be as much as 80% in the red and 90-
95% in tie bloe, so that subsurface optical properties change the
measured radiance by only 10-20% or less (Sprensen, 1981). Of this

emergent flux, about 90% originates from the first diffuse optical

depth, J = 1/K, (Kirk, 1983),

Values of upward radiance may be of interest in themselves;  however,
by far the most important use of remote sensing is in assessing the
. concentrations of optically significant constitwents in the surface
layer: planktom, suspended sediments, dissolved materials ete. It is
the task of the optical oceanographer to study and measure the
relationships between the spectral quality of wpwelling light and the
particular hydrological conditioms of the water: physical, biological
and/or chemical, The gunality of upwelling 1ight must also depend
upon that of the downwelling field, and this will vary with cloud
cover, sun's altitade etc, The hydrological inflmence of interest

may be isolated by dividing the npwelling by the downwelling flux,
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and this amounts +to measuring the water's irradiance reflectance:

Ro(A,z) = Eon(A,z)/Fod()r,z2), where z30.

It is to be exzpected that reflectance will increase with an increase
in backscattering, and decrease with an increase in the absorption of
downwelling photons; in fact R « by/(a+by), (Kirk 1983). As bpd<a in
natural water, then this may be simplified to: R = by/a, eg Prieur
(1976) proposes tﬁe approximation: R(0) - 0.33 by/a. Ki;k-(1981a)
found that R(0) increases with decrezse in the suan'’s altitude, and
proposed the very similar expression: R(0) = £.by/a, where £ = 0.328,
0.391, 0.449, for sun's altitnde = 90°, 459, 30°, Both the diffuse
attenuation cofficient, Ko, and the Secchi coefficient, Zs—*, must
increase with by/a {(eg see Fig.2.10), It is therefore to be expected
that reflectance will increase with an increase in Ko or Zs-%,
assuming that scattering material is present, (Gordon and Clark,1981,
have shown that in water containing pigments only, then reflectance
increases in the red and decreases in the blne with increase in
pigment concentration, whilst in the greem and blue-greenm it is

unchanged) .

Water reflectances were obtaiped by four different methods im the
course of this research, and these produced five different types pf
reflectance measurement: °§o(Zm), Bp, <R(A,z)>, <Ro(A,z})> and R.
These data are summarised in Fig.5.4, from which the following

conclusions may be drawna:

(i) The expected overall increase in °Ro(Zm), Rp(z) and R, with

tarbidity, is appareat.
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" Fig.5.4: Summary of measured water reflectances. Symbols are:

As O °Ro(Zm) measnred by adapted Biospherical irradiance
meteéT inm the NE Atlantic (A) and Tamar Estuary/Plymouth
Sound (¢). These data were listed in Table 4.2.

0,8 Rp(z) measured by hand-held (diver) photometér in
Plymouth Sound () and Burrator Reservoir (@). These
data were plotted in Fig.4.26.

O.m R calculated (Eqn.4.120) from viswal observations of
Zx and Zh in Plymouth Sound ([J) and Burrator Reservoir
(m).

+450,+490,+550,X490 ) — _
Average values of . Ro(450 z). Ro(490,z), Ro(550,z} and
R(490,z) measured by TOR during tow 15, Lynch cruise
1987.

Where °Ko or K()\) but not Zs was measured, then convexl:sion
for plotting was by: K.Zs = 1.48 (Eqn.4.123)
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{ii) This trend is particuvlarly marked in th; °Ro{Zm) data which
cover the full range of the plot. In the Tamar Estmary and
Plymouth Sonnd, °Ro(Zm)>9.6%. In the NE Atlantic, °Ro(Zm)$5.6$,
except for two very high values, 11.9% and 13.1%, which were
measured at a station 70 n.miles west of the Scillies in water
that was rich in coccoliths, The sea surface appeared

remarkably 'milky white’ at the time.

(iii) As noted earlier, in discussing Fig.4.26, reflectances measured
in Burrator Reservoir ( @ and W ) are markedly 1low. This is
because of the strong absorption of sﬁort—wave irradiation in
water Ttich in Aissolved organics (Gelbstoff), but low in
particulate ({scatterer) concentration, as described by Gordon
and Clark (1981). (In fact, a decrease in R must also
increase the inherent cbntrast of the Secchi disc and lead to a
correspénding increase in Zs. However, Egn.2.94 or inspectiom’
of Table 2/3 shows that a decrease in B gives rise to a

proportionally smaller increase in Fs, eg Ct = 2, p =80, R =

6.620),

10, Fs = 5,858; but Ct =2, p =80, R= 5, Fs
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5.4 VISIBILITY OBSERVATIONS

In the visibility work oceaxried out in the c¢ourse of the opresent
study, it was recognised that since underwater visibility is limited
by the attenmation coefficients ¢ and K, then diver observations of
targets of known optical quality provide a means of estimating these
coefficients and other closely related parameters, The most usefal
of these are smummarised, in Table 5,1, for each of four categories:
diver/surface observer, and theoretical/empirical. Where more than
one approach is possible then only the best, as determined by this
stody, is listed: for example, measurements based mpon Method V are
preferred to the nse of Duntley Discs. Three points of particalar

note, from Table 5,1, are:

'— Methods (vii)-(xi) wuse the mnew types of targets introduced in

this study.

— Methods {vii) and (viii) are presented as preferred altermnatives to
using & Secchi disc., Unlike the Secchi depth equation (EBgn.2.94),
neither (vii) nor (viii) requires an estimate of the disc reflect-

ivity, p, oxr water reflectance, R,

— Method (xiii) is a proposed altermative to (xii), the traditiomal
Secchi disc equation, for wuse in very tarbid waters (Zs{2 m;
Zs-130.5 m). It allows for the significant increase in reflectance,
R, that occ;rs in high torbidity water, Equations for (xii) and

(xiii) are plotted together in Fig.5.5

5.18




Table 5.1:

Summary of recommended threshold visibility methods

to find | measure Equation
DIVER ONLY
Theoretical
3 c Vh c=3.9/Vh (4.83)
ii K Vi,Zh X = 3.9[%1* - ;l,—;] (4.89)
iii e/K Vh,Zh c¢/K = Zh/{Vh — Zh) (4.88)
Empirical
iv {°Ko> Yh {%Ko> = 1,23/Vh {4,131)
v Ze Vh Ze = 3,7 Vh (4.130)
vi . Vis Vh Vis = 1.17 Vh {4.133)
SURFACE OBSERVER
Theoretical
vii Zh c +K=3.9/Zh (4.107)
¢ + K
[ —T1 + 3.
viii tf ¢ +K= fallZl v 3.9 (4.109)
Zf
. 3.9
ix ] Zs,Zx p= exp'VzT (Zs — Zx)] (4.119)
R Zh,Z R = 0.02 3.9 Zx/Zh]) + 1]1-1
x R X R = [( _I;;iET] x/Zh]) ](4‘120)
i Ct Zf,Zhk | Ct = _— ] .
X exp /78 - 1 (4.121)
Empirical
ii + KE=6 Zs—1 .
f.l c+K Zs ¢c+EKE=612s (4.99)
xiii c+ K=4.8 Zs—0"%4; (Zs{2) (4.101)
xiv c Zs c= 4,8 Zs-1 (4.95)
xv K Zs E=1,2 Zs-1 (5.1)
xvi {%Ko> Zs {%°Ko>.Zs = Js = 1.5 (4.128)
xvii Ze Zs Ze = 3 Zs (4.129)
xviii Vh Zs Vh = 0,83 Zs (4.103)
xix P Zs P=24.7 Zs-2* - 9,16 (4,134)
V,Z = horizontal and vertically downward threshold visibilities
kB = light trap -
£ = neuntral filter
s = Secchi disc
x = corner reflector
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c + K =4817s%%

1 i |
056 1 1-b
Secchi coeff., 1/Zs (m™"

Comparison of Secchi disc equations for photometric ¢+kK
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5.5 TIDAL VARTATIONS IN THE DIFFUSE OPTICAL DEPTH

In subsection 4.5, the curious and unexpected phenomenon of tidal
variation in light penetration to the bed of an estuary was examined
in some detail. It was demonstrated that the combination of
sinusoidally varying water depth =and turbidity results in a
sinuscidal variation in the diffunse ;ptical depth of the bed at
donble the tidal frequéncy. A range of possible curves of light
penetration with time were illustrated in Fig.4.35 and, for clarity,
were classified in Table 4.8 as: Tide—~following, Tide—dominated,
Equilibrium, Turbidity~dominated or Turbidity-following. Predicted
curve types were found in data obtaimed in the Tamar Estuary, as
illustrated in Figs.4.36-4.41, and detailed in Table 4.9. It is worth
noting here that suitable data for amalysis cam be obtaiped with the

simplest of instrumentation: a Secchi disc and a sounding lead!

The question arises as to whether these findings are applicable
outside of the estuarine system, and whether these cyclic variations
in 1light 1level occur in clearer coastal waters, This phenemenon
must occur where waters are tidal and metched by a significant tidal
variation in turbidity; for example, off headlands where high tidal
velocities and associated sediment resnspension may occur at mid-
tide. énppose that there is an 8%'variation in K, ie AX/K = 0,08,
and a tidal range (Ah) of 4m. It follows that there will be an
equilibrinm type variation (curve a, Fig.4.35) at a depth of 56 n
where v = (Ah/h)/(AE/E)} = 1, At shallower depths (v)>1) there will be
a tide following/dominated pattern {curve b,c). In deeper ‘watér

(v<{1) the cyclic variation will be tmrbidity following/dominated; of
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course, it is assumed that X is low enomgh to allow light to

penetrate to these depths,

The magnitude of the variation, AJh, in the diffuse optical depth, is

given by:

h.X - (B + 3Ah).(E ~ 2AK)
3h.AK — 3K.Ah + # Ah.AK

AJTh

but in equilibrium conditions: AR/R = AK/K, in which case 3K,Ah =

$h.AK, so that:

AJh = F#Ah.Ak (5.2)
ATH _ 1 AR AK
J,h - 4 - i- . -K-- (5.3)

In the example quoted above, where AK/K = Ah/h = 8%, then ATh/Jh =
0.16%. The eff;ct of a 0,16% change in Jh will, of course, depend
upon the actual value of Th; in this example it will depend upon the
prevailing value of K. Suppose that K = 0.1 (equivalent to a Secchi

depth of about 15 m), so that at 50 m depth:

Epax _ E(0).expl-Jhpi;] _ expl-0.104 x 48] _ . ..

Ejin  E(0).exp[-Jb .1  exp[-0.1 x 50] )

and Fh = 0,102 x 49 & 5

So, in this example (R = 50, Ah = 4, K = 0.1, AK = 0,008), there will
be an equilibrium type cyclic variation in the diffuse optical depth,
However, the amplitude of this variation will amount to only about 1%

of the light level at that depth., The mean light level at 50 m will
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be 0.7% (JTh = 5) of the surface intensity, (the 1% level is at 46 m),

Other possible combinations of %,X and AX which produce an equilib-
rigm type variation in Jh f¥om 2 4 m tidal range, may be extracted
from Fig.5.6. The graph also gives the ratio Eu,./Ep;, and the
aproximate Secchi depths from Eqn.4.128. For example, suppose that
over & tidal cycle 0,5{(K{2.5; entering Fig;5.6 with ¥ = 1.5 and AKX =
2 shows that an equiiibrium type variation will occur at a depth of 3
m, and that the maximum light levels (occurring at HW and LW) will be

7.4 times the minimum (ocourring at mid-tide).

The shaded part of Fig.5.6 is an impossible, mno—go area whickh wounld
involve negative valnes of h and E. Also plotted oan the diagram, are
curves of J = 4,6,18,34, The T = 4.6 curve represents the approximate
limit of net oprimary production (J = 4.6 is equivalent to 1% of
surface iliumination). Photosynthesizing organisms will therefore
experience an equilibzrium type varation only within the area bounded
by this line and the shaded c¢orner. Most of this permitted area
specifies shallow, turbid water with & large tidal variation in
turbidity, ie typical estvwarime conditions. The bottom paxt of the
area shows that equilibrium type conditions axe possible in deeper,
clearer waters; however, below about 30 m the amplitude of variation
(Enax/Emin) may be too small to have any significant effect upon

photosynthesis,

According to Parsoms et al (1977), colour vision is possible to a

diffuse optical depth of about J=18, and detection of 1ight by man or

deep sea fish is limited to J{34. These curves are also shown on
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Fig.5.6, from which it is apparent that significant tidal variations
in 1ight levels appropriate to the visuwal responses of animals could

occur over a wide range of turbidities and depths in coastal waters.

15 5 - 1 1 06 85 0-4 03

Emax

Ernirl

-1-2

Fig.5.6: Possible combinations of h, K {or Zs) and AK which will
produce edquilibrimm type variations in the diffuse
optical depth of the bed, Jh{t), with a 4 m tidal range;
the three J curves represent the approximate limits of
net photosynthesis (4.6), colour vision (18) and detect—
ion by man and deep sea fishes (34)
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§.6 FUTURE WORK

The most valuable conclusion that can be drawn from this programme of
study is that there are clearly identifiable areas of hydro—optical
research that urgently require further work. Thé six most important
are now discussed, and it will be apparent that these proposed

programmes are closely interrelated,

§5.6.1 TOR instrumentation and data amalyses

Among the biclogically most sigrificant hydro—optical parameters is
%Ko, the 4n diffuse attenuation coefficient in the 350-700 nm PAR
band (UNESCO, 1965). In Chapter 4, several methods of estimating
broadband PAR from simpler measurements were considered and tested.
If the TOR were.to carry & 350-700 nm guantum sensor fitted with a
scalar collector, then this would provide the means of fully testing
several estimation methods over a wide range of  hydro—optical
conditions., (Because self-shading by the UOR may affect the
measurement of upwelling irradiance, it would be best to fit only an
upward-leoking sensor, and measure °Eod). Four estimation methods,

(i)—(iv), which could then be tested are now considered.

(i) In Chapter 4, 2 method was proposed for comstructing the full
PAR quantum spectrum from available E().) data, (see Fig 4.12),
It was recognised that the bandwidths of the BE(A) measurements

may give rise to some uncertainty. Given proper °Eo data for
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comparison, then this problem could be fully analysed and a

better algorithm deduced.

{(ii) A very .attractive propositioh is that of finding & good
correlation between °Eo and a single E(A) measurement. Such
an algorithm wonld be very valuable in the analysis of remote
sensing data. Jerlov (1974) has proposed a method by which

9Es may be estimated from E(465),

(iii) Hfjerslev and Jerlov (1977) have proposed a method of estimat-
ing quanta irradience from the colour index, ¥, at 1lm depth,

where: F(z=1) = [Lu(450,1)/La(525,1] ~ [Eu(450,1)/L(525,1)].

{iv) In Chapter 4, 9Ko data were compared to surface measurements
of the beam attenmation coefficient, ¢, at 660 nm. A more
reliable comparison could be made, especially in coastal and
estusarine waters, by mounting the beam tramsmissometer on the
UOR., The Sea Tech Inc transmissometer is fitted with a

bracket for this purpose.

It is to be noted that methods {ii) and {(iii) are strongly dependent
upon the measured water having an absorptior specirum which conforms
to the scheme of water types specified by Jerlov (1976)., These
methods may prove less useful in the study of hydro—optical anomalies
such as may occur at an oceanic front or in coastal/estuarine waters.
Of course, a similar reservation must be made in the case of method

(iv),
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5.6.2 Water reflectance and the problem of instrumental self shading

In discussing the measnrement of water reflectance, and its relevance
to obtaining ground truths for remote sensor calibratiom, it was
noted that mearly all of the remotely detectable flux comes from
within the first diffuse optical depth of the surface. It is vital,
therefore, that sound techniques be used in measuring npwelling and
downwelling radiances/irradiances, and hence reflectances, at a
minimum practical depth below the sea surface. This constraint gives
rise to threée hydro-optical problems which call for early investig—

ation:

(i) There are serious physical difficulties associated with near-
surface measurement, particularly in bad weather., With depth,
however, there mnst be changes in R(L) duwe to the vertical
strucénre of the water column, Tke question therefore arises
as to what is the maxzimom depth at which meaningful measure-

ments of reflectance can be obtained.

(ii) Having discovered, from (i), how shallow the sensorgrmust be
set, how is this to be done? Are data obtained during, or at
the top of a2 normal UOR undulation adegquate, or must the TOR
or similar sledge be towed much closer to the surface? Must

a special vehicle be developed?

(iii) In Chapter 3, the problem of self-shading by an instrument as
large as a UOR was comsidered. It was estimated (Eqn,3.5),
that over 85% of the measured wupwelling 1l1ight comes £from

within 2 distance of ome diffuse optical depth of the seasor.
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It was then suggested that this conld present a real problem
at long wavelengths and/or in turbid waters. It is proposed
that a temporary boom be extended from the TOR to locate a
pair.of sensors well clear of any shading. Reflectance data
from these sensors could then be compared to that obtained

from an identical pair fitted to the body of the TOR.

5.6.3 TUnderwater visibility theory and measurements

The study of auanderwater visibility has made a significant contrib—
ution to this programme of research. Some published theory has been
found wanting, and improvements have been proposed. Novel method—
ologies for use by divers aand surface oceanographers have been
recommended, In all this work it has been assumed that the basic
theory of underwater visibility, and especially contrast visibility
as provided by Egn.2.76, is correct. However, there are aspects of
this simple equation which give rise for comncern. PFor example, it
implies that the inherent contrast of a non—reflector, eg a light
trap, is —1 no matter what the background luminance. It also implies
that when the background is absolutely black, then the inherent
contrast is = for a target of any reflectivity. From Duntley’s
contrast transmission law (Eqn.2.83 and Fig.2.13), the apparent
contrast must also be = at any distance r. In fact this has =no
practical ‘meaning underwater where, im the presence of illumin~
ation, the background'c;nnot be absolutely black since this wounld
imply zero—scattering water, Always, B{o} # 0, so there mast always
be some background space—light, L*., But what if this is very low, as

in very clear water?
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Also, it %ould be nseful to examine the inherent contrast equation
(Eqn.2.76) in the more common sitmnation in which neither the target
nor the background is black, but rather different intemsities of the
same tone. The real situnation may be further complicated by the fact
that the underwater enviromment is rarely absolutely monochromatic,

(Lythgoe, 1988, personal communication).

Another underwater visibility problem concerns the effeet of the
ambient light level mpon the observer's threshold contrast. Consider,

as a practical example, the Secchi disc equation (Eqgn.2.94):

f2 =)

c + K

The inherent contrast of the disc is represented by the constant term
(p/R-1). The threshold contrast, Ct, varies with the observer and
the observing conditions, inciuding tke ambient light 1level. There
mast be an increase in threshold contrast to account for the obvious
and observable dec?ease in Secchi depth that ocecurs at Iow ambient
l1ight levels. It is wunlikely that this phenomenon has had a
significant effect upon the measurements obtained so far in the
course of this research, as all of the observations were made in
near—surface waters in fairly bright conditions, Bowever, if these
studies are to be applied to low ambient light situatioms, such as
the visibility of fishing nets in deeper, darker waters, then Ct can

no longer be considered constant.
Clearly, there is a need to re—examine the theory and practical
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applications of inherent and threshold contrasts underwater, but in
controlled c¢onditions of illumination (intemsity, wavelength and
bandwidth), water transmission (type of dissolved smubstances, and
particle type, size and size distributioan), and target—background
colour and intensity. This will not be achieved. in the field, and so

a laboratory model is presently under construction; see Fig.5.7.

Basically, the visibility +tank is a long aquarium-type vessel with
the bottom, ends and one side comprising of frosted, mirrored glass.
These surfaces will maintain the diffused light field emanating from
the controlled light source via the frosted glass side of the tank,
The target—-background will comprise of nentral filters sandwiched
between perspex sheets., This arrangement will avoid all the problems
associated with sidelighting (eg see Fig.4.22, and Eqn.4.78), and
with the measurement of target and backgromnd reflectivity, A
miniature light trap and cormer reflector may also be used. The water
may be natural, diluted natnrel or, more 1ikely, made up with exzact
concentrations of known particles and dissolved organics and/or
inorganics, The water will be circulated through a spectrophotometer
and/or transmissometer flow cell to obtain spectral and transmission
information, Ambient light levels wiéhin the taank will be monitored
by means of a photometer with a photometric response spectrum, (TDT

model PIN 104P).

It is anticipated that many useful experiments will be possible with
this visibility tank. Initially, however, attention will be directed

towards the two problems cutlined earlier:

(i) A more comprehensive definition of inherent contrast
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(ii) A study of the variation in threshold contrast with such factors

as: different observers, different conditions of light-dark

adaptation, different types and conditions of face mask and,

particularly, different 1levels and spectral quality of ambient

light.

glass end, side -
and bottom with —
frosted mirrored
surface

surface or opal

Hlw—1 _  glass with diffusing

sheeting
water in tank i «——— source of controlled
circulated to beam : illumination

transmissometer and
spectrophotometer

sliding target-
backgronnd frame

graduated scale ——

e e e e ke b oW oW oW

glass end with
frosted, mirrored —.

surface

Fig.5.7: Plan view of proposed visibility tank, presently

ander construction

Visibility experiments in the sea will certainly continue;

for

example, the results of visibility tank experiments will need to be
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confirmed in the field. Also, wuse of the cormer reflector + light
trap + neutral filter disc suite of targets from a surface boat,
(rather than diver), has yvet to be tested. The equations concerned
were presented in Table 4.6, Of particulaer interest will be the
calculation of water reflectivity,R, by Eqn.4.120, and the obsexver's

threshold contrast, Ct, by Eqn.4.121.

The inspiration for this whole study originated in an wunderwater
investigation of the problem of ‘ghost net' fishing by lost and

1,

abandoned monofilament gill nets in shallow water (Pilgrim et
1985). Subsequently, attempts were made to produce equally invisible
nets by colounr-pattern camouflage of environmentally more acceptable
multifilament netting. Results of these ezperiments were promising,
but statistically inconclusive, This potentially valuabie work will

be reassessed and continued in the field and in the visibility tank.

5.6.4 Influence of particle size and size distribution upon light
propagation
_ o

Optical turbidity is a function of at least the following parameters:
particle concentration, particle size, particle shape, particle size
distribution and particle mineral (refractive index). Moreover,
particle size, shape and refractive index must be greatly influenced
by the scale and nature of any organic or imorganic coating (Glegg et
al, 1985), and these will vary in the environment with: location,
depth, state of tide, river flow and salinity (flocculation). These
- variables cannot be selected to order in the field. To study their

effect wupon optical tuonrbidity it will be mnecessary to design a
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laboratory model, and then to contrive turbidities of selected -and
controlled minerals, sizes, distributions and congcentration., The
effect of particle variation upon the beam attennation coefficient
ahd upon visibility problems may be studied in the transmissometer
flow cell and visibility tank described earlier in this chapter. But

what of the diffnse attenunation coefficient, K?7

1 (1981) have discussed the problem of measuring the

Friedman et
absorption coefficient of turbid water by spectrophotometer; a

systematic error results from the increased path lengths followed by

scattered particles, Bricawd et al (1981) have noted that even after

filtration, seawater remains a scattering mediam so that the coeff-
icient obtained from a conventional spectrophotometer is intermediate

between a(A) and c(d). It may follow, therefore, that if a spectro-—

photometer cell were so designed that all of these scattered photons
were collected by the receiver, then_this measure wonld be equivalent
- to the attenuation coefficient for diffuse light, K(A). Shibata
(1959} has described seven representative types of attenmnance {see
Table 5.2) by assigning s preceding subscript to indicate the nature
of the incident light, and ; following svbseript to describe the
natare of the light after it has passed through the sample.
Rectilinear attenmance, cAc, is the attenmance that would occur in a
spectrophotometer when measuring & non—scattering sample; simply, cdc
is the generally songht absorbance, Quasi—-attenunance, cEf, is of
significance to the proposed method of measurimg K(A). It is

illustrated in Fig;S.s, and is now considered in further detail,

Some of the collimated incident light, ¢I, is mneither absorbed nor

scattered, and reaches the detector as Ic. Some fractiom, 0<{f{l, of
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Table 5.2: Seven types of attennance (Shibata, 1959)

e of Incident light :

Atizzuance Collimated Diffuse Definition
Rectilinear che - InfYo/Ic]
Quasi- cEf - Ln[Yo/(Ic + £.1d)]
Semi—-integral cEt dEt LnlTo/It]
Integral cEtx dEtr In[To/ (It + Izr)]
R—corrected crEt drEt La{(Te — Ir)/It]
Reflex

0<¢f<{1 and cEr dEx La[Yo/Ir]

Tp+Id = It
¢ = ¢collimated; d = diffuse; r = reflected; t = total
transmitted; f = measured fraction of the total diffuse
light (0<£<1)

lamp : detector
—_— I Ic l s
4//’/" f.Id"”’;"
Ir
/ (1-£).1d

Fig.5.8: The optics of quasi-attenvance measurement in a
spectrophotometer (Shibata, 1959).
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¢I will be scattered into the acceptance angle of the meter as
diffuse flux, f.Id. The remaining photomns, (1—f).Id, will be lost
and treated in the same wey as absorbed photons in the instrumental
'calcnlation’' of absorbance, This is the troublesome error which
plagues seekers of simple absorbance., Nor, unfortunately, is it a
measure- of diffuse attenvance (K x cell length), A measure of
diffuse attenuance should include all of the forward propagation
flux, J¢ + £.Xd + (1-f).Id, but nome of the back—scattered photons of
Ir, This suggests one possible technique for measuring K: design a
spectrophotometer with a detector large enough to collect all of the

forward flux leaving the sample cell,

An alternative approach is prompted by the efforts of Shibata (1959},
to remove the erxror caused by lost flux (1-f).Id. He describes a
simple technigue in which a small piece of opal glass is placed
either between the sample and detector (procedure A), or between the
light source and the sample (procedure B; see Fig.5.9), ia which case
both the reference cell (water) and the sample cell are illuminated
by diffuse light, Since the 1light emerging from the sample and
reference cells bhave been completely diffnsed, the value of atten—
uance thus measured is, says Shibata, '... the spproximate value of
semi—~intepral attenunance for diffuse incidemt 1light, which includes
the effect of multiple reflection’. Semi-integral attenuance is the
third of those listed in Table 5.2, and is expressed: la[Io/It] where

It is the total transmitted fluwx, This is, surely, diffuse atten—

uance, and so:

K= (1/r).Ln{To/Xt] (5.4)

where r is the cell length,
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To increase the accuracy and sensitivity of the system, a 100 mm
flow—cell was used. As scattered photons wonld be lost through the
side of the flow—cell, this was silvered. If the flow-cell is
imagined to be a column of water in the sea, then the reflected
photons in the cell represent the random flux of photons that would
be scattered into the column to exactly replace those randomly
scattered out., The silvered flow-cell was arranged as illustrated in
Fig.5.9 in an Ultrascope 4050 spectrophotometer (LXB Biochrom Ltd).
The whole calibration and measuring procedure was c¢ontrolled by a
microprocessor dinterfaced with an Apple IIe microcomputer which
displayed (VDU), recorded ({(soft disc) amnd printed all measunred
spectra.
opal glass silvered flow cell

lamp § detector

“‘:k////mm i

-

L

Fig.5.9 Arrangement of opal glass and silvered flow cell in

spectrophotometer

A number of attempts have heen made to simulate diffuse transmission
— and hence measurement of K — in the system illustrated. So far, the
results have been mwnconvincing. It was only during the last of these
experiments that the reason for this was fully demonstrated, The
spectrophotometer was opened in a darkened rocom and a white card was
placed between the éample tube and the detector to examine the shape
and size of the emergent diffuse beam. It was apparent that -with

increased sample turbidity, and bence increased scattering, the beam
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was widening so that the flux density was being reduced (apart from
the intended reduction due to increased K). As the receiver does not
collect the whole beam, but only a sample through its window (see

Fig.5.9), then this gives rise to a large and serious error.

Clearly, some form of lens system will have to be placed between the
tube and window so that all of the emergent flux can be collected and

focused onto the receiver.

5.6.5 The development of Monte Carlo modelling of underwater light

The technique of Monte Carlo modelling to study or predict the
behavionur of 1ight underwater has been employed by several workers
;ncluding Plass and Kattawar (1969,1972), Kattawar and Platt (1972),
Gordon and Brown (1973, 1974, 1975) and Goxdon et al (1975). In
Chapters 2 and 4; the Monte Cerlo modelling of XKirk (1981a, 1981c,
1986a,1986b), was described and a graphical representation (Fig.2.10)
of omne set of results (Kirk 1986a) was used in the analysis of data
obtained in the North Atlantic and Tamar Estuary (Table 4.2, Figs

4.15 and 4.18, and Eqn 4.25).

A mathematical model of light propagation wonld be most useful to the

PML+IMS (Plymouth} work. An early version of Kirk’s model was

- pablished in Kirk (1981c); however a new model should be produced as:

(i) Kirk's model is not ubiquitons in application; a new model would
be tailored to particular needs, such as the study of near-

surface reflectance or the problem of instrumental self-shading.
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(ii) Mathematical models necessarily incorporate measured constants
and empirical algorithms derived from regiomal data that may not
be appropriste for use elsewhere; a mnew model would include

empirical parameters apposite to the area(s) of investigation,

5.6.6 Spectral measurements of irradiance and/or radiance

As demonstrated in this programme of research, a considerable range
of optical information can be pgathered wsing instrumentation
operating in a‘single, narrow band (eg c¢(660)), or in a single, broad
band (eg ©°Ko). The scope would be much widened, however, by
measuring optical properties over a range of selected narrow bands,
so that the spectral properties of the waters could be defined. For
example, by measuring X(i) velues, then Jerlov's water type {Jerlov,

1976) may be determined,

Spectral irradiometers/radiometers are commercially available; but
they are extremely expensive. A system is therefore suggested by
which simple measurements of spectral radiance aand/or irradiamce can

be obtained by means of an underwater camera,

The proposed method (see Fig.5.10) entails teking a photograph of the
illustrated filter frame using an industrial guality black and white
film (eg Kodak Tmax Professiomal), The frame will comsist of an
opaque plastic sheet with g series of circular windows and a single
rectangular window. The c¢ircular windows will be fitted with
coloured filters at the wavelengths of interest. The rectangular

window will be fitted with a graduated series of neuntral filters. At
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Fig.5,10: Proposed camera + filter frame spectral

irradiance/radiance meter

any depth, z, the camera may be pointed in any direction, &, to
measure the spectral distribution, E(A,z,E). After exposure, the
film will be developed (negative) but not printed. The graduated
neutral filter exposure will be mused to calibrate a standard
photographic densitometer which will then be used to measure
the relative intensities of the coloured filter exzposures. If the
filter windows were to be fitted with Gershun tubes, then the system

would measure radiance, L(A), rather than irradiance, E(1.).

The proposed system is very flexible; =2 set of different filter
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frames

eg:

(i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

could be made to monitor different selections of wavelengths)

555 nm plus several higher and lower wavelengths to cover the

human photopic spectrum

a suitable range of wavelengths to estimate PAR, as discussed

in §.5.1

the wavelengths monitored by any particular satellite or
airborne remote sensing system, eg the CZCS (443, 320, 550,

670, 750 nm)

the in vivo peak absorption wavelengths of algal pigments
(chlorophylls, carotenoids and biliproteins), (see eg Kirk,

1983)

similarly, the peak absorption wavelengths of the visual
pigments {rhodopsin) of selected fishes, (see eg the list of

references in Partridge, 1988)
the suite of sensors fitted to a UOR in related experiments

the sélection of filters used by Hemmings and Lythgoe (1965)
in their diver-operated deviceé used to compare the relative
spectral intensity of top light and side light. By chance,
this device was first used off Halﬁa during an underwater
science expedition in 1965, The proposed camera system will
be used in our own work in these same waters in 1989; indeed,
it is likely that the experiment described by Hemmings and

Lythgoe will be repeated exactly for comparison.
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This system could also be used from a boat for measuring the spectral
distribution of upwelling irradiance, En(X), by simply dipping it
into the water. Also, by pointing it upwards, it could be used to

measure the spectral distribution of skylight,
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On the whole, the objectives of this study have been fulfilled,
though each investigation has raised new guestioms. Hopefully, this
will continne to be the case; it will be a sad day that produces nro

new questions,
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The Secchf Disc in principle and in use

D.A. Pilgrim, Dept. of Marine Science, Plymouth Polytechnic.

1. Introduction

The Secchi disc is simply a flat white 20-30cm diameter
horizental plate which is lowered through the water column
until it is observed to just disappear — at the Secchi depri Zs.
It is apparent that in broad terms Zs must be a function of the
rurbidity of the water and indeed, the Secchi disc has been
used by oceanographers and marine biologists as 2 means of
assessing water clarity for well over a century. To understand
the operation of this ostensibly straight forward instrument
— and rathér more importantly, to understand what it
measures exactly — then we shall need 10 consider certain
aspects of established optical theory as applied to the
propagation of light underwater and to the concept of
contrast visibility. We may then consider the disc’s praciical

uses.
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Fig. 1

Atienuation of a collimated beam of light (radiance, N}

2. Some optical theory

2.1 Tke attenuation of underwater light

It is observed that when light is propagated through water it
suffers aloss in intensity. Fig. I illustrates the path of a beam
of collimated light of intensity (radiance) No at the source
which is attenuared to intensity Nr during its passege through
distance r. This beam attenuation is due to both absorption
and scattering. Photons of light are absorbed by organic and
inorganic particles in suspension, dissolved inorganic salts,
plankion and by molecules of the water itself. As only
collimated light is accepted through the Gershun tube of the
receiver then any light scattered out of the beam by particles,
plankton, salt and water molecules is totally lost, The beam
attenuation (or simply amenuation) is therefore the sum of
absorption and scattering. It may be demonstrated that the
-consequent decrease in light intensity with distance is
exponential and expressed by Beer-Lambert’s lam;

I = H oo [tare) = wpd op [~r] mwiaen -] eqod

where a is the absorbrion coefficient, b is the scatiering co-
efficient and the sum of 2 and b, is the (beam) attenuation
coefficient. The geometrical path length r multiplied by the
anenuation coeffiicient a is termed the oprical length & . A
very good example of a receiver which accepis only collimated -
direct - rays of ligh is the eye and its mechanical equivalent, the
camera; indeed the attenuation coefficiemt e« is usvally
associated with some aspect of visibility or photography.
2.2 The extinction of undertoater light

Thus far it has been assumed that photons flow in a
collimated beam and that scattered light is therefore lost. This
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Fig. 2
Extinction of diffused light lirradiance, H}

is not necessarily the case. Suppose an underwater surface
such as that illustrated in Fig. 2isilluminated by downwelling
irradiance H; that is o say by light arriving from a range of
directions due to scattering, It is apparent that as scattering is
essentiaily a random process then for every photon which is
randomly scartered out of the water column above the
receiving surface then a photon will be randomly scattered
into the column. If this were not the case then presumably the
column would brighten or darken. It must therefore follow
that there is no net foss from the column directly by
scattering; however there will be additional absorprion
associated with the increased path lengihs followed by the
scattered streams of photons. We may thercfore write Beer-
Lambert’s [aw for irradiance:

M = H{o)  exp [—(Ml".z] » Hfo) .exp [_x,;l = 3{d) e [_J] €q. 2

where a’ represents the increase in the vatue of the absorption
coefficient due to the increased path length followed by the
scartered lipht and K is the extinerion coefficient or diffuse
attenuation cocfficient. ], the multiple of the geomettical
length of the path and the extinction coefficient may be
termed the pprical Iemgth for irradiance. Just as beam
attenuation is usually associated with visibility so is extinction




. generally associated with some form of Hluminarion. The
Secchi disc is iluminated by downwelling irradiance and its
upwelling radiance is-observed by the eye; we should not be
surprised therefore to find that the Secchi depth is a function
of both « and K.

2.3 Conrrast visibility

An object may be visually detected against its background if it
is a different colour to its background; chis is known as colour
contrast. If the abject is the same colour as its background
then it may still be detected if it has a different brightness to
its background. This is brightness comtrasy, the phenomenon
which most often limits visibility ir the generally.
monochromatic subsurface world. Contrast C is defined by:

object brightness — background brightness
background brightness

Cc

We may therefore express the inkerent conrrast Co of an
object — the contrast that it would have if viewed at zero
distance — by the expression:

No bNo

bNo

where N is radiance and b indicates background. At some
finite distance r the apparent comtrast will be expressed by:

Nt bNr

Co

bNr

These contrasts are illustrated in Fig. 3. Apparent contrast
Cr is diminished with increased distance r by two concurrent
processes. Light from the object is attenuated by absorption

Cr

;‘:(} Co= Hoctio
bNo
™0 inherent Contrast

bNr
2 Cra Nr— bNr
bNT
Nr

Apparent  Cantrasi

Fig. 3
Brightness cantrast

and scattering so that there will be 2 reduction in object
radignce; at the same time incoming daylight is scattered
towards the observer throughout the entire length of the path
of sight producing a veil of lighe behind which the object
becomes increasingly indistinct. The diminution in apparent
contrast to which these two processes contribute is given by
Duntley’s law of contrast yeduerion (Duntley, 1952):

Cr = Co.ep [ «{pf = Kosin n)r]

contrast reduction
fastar

eq. 3

1

The siruation in which this equation is derived is illusteated
in Fig. 4. It can be seen from eq. 3 that the apparent contrase
Cr decreases exponentielly with range r as a function of both
the antenuation and extinction coefficients and sighting angle
@. Of course, arange may be reached at which Cr is reduced to
a level 100 low for visual detection by the observer. This
limiting apparent contrast is termed the threshold conrrast Ce.
Duntley (1952) coined the term hydrological range ¥ to
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CtaGo.exp [-(u + K.3in B} r]
Duntey, 1952

_Ho-bho
ENo

Co

Fig. 4
Duntiey’s law of ¢antrast reduction

describe this distance of disappearance. Substitution of Ct
and V into eq. 3 gives:

co
P
@+ Kosin 0

eq. 4

o + K.3ip 9

where 8 represents the term Ln [Co/Ct), a constant for any
given object and observer. Eq. 4 shows that the range of
visibility for, say, a fish or diver is maximum when looking
vertically upwards (8 = -90°; sin § = -1}, minimum when
looking vertically downwards (8 = 0°; sin 8= 0). We should
now consider the special case of the visibility of a flat white
disc viewed from above.

2.4  The Secchi depth

Suppose a flat white disc of surface reflectivity ¢ is situared
at depth z and is observed from above as illustrated in Fig. 5.
The disc is ifluminated by irradiance Hz so thar its inherent
brightness at depth z must be (¢ .Hz. The mass of water itself
will reflect (back scarter) light; this property of the water is
characterised by its reflectance R, It follows that the inherent
brightness of the background water against which the disc is
observed must be given by R.Hz and so we may write for
inherent contrast of the dise:

E.u: = RiHz

RuH

£=x

Co

So, theinherent contrast of the submerged discand indeed,
any underwater object, depends only upon its own reflectivity
and the reflectance of the water; it is not a function of the
ambienat light conditions assuming thet these are bright
enough for efficient vision. The disc will be observed
verticaily downwards (6= 90°) so that K.sin =K. At Zs, the
depth of disappearance, the apparent contrast will be the
threshold contrast Ct so thart from q. 4 we may now write the
Secchi depth equation:

C- ]
n
e [c:.n] . :‘3' hence {of s %) ,TB_s eq. 5
Ke X ex s
3.
3.1 Secchi's experiment

The idea of assessing the transparency of water by making
visual observations of a submerged white disc is not anew one
but may have originated with a casual observation by 2 certain
Captain Alexandre Bérard in the early 15th century (Tyler,
1968). It is recorded that on some occasion during a passage
from Wallis Island to the Mulgraves, Bérard noticed a white
dish entangled in a fishing net at a depth of 40m. This




[a 10

|
)
|
|
|
|
Z
|
i
;
£-Rr I
R [
[
l
R.Hz GHZ I
| Disc
Hz ; /HZ! REFLECTIVITY
Water (’
REFLEGTANGE
R

Fig. 5

observation was mentioned in the writings of Dominique
Argo the French aswronomer and physicist whosc optical
work included photometric measurements of the brightness
of the stars, proof of the relationship between the aurora
borealis and magnetic variadon and importanr observations
of the rotal sclar eclipse of 1842, The works were
subsequently read by Commander Alessandro Cialdi who, in
1863, was head of the Papal Navy end interested in the
transparency of the sea and visibility of the sea bed. Cialdi
prepared a aumber of discs of different colours and sizes
(Cialdi, 1866) and engaged the services of Professor PA
Secchi to organise and conduct a programme of observations
from on board the papal barge L'Immacolata Cancezione,
Secchi measured the depth of disappearance of Cialdi’s discs
off a graduated line, In his report (Secchi, 1865; translaton
by Collier et al, 1968) Secchi records that the largest disc
deployed was of 3.73m diameter “... fortned of an iron circle
covered with oiled sailcloth and vamished with white [ead”.
Smaller discs were 0.4m in diameter and “... of diverse
substances, One was pure white carthenware plate... others
were cloth discs supported by iron circles... but of different
colours: white, yellow and the colour of sea mud.” These
various dises were deployed 6-12 miles off the coast of
Civitavecchia in Mediterrancan water which was “..
perfectly clear, of a beauriful colour and of a great purity...
which for a long time had not been strongly agitated”.

During the voyage Secchi carefully examined and recorded
the effects of many variables upon the visibility of Cialdi's
submerged discs. His conclusions were:
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Influence of size of disc. The large dises were found to
have a greater depth of visibility than the smaller ones
“... because the images of the latter... are deformed in all
directions by refraction, and become so diffused that it
is impaossible to recognise the object exactly, even when
it is sufficiently ciear.”

Influence of shadom af ship. Secchi recorded thar depths
of disc visibility were approximately equal on the
shaded and sun-lit sides of the ship *... provided that
the solar rays reilected by the water were prevented
from reaching the eye.”

Influence of keight of observer above the water. It was
determined that “... by placing the eye as near as
possible to the water the depth increases...”, and that
... berween the measurements 1aken on the deck of the
ship and in the smaller craft there was a difference of
2m, but this advantage was more noticeable for the little
discs than for the large ones.”

Influence of altitude of sun and cloud cover. “The most
important factors are the height of the sun and the
clearness of the sky.”, wrate Secchi who found that s
sky even thinly covered with lipht clouds resulted in ““...
4m less of depth...” than a perfectly clear sky.

Colpur of disc and warer. Secchi analysed the light
reflected by white discs by means of a spectroscope and,
as may be expected in his *... perfectly clear ...”
Mediterranean water, he found that the &rst colour to
disappear was red followed by yellow and preen whilst
“.. blue, indige and violet remain completely
unaltered., that explains the colour of the seawater
which is of a lovely blue derkening 1o violer”. Gialdi had
also provided discs painted yellow ... and the colour of
the sea slime...”, (whatever that might be in a 19th
cenmury Mediterranean ... of great purity ..."*1), and
Secchi noted thar these disappeared ar depths
representing hardly half of those of the white ones.
Maximum depth of disc viribility (i.c. maximum Secchi
depth). Dwuring this original series of experiments
Secchi recorded depths no greater thaa 45m — litde
more than Bérards 40m-observation — but wrote that
*... I believe that In seas like our Mediterranean, one
couldd reach at the most only 50m and, with great
difficulty 60m...” This is probably about right as Tyler
(1968) has calculated an absolute maximum Secchi
depth of 67m for pure water.

The use of polarizers. Scechi did wy some observarions
*... using polarizers proposed by Argo... to destroy the
reflection of the light on the water which greatly
impsired  distinct  vision.. bur without any
advantage...”. He found that the advantage of reduced
sunlight reflection was outweighed by the unwanted
absorption by the polarizer and “... the necessity of
using a single eye...”. [In fact I have experimented with
modern polarizing sunglasses — two eyes — and have
found them 10 be of some advantage; however I much-
prefer 1o use 2 glass-bottomed bucket as this complerely
removes both surface reflection and irregularities in
surface refraction, the phenomenon which causes the
disc image deformation referred 10 by Secchi in (i).]
(viii) Poinz of actual disc disappearance. Even during these
first recorded observations Secchi notes that “... ineach
experiment the disappearance happened in rather
narrow limits of depth, verying rarely from one meter in
the same circumstances...””, [This is an interesting
point, I have made many Secchi disc observations and
underwater measurements of horizontal visibility and

@

(i)

(i)

{iv)

]

Y

(vit)




have always been surprised that the disc or fellow diver
should disappear at such an exact depth or range. One
might imagine that the target would gradually fade into
the background over 2 considerable range of distance
but this is not uswally the case except in water rich in
planktonic ‘bloom’. [ have also found remarkable
-agreement in the observations by several observers or
divers in the seme warer.)

After 1866 the Secchi disc became established asa standard
instrument for measuring turbidity at sea. Its simplicity and
cheapness guaranteed its survival — even after the
introduction, early this century, of the phoroelectric cell for
the measurement of underwater illumination.

3.2 The Secchi disc toeday

It is not common practice today to construct a Secchi disc
with a 3.73m dizmeter iron ring covered with oiled sailcloth
and varnished with white lead. Nor is sea slime a fashionable
choice of colour. Curiously, exact size and reflectivity have
not yet been standardised internationally though it is usualto
use flat white painted discs of 20-30cm diarmeter. [I did not
use painted discs in the collection of the data presented in
section 4. To maintain a repearable standard throughout, 1
used 30cm dises of ordinary 4mm mirrored glass which had
been Frosted by rubbing with a smail piece of glass and wet,
grade 1 carborundum powder. The mirrors were glued to an
aluminium base plate which was rigged ‘with a 3-legged
bridle, Of exactly 1m depth, and astached to a plastic covered
steel surveyors' rape. The Secchi depth was therefore the tape
measurement plus im. For measuring Secchi depths of less
than 1.5m I have fixed a 20cm mirrored disc to a graduated
pole. This is especially useful in turbid, fast flowing water as
the pole keeps the line of sight vertical. In really fast flowing
water 2 line may be amached to the bottom of the pole and
secured at the fore part of the anchored survey vessel. As
mentioned in secton 2, a glass-bottamed bucket was used
throughout.

3.3 A working value of

We have from eq. 5 that (o + K) = fis/Zs and that fs = Ln
{(€ —R)/Ct.R})]. Clearly we need some realistic values for
2R and Ct if we are to use the Secchi disc to caleulate (e + K),
the sum of the atenuation and extintion coefficients.

The reflectivity ¢ of bright white paint is generally taken
to be 80-85% though Holmes (1970) does mention that in an
experiment with flar white paint a reflectance of 84% was
measured when dry but this increased to 93% on immersion in
pure water. It is usual to assume 3 value of 82%.

The reflectance of the water R must vary from water types to
water type, It is generally agreed {(e.g. Tyler, 1968) that R is
typically 2%. {Incidently, this means the when 2 diver, in deep
water, looks up ke observes adownwelling irradiance 50 times
As bright as that which he sees when he looks downwards.]

The threshold visual contrast Ct is simply the lowest value
of contrase detectable by the eye. Blackwell (1946) describes
the extensive experimentation that was conducted at the
Tiffeny Foundation, New York, during the 2nd World War
to determine the contrast threshold for the normal human
observer under a wide variety of conditions. The resules of
these experiments are presenred in Blackwell’s paper as tables
of threshold contrast of discs of various sizes (angular
subtense) both brighter and darker than their background.
Entering these tables with typical Secchi disc angular
subtense and reported ambient light levels then it may be
deduced (Tyler, 1968) that its liminal visual contrast would
be 0.0066.

If we now use these values (¢ = 82%, R=2% and Ct =
0.7%) in eq. 5 then we get La [{0.82 — 0.02)/(0.007 X 0.02)]

A5

= 8.65 = fs. In experiments in Golera Bay, Holmes (1970)
deduced values of &5 = 9.4 and Ct = 0.0013. Of course this
implies a human [iminal vision twice as sensitive as that found
by Blackwell. This is certainly curious for in reporting his
wartime experiments Blackwell (£946) writes that “The
observErs were young women, aged 19-26 years, whose visual
acuity in each eye and in both eyes was approximarely 20/20
withour refractive cocrection... Obsecvers were seated at the
rear of the observation room in upholstered chairs...
Observers were allowed to adapt to the observation reom
brightness... by preliminary adaptation ouside the
laboratory with standard Polaroid dark adaptarion goggles...
The overall brightness of the observation room was subject to
precise.control...”, and so on. Clearly this scenario does not
typify the optical conditions endured by the middle aged
oceanographer or hydrographer as he hangs over the side ofa
heaving boat peering into the murky depths below.

In fact the combination (¢ + K) is not a very useful
parameter anyway. It is more usual to try to calculate the
more meaningful single quantities K or «or even suspended
particle concentration from empirical formulae incorpora-
ting Zs. We shall now consider an example of each
of these.

8.3 9.4 2.5 2.6 .7

Fig. 6
Turhidity v. Secchi depth

4, Sscchi dise measurements

4.1 Turbidity

It is apparent that the Secchi depth must decrease with
increased suspended pamticle concentration P, usually
expressed in parts per million (ppm). There is ne governing
theory which gives P in terms of Zs so this relationship must
be determined by calibration against some known standard.
The data plotted in Fiz. 6 were obtained from on board 3
boats anchored in the lower reaches of the River Tamar on
two separate occasions (30 Jume and 7 July, £982). The
particle concentration P {ppm) was obtained by turbidity
meters which had been calibrated against international
standard formazin. In Fig. 6 P is plotted against 1/Zs; the
Jeast squares regression equation is P=16.86/Zs — 3.00,r?=
0,722, The cather high degree of scatter is not unexpected.
The tucbidity meter effectively measures beam transmission
which is a funcrion of particle size as well as concentration:
(Gibbs, 1974); the scatter therefore suggests a range of
particle sizes different to that of the formazin standard.




4.2 Extraction coefficient

We have from eq. 5 that Zs is a function of both the
artenuation and extinction cocfficients i.e. Zs = /(o + K).
It is far more useful, however, to know the value of the
extinction coefficient alone; for example it is the extinction of
downwelling photosynthetically acrive radiation (PAR) the
band of light between 400 and 700 nanometers (about the
same band as visibie light) which is of such interest to marine
biologists and oceanographers in the study of photosynthesis
by phytoplankton. Again an empirical approach must be
made to the problem. Some of the earliest work with
photoelectric cells was carried our near Plymourth by H.H.
Poole and W.R.G. Atkins (Poole, 1925; Poole and Atkins,
1926; Poole and Atkins, 1928; Poole and Arkins, 1929) who
were the first 1o offer the marine biologist a relationship
between the extinction coefficient and the Secchi depth.
They gave this relationship as K.Zs = 1.7, Neither these
workers, nor the several others who have published a value for
K.Zs have specifically mentioned the fact that the constant
K.Zs is, of course, the optical depth of irradiance of the
Secchi depth — the term that I labetled Js in eq. 2. Published
values of K.Zs range from about 1.3 10 1.7 and include those
fisted in the table following.

Table I - Published values of K.Zs = ¥s

KZs=]s Area
L7  English Channel

Reference
Poale and Atkins (1929)
1,59 Tamar estuary Cooper and Milnc (£938)
1.7 South of Bermuda Clarke (1914)
1.42  North Ses & English Channel Gall (1949)
L46 North Pacific Graham (1966)
1.5  Cochin estuary Quasim e 2l (10568}
1.44  California coast Holmes (1970)
1.7 [sewsge ponds) Ydso and Gilbers (1974)
1.39  Mediterranean Weinberg (1976)
147 Bering Sea & North Pacific  Otobe et al (1977)

1.45  (by recalculation of the Watker {1980)
ploneerng data of Paale
and Atkins, 1929)

1.46  North East Australia Walker (1582)

We know that K and Zs are not theoretically related and the
values of Js given in Table | were obtained from dataabtained
in many different kinds of water; There is then, a remarkable
agreement berween these results. Fig. 7 illustrates the
combined observations obtained from on board the Flymouth
Polytechnic rescarch vessel Corfisk whilst anchored at 4
different stazions in the Tamar estuary on 30 June 1982, 7
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July 1982, 31 May 1984 and 1 June 1984. The least squares
regression is 1/K = 0.95 Zs — 0.42 (r* = {.89). The best
straight line through 0,0 is 1/K = 0.716 Zs, a result which
gives Js = K.Zs = 1.4 for the range of small values of Secchi
depth obtained in this way very turbid estuarine warer.

Of very special interest to the marine biologist is an
estimate of the compensation depth Ze. At this depth the light
level - the compensation light imtensity — is such that a
plankton fixes carbon at exactly the same rate as it loses it by
respiration. The compensation depth therefore represents the
limiting depth at which real growth can take place. Itis widely
observed that at the compensation depih there is increased
photosynthetic activity within a layer about 10m thick Kirk
(1983). It is generally assumed that at the compensation
depth the light level is 1% of that at the surface. Hence, from
€q. 2 we may write for the optical depth of the compensation
depth: Js = Lr [1%] = 4.6. Using a value of 1.5 for Js (see
Table 1) we may write:
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Horizontal visibility v, Secchi depth

i.e, the compensation depth is approximately 3 times the
Secchi depth (Zc ~ 3Zs).

4.3 Horizontal visibility

The hydrological range V is given by eq. 4. If the sighting is
harizontal then 8= Qand we may therefore say that Vh= §/a
i.e. the horizonral visibility is a function of attenuation only.
Underwarter visibility is generally reckoned in terms of a black
object such 2s a neoprene-suited diver. Assuming that black
represents a reflectivity of zero then we can write for the in-
herent contrast of such a black body: Co= (€ —R)/R=-1.
The negative sign has no physical significance beyond
indicating that we are dealing with a dark dbject against a
brighter background rather than a bright object viewed
against a dark background. It is quite in order therefore, to

_ say that for a black body: Co =|Cd = 1. It is most unlikely

that 2 diver wearing a face mask will have a threshold contrast
Ct of less than about 2% (Gazey, 1970) whence B = Ln
[CosCtl = Ln [1/0.02] = 3.9. This result agrees with the rule
of thumb given by Duntley (1952) that Vh = 4/a. Fig. &
presents data obtained during dives in the Plymouth areaand
it will be seen that there is a very strong correlation (12 =
0.975) between the horizontal visibility ¥h and the Secchi
depth Zs. The equation is Vh=0.73 Zs + 0.1 but as the least
squares regeession line passes almost through 0,0 then we
may neglect the small intercept and say Vh = 0.73 Zs.

7




5. In conclusion
The Secchi discis a cheap and simple instrument that gives an
immediate indication of water turbidicy. Although, stricily,
we should interpret disc observations only in terms of (o + K)
we may take an impirical approach to obtaining more useful
parameters such as the compensation depth (a function of K
only), the horizontal visibility (a function of « enly) or even
the turbidity (ppm) — theory notwithstanding.
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Abstract—Measurement of the depth-mean PAR (photosynthetically active radiation) extinction
coefficient, {(°Ko}, is important in the study of estuarine productivity. Measurements of {°Ko},
beam attenuation coefficient and Secchi disc depth are presented for the turbid waters of the
Tamar Estuary. Equations are formulated which allow good estimates of {*Ko} to be determined
both from the beam attenuation coefficient (at 660 nm) and from the Secchi disc depth. For
comparison, similar data are presented for the clearer waters of the northeast Atlantic.

INTRCDUCTION

AN important control on estuarine plant productivity is exerted by downwelling light
(McLusky, 1981), specifically quantum scalar irradiance in the 400~700 nm (photosyn-
thetically active radiation, PAR) band. The purpose of this paper is to present measure-
ments of the PAR extinction coefficient, attenuation coefficient and Secchi disc depth for
the Tamar Estuary. The data are used to formulate equations to predict the PAR
extinction coefficient from both the beam attenuation coefficient and the Secchi disc
depth, for a medium whose optical properties are dominated by suspended particles.

Because aquatic flora are generally able to absorb light arriving from any direction (4n
scalar irradiance, £o), their productivity must depend upon the magnitude of °Ec, where
the superscript signifies measurements of quanta in the 400-700 nm PAR band. The
vertical propagation of monochromatic irradiance, £(), in an homogeneous medium is
described by Beer-Lambert’s law:

"E(nz) = E(1,0).exp[-K()).z]. (1)

The extinction coefficient, K(X), is an apparent propery of the water: K(1) = a,(}) +
ba(r) — bu(A).R(X) (PREISENDORFER, 1961), where R(A) = Eu(A)YEd(}) is the irradiance
reflectance, aq is the diffuse absorption coefficient for downwelling photons, and by, b,
are the back-scattering coefficients for downwelling and upwelling photons. From
equation (1}: K(A) = —d(In[E(z)])/dz.

Equation (1) may not adequately describe the depth profile of a broad-band irradiance
such as °Eo(z). For example, In[°Eo(z)] profiles from the northeast Atlantic, and in
exceptionally clear-water conditions in the Tamar, tend to have higher values of °Ko near
the surface due to selective absorption of longer wavelengths (e.g. Kirk, 1977, 1983). In
turbid water, this effect tends to be balanced by the increase in extinction with depth,
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resuliing from the downward fiux becoming more diffuse due to scattering (Kirk, 1983).
Therefore, in estuaries, In[°Eo(z)] is usually linear with z, so that a water column can be
described at any time by a single, depth-mean value of the PAR extinction coefficient,
{°Ko):

(°Ko) = —d(In[*Eo(2)])/dz. _ 2)

METHODS

Direct measurement of Ko}

Irradiances were measured with a Biospherical Instruments Inc. quantum scalar
irradiance meter, incorporating a 4rm underwater sensor, and an upward-looking 2x
skylight sensor. (°Ko) was obtained from vertical profiles of ~In[*Eo(z)/°Eod(ref)], where
°Eod(ref) is the downwelling ambient (sky) irradiance measured on the boat: this
eliminated the considerable effect of rapidly varying skylight.

A biologically important parameter is the euphotic depth, Zeu, at which ®Eo(z) is
reduced to 1% of its surface intensity. Zeu is often used-as an approximation of the
compensation depth, Zc, at which the rate of photosynthesis is equal to the rate of
respiration. From equation (2):

Zeu = In[0.01]/(°Ko) = 4.6/{"Ko). (3)

Estimation of (°Ko) from the beam attenuation coefficient, c(i)

The measurement of an irradiance profile is a time-consuming procedure. Moreover,
irradiance profiles cannot be obtained at night nor in very dull conditicns. Where a
continuum of observations is required, or where data are obtainabie only at night, then
good estimates of (°Ko) can be made from the easily measured beam attenuation
coefficient, c(L). The ratio c¢(A)/K()\) is about 2.7 in clear ocean water (TyLER, 1968), but
increases in turbid waters; it must therefore be determined for the particular waters
under investigation.

Values of ¢(660 nm) were obtained in the northeast Atlantic and Tamar usinga 0.25 m
path-length, Sea Tech. Inc. transmissometer. The attenuation of 660 nm light by
gelbstoff is negligible compared with that due to the waters and their suspended
particulate matter. Linear regressions of ¢/K data obtained by WiLLiams et al. (1984) in
the Patuxent River, Chesapeake Bay and Atlantic Ocean produced different slopes for
the three cases. Qur turbid (Tamar) and oceanic (northeast Atlantic) observations
revealed a similar difference. Geometric regressions (PEpoEg, 1970) of these data showed
much closer agreement, however, and these ‘equations are presented later.

Estimation of (°Ko} from the Secchi depth

The Secchi disc depth is a function of both attenuation and extinction: Zs = [/{c+X).
The parameter I, which varies with the reflectivity of the disc, the irradiance reflectance
of the water, and the threshold visual contrast of the observer, lies between about 5.5 and
9.5 (PrEIsENDORFER, 1986).. Traditionally, workers have estimated Zeu, which is a
function of extinction only (equation 3), by assuming an empirical relationship of the
form: K. Zs = Js, where Js is the diffuse optical depth of the Secchi depth (e.g. PooLE and
ATKINS, 1929; DunTLEY and PREISENDORFER, 1952; TyYLER, 1968; WiLLIAMS, 1948; HpIgEr.
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SLEv, 1986). Generally, 1.3 < Js < 1.8, depending on the local and temporal character-
istics of the waters.

RESULTS AND DISCUSSION

{°Ko} and Secchi depth.data from the northeast Atlantic and Tamar Estuary give
{°Ko) =.1.591 Zs™' - 0.0625 (r 2 = 0.946, n = 201); °Js = 1.53.

The value °Js = 1.53 is the gradient of the best straight line through the origin.

Secchi disc depth data were also partitioned for “oceanic” (°Ko < 0.27) and “turbid”
(°Ko = 0.27) analyses. This separation is about midway between Jerlov’s oceanic type III
and coastal type I waters (see JERLOV, 1976; Table 27). The equations derived from these
analyses are presented in Table 1.

The 153 “turbid” data-pairs were obtained in the same waters in which PooLE and
ATKINS (1929) derived: K.Zs = 1.7 (based on 12 data points). Recalculation of their data
(WALKER, 1980) gave a more accurate estimate: K.Zs = 1.4, a value closer to the 1.53
presenied here. Unless the local value of °Js has recently been derived from direct
observations of (°Ko}, then it is suggested that biologists adopt the working relationships
(see equation 3):

°Js = {*Ko}.Zs = 1.5 and Zeu = 3 Zs.

Regression analyses (see Table 1) show a small difference between turbid (°Js = 1.527)
and oceanic (°Js = 1.419) waters, which is possibly a consequence of the fact that all of
the turbid observations were made using a glass-bottomed bucket (to avoid the adverse
effects of surface reflection and refraction), whereas the ocean observations were made
from the deck of a research ship.

In conclusion, it has been shown that the optical measurement appropriate to the study
of estuarine productivity is the inean coefficient of extinction of 4n quantum scalar
irradiance in the 400-700 nm PAR band, {°Ko}. Preferably, (°Ko) should be obtained
from the slope of the -In[°Eo(z)/°Eod(ref)] profile, although it can be estimated from the-
beam attenuation coefficient, c(A), or the Secchi disc depth, Zs.

Table 1. Summary of regression equations. Beam attenuation coefficient, ¢, refers to ¢(660 nm) values witich
have been corrected for forward scattering by the method given by BARTZ et al. (1978) for a hyperbolic particle
size distribution with a slope of 2.9, and a refractive index of 1.05

Equation n r
QOceanic (°Ko < 0.27); 0.0517 < *Ko = 0.2677 :

{°Ko) = 0.1270 c'** 14 0.955
{°Ko) = 0.511 Zs~! - 0.009; °Js = 1.419 48 0.901
Turbid *Ke = 0.27); 0.2902 =< °Ko < 4:276

{*Ko} = 0.1066 '3 23 0.927
{Ko) = 1.652 Zs~' - 0.123; °Js = 1.527 153 0.913
All obs; 0.0517 = °Ko = 4.276 .

{*Ko} = 0.1131 "8 37 0.996
(Ko} = 1.5912 Zs™ - 0.0625; °Js = 1.527 201 0.946
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