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ABSTRACT 

The Secchi disk depth shows a better correlation with the 
vertical attenuation coefficient of irradiance than with 
the beam attenuation coefficient. The relations between 
the Secchi disk depth and the vertical attenuation coeff
icient differ significantly from those observed in ocean 
waters, probably due to the high content of yellow sub
stance in the Oslofjord. Earlier relations are discussed. 
From a limited number of laboratory measurements the 
tentative conclusion may be drawn that the optical pro
perties of the suspended particles in the Inner OsLofjord 
resemble those found in the open oceans. 
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1. INTRODUCTION 

Observations of the Secchi disk depth have been made in the 
Oslofjord since 1936. They represent a possibility to study 
long-time trends of the upper layer within a period which has 
shown increasing eutrophication and pollution. A better in
terpretation of such trends can be obtained if the relations 
between the Secchi read i ngs and the other optical properties 
of the surface layer are known. 

Such relations will also be useful when a fjord or estuary is 
used for recreational purposes. The water transparency will 
then become an important quality factor, and it may be of 
interest to know how the different optical factors, lik.e 
suspended particles and dissolved substances, influence the 
transparency or Secchi disk depth. 

This paper, which is based on a thesis by MIKAELSEN (1989), 
presents the results of a study made during 1986 and 87. 
Similar measurements have been made before and after this 
period, but they will be discussed in a forthcoming report. 

Historical reviews and theoretical discussions of the Secchi 
disk depth have recently been given by H0JERSLEV (1986a,b), 
PREISENDORFER (1986), and SHIFRIN (1988), and will not be 
repeated here. 

In the present report observations of the Secchi disk depth 
are compared with the beam attenuation coefficient and the 
vertical attenuation coefficient of downward irradiance. The 
attenuation coefficients are usually defined for monochromatic 
light, but it is possible to define a vertical attenuation 
coefficient of spectrally integrated irradiance for specific 
depth intervals. 

The standard Secchi disk depth is observed with the naked eye, 
that is for light of the same colour as the water. However, 
several theoretical problems are avoided if the disk is obser
ved through a coloured glass filter of the same kind as used 
in the measurements of the attenuation coefficients. This 
procedure was suggested by WILLIAMS in 1970, but H0JERSLEV 
(1977, 1978) seems to have been the first to apply it to 
actual measurements. It should be noted, however, that the 
idea of observing the Secchi disk through coloured filters had 
been applied in the Baltic as early as in the twenties 
(LISITZIN, 1938) and in Japanese lakes before 1950 (TAKENOUTI, 
1950) . 

The main purpose of this paper is to find which one of the 
relations presented in the next chapter that gives the best 
fit between the Secchi disk depth and the attenuation coef
ficients. Relations between Secchi measurements and different 
levels of integrated quanta irradiance will also be 
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presented, and the optical properties of the suspended 
particles of the Oslofjord are studied. Finally a comparison 
with a formula by MUNTHE-KAAS (1967) will be made. 
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2. STATISTICAL ANALYSIS 

2.1. Relations between s and c 

In the present report the following relations will be compared 
with. observations: 

(2.1) s = A I c 

(2.2) s = B I K 

(2.3) s = c I (c + K) 

(2.4) Z(p%) = D S . 
s is the Secchi disk depth, 
c is the beam attenuation coefficient, 
K is the vertical attenuation coefficient of downward irradi-

ance, 
Z(p%) is the depth where the photosynthetic active quanta 
irradiance is reduced to p % of its surface value, 

A, B, c, and D are constants to be determined from the 
observations. 

The equations above are frequently cited in the literature. 
Equation (2.3) was derived theoretically by TYLER (1968), 
while (2.1) and (2.2) usually are introduced on an empirical 
basis. However, by writing (2.3) as 

c c c 
(2.5) s = = -------- = 

c+K c(1+Kic) K(1+ciK) 

and comparing the expressions with (2.1) and (2.2), it is seen 
that the three expressions for S given by (2.1)-(2.3) are val
id simultaneously only if the ratio Klc is constant. 

The equations (2.1) - (2.3) have the physically correct property 
that s becomes zero when c or K becomes infinitely large. 
Ordinary linear relations of the kind 

(2.6) S = A0 + A1 I c 

do not have this property. Still they will give a better. 
average fit between the variables within the observed range of 
variation. Therefore such relations have also been tested. 

According to the method of least squares, the best estimate of 
the Secchi disk depth S by means of (2.1) is obtained when the 
constant A has such a value that the expression 

~ ( s - Alc ) 
2 
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obtains its m1n1mum value. ~ is the sign for the sum of all 
observations. It can be shown that this requires that 

(2.7) A = (Sic) I (1lc2) , 

where the overbar denotes the mean value of the term for all 
observations. 

The rest deviation of s, which is the standard deviation 
between observed and estimated value, is given as 

(2.8) srs = [(NI(N- 1))(82
- A(S/c))Jo.s. 

N is the number of observations. 

The attenuation coefficient c can, according to (2.1), be 
estimated from s by 

(2.9) c = A I s . 

The best estimate of c from observed S is obtained when 

(2.10) A= A' = (ciS) 1 (1IS2) 

The notation A' has been introduced to point out that this 
value of A may be different from the one given by (2.7). 

The rest deviation in this case becomes 

(2.11) src = [(NI(N- 1))(c2- A'(ciS))]o.s. 

According to (2.1) the constant A is given as 

( 2 • 12) A = c S . 

The best estimate of A from observed values of the product cs 
is 

( 2 . 13) A = A' '= cS . 

The standard deviation between A'' and each observed value of 
the product cS is the standard deviation of cS: 

(2.14) scs = [_(NI(N-1)) ((cS)2 - (cS) (cS)Jo.s . 

The three different values of A, given by (2.7), (2.10) and 
(2.13), will become equal only in the ideal case, when (2.1) 
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is exactly followed by c and s so that all deviations are 
zero. 

The best estimate of S as a function of 11c, given by the or
dinary linear relation (2.5), is obtained by linear correla
tion analysis, as described in all standard textbooks. The 
cons.tants are: 

( 2 .15) 

(2.16) A1 = [Sic - S(1lc)] I [ (1lc2 ) - (1lc) (1lc)) 

The rest deviation between observed and estimated s is 

(2.17) srs = s 5 [ (1 - r 2 ) (N-1) 1 (N-2) ]0· 5 , 

where the standard deviation of S, s 5 , is 

(2.18) s 5 = [(8 2 -SS)NI(N - 1)]0.5 

and the coefficient of correlation, r, is 

( 2 . 19 ) r= ( sIc - s ( 1 I c) I [ ( ( 1 I c 2 ) - ( 11 c) ( 1 1 c) ) ( s 2 - s s) J 0 · 5 

The attenuation coefficient c can also be written as a linear 
function of 1IS, similar to (2.5). The corresponding constants 
are given by (2.15) and (2.16), with c substituted for s, and 
1IS substituted for 11c. 

2.2. Relations between s and K, c+K, and Z(p%) 

If we assume that the Secchi disk depth S is given as a 
function of the vertical attenuation coefficient of irradiance 
K by (2.2), the best estimate of Sis obtained when B is given 
by an expression similar to the right side of (2.7): 

(2.20) B = (SIK) I (1IK2 ) • 

The difference from (2.7) is that K has been substituted for 
c. Quite similarly the expressions forB', B'' and the rest 
deviations can be obtained from Chapter 2.1 above. The 
coefficients of the ordinary linear relations are also given 
by expressions similar to those given in Chapter 2.1. 

The best estimate of S as a function of c+K, given by (2.3), 
is obtained when Cis given by an expression similar to (2.7), 
where c has been substituted by c+K. The other estimates are 
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obtained from Chapter 2.1 by similar substitutions. This 
procedure also applies to the relations between Z(p%) and s. 
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3. INSTRUMENTS AND OBSERVED QUANTITIES 

3.1. Salinity and temperature 

Salinity and temperature were measured with an instrument from 
Electronic Switchgear from November 1986 to February 1987. 
During the rest of the 1987 cruises a CTD instrument manu
factured by Neil Brown was applied. 

3.2. secchi disk depth 

The white Secchi disk has a diameter of 30 em. Its depth of 
disappearance has been observed with the naked eye and through 
the coloured glass filters B12 (blue), V9 (green) and R1 (red) 
from Jenaer Glaswerk, Schott & Gen. The band width at half 
maximum transmittance is of order 100 nm. The gravity centers 
of the filter transmittance combined with eye sensitivity lie 
approximately at 460, 530, and 630 nm, respectively (Figur 
1a), but the center of B12 will be shifted about 10 nm towards 
the green part of the spectrum if the filter transmittance is 
multiplied with the irradiance transmittance of green or brown 
fjord water. 

Surface waves and glitter at the surface will diffuse the 
image of the Secchi disk and reduce the reading. This effect 
may be avoided by observing the disk through a water glass, 
which is a glass-bottomed tube. The average effect of the 
water glass (Table 3.1) is a 15 % increase of the observed 
depths, and even when there are no wave height of importance 
the water glass increases the depths with 13 %. It may seem as 
if the effect is less in the red part of the spectrum, but our 
observations are too few to give a reliable result. 

TABLE 3.1. EFFECT OF WAVES AND GLITTER ON THE SECCHI DISK 
DEPTH 

Observed depth with- Observed depth with 
st. Wave out water glass [m] water glass [m] 

height 
Filter: Filter: 

[m] Open Blue Green Red Open Blue Green Red 

8 <0.1 13.2 8.7 12.5 7.0 14.5 10.8 14.8 7.0 
9 <0.1 7.5 5.5 6.9 5.6 7.5 6.3 7.5 5.5 

10 <0.1 3.0 1.6 1.8 2.0 3.0 1.8 2.4 2.6 
11 0.5 2.8 1.8 2.6 2.0 3.8 2.5 2.9 2.0 
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H0JERSLEV found from observations in the Baltic that 

(3.1) S' = (1 + 0.4 H) s I 

where 
s is the observed Secchi disk depth, 
H is the typical wave height in meters, 
S' is the depth obtained for a flat surface (H0JERSLEV and 

LUNDGREN, 1977), or observed through a water glass 
(H0JERSLEV,1986a). 

It should be noted that this relation deviates from our result 
when'H = 0. 

Since we had the water glass at disposal only at the 4. last 
stations, and all other Secchi disk observations in the Oslo
fjord have been made without water glass, the readings discus
sed in this report will be observations made without this 
device. 

3.3. Beam transmittance 

The principal design of the .beam transmittance or c-meter has 
been made at the Institute of geophysics, the optical part by 
the workshop of SIGURD BAALSRUD, and the electronics by KNUT 
HAUGE. A collimated light beam passes through 1 meter of 
water, and through a lens, a field stop and a filter shifting 
device, before it is recorded by a selenium photovoltaic cell. 

The recorded signal of the transmittance meter in air with dry 
windows is usually used as a reference. The attenuation coef
ficient c is obtained from the recording in water by 

(3.2) c = [ln(k Ra/Rw)J I r, 

where 
Ra is the recording in air, 
Rw is the recording in water, 
k is a calibration constant, 
r is the length of the light path in water. 

As a test of the earlier calibration constants given for this 
instrument by H0YGAARD (1978), an intercalibration with a Mar
tek Transmissometer from the Norwegian Institute of water Re
search was carried out. The deviation between the attenuation 
coefficients in the blue part of the spectrum was about 
0.04/m. 

The filters B12, V9 and R1 were used in this investigation, 
since they are the same as in the Secchi disk observations. In 
retrospect, however, we see that the combined sensitivity of 
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filter and light detector is more important than the filter 
itself. The gravity centers of B12, V9, and R1 with the sensi
tivity of the selenium photovoltaic cell are approximately 
420, 540 and 640 nm, respectively (Figur 1b). Except for B12, 
the curves of Figur 1b correspond fairly well with those of 
Figur 1a. 

However, the filter combination B12+G5 at the transmittance 
meter has the gravity center at 460 nm, which corresponds to 
the center of B12 with eye sensitivity. 

Figur 2 , which is based on simultaneous beam transmittance 
measurements in the Oslofjord with B12 and B12+G5, ·shows that 
there is a fairly good proportionality between the correspon
ding attenuation coefficients. The B12 measurements are then 
converted to B12+G5 by the simple relation 

(3.3) c(B12+G5) = c(460 nm) ~ 0.84 c(420 nm) = 0.84 c(B12) . 

3.4. Irradiance 

The irradiance meter is an underwater sensor from Li-Cor, 
which records the photosynthetically available radiation (PAR, 
400- 700 nm), in terms of quanta irradiance. In order to 
record the irradiance of blue, green and red light, the sensor 
was provided with external filters of B12, V9 and R1. The 
filters influence the immersion effect of the sensor, but the 
effect has been calibrated and taken into account. 

The value of the downward irradiance just below the surface, 
E(O), is calculated from the reading in air by assuming an 
average transmittance value through the surface of 93 % 
(H0JERSLEV, 1978). The mean vertical attenuation coefficient K 
between the surface and the Secchi disk depth S is given by 

(3.4) K = [ln (E(O) I E(S))J Is , 

where E(S) is the downward irradiance at the Secchi disk 
depth. 

The observed vertical attenuation of the signals does not cor
respond to specific wavelengths, but rather to parts of the 
spectrum. It is possible to calculate the attenuation at a 
specific wavelength, but since the eye observes the Secchi 
disk depth in a broad spectrum rather than at a single wave
length, we have found it more correct in this investigation to 
apply the broad band attenuation. 

The spectral sensitivity of the sensor combined with the dif
ferent filters is presented in Figur 1c. The gravity centers 
for B12, V9 and R1 are approximately 430, 520 and 650 nm, res
pectively. 
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Data sets for signals produced by the actual irradiance meter 
and by an instrument with eye sensitivity were calculated with 
earlier observations of spectral irradiance distributions in 
the Oslofjord as input. The results for B12 are given in Figur 
3. 

The dashed line is described by 

{3.5) log T(B12, eye) = 0.88 log T(B12, instr.) , 

where T denotes the transmittance of downward irradiance. 

The vertical attenuation coefficients can then be converted by 
the relation 

(3.6) K(B12, eye) = K(460 nm) = 0.88 K(430 nm) 

= 0.88 K(B12, instr.) . 

The results for the other filters (Figure 4 and 5) are 

(3.7) K(vg, eye) = K(530 nm) = o.gg K(520 nm) 

= o.gg K(Vg, instr.) ~ K(vg, instr.) , 

(3.8) K(R1, eye) = K(630 nm) = o.g2 K(640 nm) 

= 0. g2 K (R1, instr.) . 

3.5. Scatterance and fluorescence 

The scattering function B and the fluorescence function ~ of 
water samples were measured in the laboratory by an instrument 
constructed by KJELL NYGARD, formerly at the University of 
Copenhagen. The scatterance can be obtained at 6 different 
wavelengths: 366, 406, 436, 546, 578, and 630 nm, and at the 
angles 45° and goo. The fluorescence was excited by light at 
366 nm, and the emitted fluorescence was measured at 525 nm 
and goo angle. A detailed description of the instrument and 
its calibration has been given earlier by AAS (1g7g). 

3.6. Particle contents 

A known quantity of the surface samples were filtered for 
transmittance measurements, as described above, and afterwards 
the filters were dried and weighed. The concentration of par
ticulate material larger than 0.2 ~m could then be calculated. 
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4. FIELD WORK AND OBSERVATIONS 

4.1. stations 

The field work was carried out through autumn and winter 1986, 
and spring 1987, from the research vessels "Trygve Braarud" 
and "Bj¢rn F¢yn". The area of investigation was the inner part 
of the Oslofjord. The locations of the stations are shown in 
Figure 6, and the weather conditions are given in Table 4.1. 
It should be noted that local wind conditions at the stations 
may differ from those observed at the Fornebu Airport. 

4.2. Hydrography 

Temperature and salinity were not measured at the four first 
stations. The hydrographic conditions at the rest of the sta
tions are given in Table 4.2. The estimated error of the re
cordings is contained in the last digit. 

TABLE 4.1. WEATHER CONDITIONS AT THE STATIONS 

Stat. Date Local Solar Weather Wind Wind Wave 
time alt. speed dir. height 

[ 0] [m/s] [ 0] [m] 

1 19.09.86 1015 (27) Overcast 3 200 <0.1 
2 24.09.86 1045 27 sun 3 270 <0.1 
3 30.09.86 1100 ( 23) overcast 1 270 <0.1 
4 30.09.86 1345 (24) Overcast 1 270 <0.1 
5 10.11.86 1115 ( 11) Rain 8 180 0.5 
6 11.12. 86 1330 ( 5) Fog 1 10 0.2 
7 3.02.87 1400 (12) Fog 1 60 0.2 
8 16.02.87 1400 16 Sun 0 0 <0.1 
9 6.04.87 1215 36 Sun,haze 2 120 <0.1 

10 22.04.87 1030 (38) Fog 1 250 <0.1 
11 13.05.87 1045 (44) Overcast 5 350 0.5 

Local time is GMT + 1 hour. 
The solar altitude is given in parenthesis when the sun is 
obscured. 
Wind speed and direction are from the Fornebu Airport 
(data supplied by the Norwegian Meteorological Institute) . 



- 14 -

TABLE 4.2. HYDROGRAPHIC CONDITIONS 

Depth [m] 
st. 

0 2 .4 6 8 10 12 14 16 18 20 

5 T 8.4 8.4 8.6 8.6 8.8 8.7 8.8 8.8 
s 25.9 26.2 26.5 26.7 26.9 27.0 27.3 27.8 

6 T 5.4 5.6 6.0 6.2 6.3 6.6 6.6 6.6 6.6 6.9 7.4 
s 23.3 23.3 23.6 23.7 23.7 24.2 24.4 24.6 24.8 25.3 26.2 

7 T 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.4 2.6 5.7 6.3 
s 28.8 28.8 28.8 28.8 28.8 28.8 28.8 28.8 28.8 29.4 30.0 

8 T 0.3 0.7 1.1 1.3 1.8 2.6 3.4 4.2 4.7 5.2 5.7 
s 27.2 27.4 27.7 27.8 28.1 28.4 29.0 29.2 29.5 29.8 30.0 

9 T 0.8 0.3 -0.3 -0.4 -0.7 -0.7 -0.6 -0.3 0.4 1.4 2.6 
s 22.3 22.8 22.9 23.1 24.0 25.3 27.0 28.8 30.0 30.5 31.0 

10 T 4.4 3.7 3.6 2.3 0.5 0.2 0.6 1.6 2.6 3.6 4.6 
s 15.2 20.7 21.0 22.1 24.5 26.4 27.7 29.0 30.2 31.0 31.5 

11 T 3.5 3.1 2.6 2.3 2.2 2.2 2.6 3.2 4.0 4.7 5.2 
s 23.0 23.3 24.3 25.6 27.1 28.6 29.7 30.7 31.2 31.6 31.8 

The unit of salinity is psu. 
The unit of temperature is oc. 

4.3. Secchi disk depths 

The observed Secchi disk depths are presented in Table 4.3. 
Most of the observations were made with calm sea conditions, 
and the estimated error is 5-10 %. 

4.4. Beam transmittance 

It was observed that contact problems in the old deck unit 
sometimes could change the signal amplification from one 
recording to another. This leads to vertical profiles of the 
horizontal beam transmittance that may be correct in relative 
value, but wrong in the absolute scale. 

This possible error was compensated for by making an additio
nal transmittance measurement of the surface sample in the 
laboratory. The obtained value could then be used to scale the 
vertical profile. The average error of the recorded c values 
is estimated to be 10-20 %. The coefficients of B12 have been 
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converted by means of (3.3). The mean values of c between the 
surface and the corresponding Secchi disk depth are presented 
in Table 4.3. Due to additional problems the transmittance 
recordings from the first 5 stations have been rejected. 

4.5. I rradiance 

The irradiance meter was lowered into the sea at a distance of 
3-4 meters from the ship. The observations with B12 and R1 
have been converted by means of (3.6) and (3.8). The obtained 
values of K are presented in Table 4.3. The estimated error is 
about 10 %. The depths of different levels of integrated 
quanta irradiance are presented in Table 4.4. 

TABLE 4.3. SECCHI DISK DEPTHS AND ATTENUATION COEFFICIENTS 

St so sb sg sr cb Cg cr Ko Kb Kg Kr 

[m] [m-1] [m-1] 

1 4.2 2.1 3.2 2.9 0.64 0.79 0.53 0.63 
2 5.0 3.4 4.3 3.5 0.41 0.55 0.38 0.58 
3 3.7 1.8 2.6 2.1 0.65 0.69 0.46 0.62 
4 3.0 2.0 2.5 2.1 0.63 0.75 0.52 0.70 

5 11.5 5.5 8.0 5.0 1.5 1.2 1.2 0.31 0.40 0.26 0.46 
6 6.5 3.5 5 . 5 4 . 5 0.48 0.55 0.38 0.55 
7 13.5 6.5 10.5 4.5 0.84 0.86 0.75 0.24 0.30 0.20 0.47 
8 13.2 8.7 12.5 7.0 0.71 0.67 1.1 0.27 0.29 0.26 0.56 

9 7.5 5.5 6.9 5.6 1.1 0.89 1.2 0.37 0.41 0.20 0.54 
10 3.0 1.6 1.8 2.0 2.5 1.8 2.0 0.63 1.1 0.67 0.87 
11 2.8 2.6 2.6 2.0 2.3 2.3 2.0 0.79 1.2 0.64 0.87 

s is the Secchi disk depth, c the attenuation coefficient, 
and K the vertical attenuation coefficient of irradiance. 
The index o marks the quantities observed without filter, 
and the indices b, g, and r the quantities observed with 
blue, green, and red filters, respectively. 
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TABLE 4.4. DEPTHS OF THE QUANTA 
IRRADIANCE LEVELS 

St Z(30%) Z(10%) Z(3%) Z(1%) 
[m] 

1 1.6 3.5 6.2 9.6 
2 . 2.6 5.1 8.1 11.5 
3 2.3 4.7 7.8 11.0 
4 2.0 3.9 6.6 10.2 

5 , 2.9 6.6 12.2 16.5 
6 2.:3 4.8 7.8 11.2 
7 3.4 7.8 14.6 21.4 
8 3.5 7.5 12.8 18.3 

9 2.4 5.8 8.7 11.5 
10 1.7 3.9 7.2 11.8 
11 1.6 3.1 7.6 12.6 
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5. RESULTS OF ANALYSIS 

5.1. Estimation of s 

The Secchi disk depth sq observed with the naked eye has been 
estimated from observat1ons of c, K, and c+K, in the blue, 
green, and red parts of the spectrum. Values of K for inte-

TABLE 5.1. ESTIMATION OF S0 

Relation: Spectral region: Int. 

A 
srs [m] 

B 
srs [m] 

S0 =C/ ( c+K) C 
srs [m] 

S0 =A0 +A1jc A0 [m] 
Al 
r 
srs [m] 

S0 =B0 +B1 /K B0 [m] 
Bl 
r 
srs [m] 

C0 [m) 
cl 
r 

3.0 
1.6 

-2.9 
4.1 
0.97 
1.0 

Blue 

10.0 
3.0 

3.7 
1.4 

13.9 
2.5 

0.3 
9.7 
0.83 
2.9 

-1.7 
4.4 
0.96 
1.2 

0.1 
13.8 

0.88 
2.5 

Green 

9.2 
3.0 

2.6 
1.8 

12.1 
2.6 

-0.6 
9.7 
0.82 
3.0 

-3.0 
3.5 
0.95 
1.3 

-1.7 
14.2 

0.88 
2.5 

Red 

10.7 
2.6 

4.2 
3.3 

16.2 
2.6 

-2.3 
13.3 

0.82 
2.6 

-10.0 
10.0 

0.82 
2.5 

-5.0 
24.6 
0.92 
1.9 

The coefficients c and c+K were observed at 6 stations. The 
mean values and standard deviations of the applied quanti
ties at these stations are, in units of [m], : 

1/cb: 0.84+/-
1/cg: 0.93+/-
1/cr: 0.82+/-

so : 8.5 +/- 4.8 
0.41 1/(cb+Kb): 
0.40 1/(cg+Kg): 
0.31 1/(cr+Kr): 

0.61 +/- 0.31 
0.72 +/- 0.30 
0.55 +/- 0.18 

The coefficient K was observed at 11 stations. The mean 
values and standard deviations of the applied quantities at 
these stations are, in units of [m], : 

1/K0 : 2.4 +/- 1.0 
1/Kb: 1.9 +/- 0.9 

so : 6.7 +/- 4.2 
1/Kg: 2.8 +/- 1.1 
1/Kr: 1.7 +/- 0.3 
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grated quanta irradiance have also been applied. The analysis, 
based on the data of Table 4.3 and the equations of Chapter 2, 
gives the values of A, B, c, srs and r presented in Table 5.1. 
The rest deviation srs is the standard deviation between obser
ved and estimated Secchi disk depth, and thus describes the 
average error of the applied relation. 

The correlations between the Secchi disk depth observed 
through filters and the corresponding attenuation coefficients 
are presented in Table 5.2. 

TABLE 5.2. ESTIMATION OF S 

Relation: Spectral region: Int. Blue Green Red 

S=Aic A 6.0 7.9 5.1 
Srs [m] 1.2 2.0 1.9 

S=BIK B 3.0 2.1 2.1 2.3 
srs [m] 1.6 0.6 1.8 1.3 

S=CI(c+K) c 8.2 10.3 7.9 
srs [m] 1.1 1.8 1.7 

The coefficients c and c+K were observed at 6 stations. The 
mean values and standard deviations of the applied quanti
ties at these stations are, in units of (m], : 

11cb: 0.84 +l-
1lc9: 0.93 +l-
1lcr: 0.82 +1-

sb: 4 • 9 + 1- 2 • 8 
S9 : 7.1 +1- 4.2 
sr: 4 • 4 + 1- 2 • o 

0.41 1l(cb+Kb): 
0.40 1l(c9+K9): 
0.31 1l(cr+Kr): 

0.61 +1- 0.31 
0.72 +1- 0.30 
0.55 +1- 0.18 

The coefficient K was observed at 11 stations. The mean 
values and standard deviations of the applied quantities at 
these stations are, in units of [m], : 
S0 : 6.7 +1- 4.2 1/K0 : 

sb : 3 . 9 + 1- 2 . 4 1 1 Kb : 
s 9 : 5.5 +1- 3.6 1IK9 : 
Sr: 3.7 +1- 1.7 11Kr: 

2.4 
1.9 
2.8 
1.7 

+1-
+/
+/
+/-

1.0 
0.9 
1.1 
0.3 
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5.2. Estimation of c 

The beam attenuation coefficient c may be estimated from ob
servations of s, according to (2.10) and expressions similar 
to (2.15) and (2.16). The obtained values of the constant A' 
and the rest deviations are presented in Table 5.3. It is seen 
that the rest deviations are fairly large, even if the Secchi 
disk has been observed through the same filter as in the 
transmittance meter. 

TABLE 5.3. ESTIMATION OF c 

Relation: Spectral region: Blue Green Red 

c=A' /S A' 4.4 4.5 4.3 
Srs [1/m] 0.4 0.6 0.4 

c=A' o+A' 1/S A' 0 [1/m] 0.5 0.6 0.5 
A'l 3.2 2.8 2.8 
r 0.96 0.85 0.91 
srs [1/m] 0.2 0.4 0.2 

The coefficient c was observed at 6 stations. The mean val-
ues and standard deviations of the applied quantities at 
these stations are, in units of [ 1/m], . . 

cb: 1. 5 +/- 0.8 1/Sb: 0.30 +J- 0.23 
cg: 1.3 +/- 0.6 1/S9: 0.23 +/- 0.20 
cr: 1.4 +/- 0.5 1/Sr: 0.29 +/- 0.17 

TABLE 5.4. ESTIMATION OF K 

Relation: Spectral region: Open Blue Green Red 

K=B I /S B' 
srs [ 1/m] 

B' 0 [1/m] 
B'l 
r 
srs [ 1/m] 

2.24 
0.10 

0.16 
1. 62 
0.95 
0.06 

1. 75 
0.15 

0.10 
1.52 
0.91 
0.14 

1.44 
0.12 

0.16 
0.97 
0.94 
0.06 

1. 77 
0.17 

0.36 
0.83 
0.84 
0.08 

The coefficient K was observed at 11 stations. The mean 
values and standard deviations of the applied quantities at 
these stations are, in units of [1/m], : 

K0 : 0.49 +/- 0.18 
Kb: 0.65 +/- 0.32 
K9 : 0.42 +/- 0.16 
Kr: 0.62 +/- 0.14 

1/S0 : 0.21 +/- 0.11 
1/Sb: 0.36 +/- 0.19 
1/S9 : 0.26 +/- 0.15 
1/Sr: 0.32 +/- 0.14 
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5.3. Estimation of K 

The vertical attenuation coefficient of irradiance K may be 
estimated from the Secchi disk depth, by expressions similar 
to those applied for c. The obtained values for the constant 
B' and the rest deviations are presented in Table 5.4. 

5.4. Estimation of c+K 

The sum c+K may be estimated in the same way as c. The ob
tained values of the constant C' and the rest deviations are 
presented in Table 5.5. 

TABLE 5.5. ESTIMATION OF c+K 

Relation: Spectral region: Blue Green Red 

(c+K)=C'/S C' 6.4 6.0 6.3 
Srs [1/m) 0.5 0.7 0.6 

(c+K)= C' 0 [1/m] 0.6 0.8 0.9 
C' 1 5.1 3.8 3.9 

C' +C' JS 0 1 r 0.98 0.89 0.92 
5 rs [ 1/m] 0.3 0.4 0.3 

The coefficients c+K were observed at 6 stations. The mean 
values and standard deviations of the applied quantities at 
these stations are, in units of [ 1/m), . . 

(c+K)b: 2.1 +/- 1.2 1/Sb: 0.30 +/- 0.23 
(c+K) 9: 1.7 +/- 0.8 1/S9: 0.23 +/- 0.20 
(c+K)r: 2.0 +/- 0.7 1/Sr: 0.29 +/- 0.16 

5.5. Estimation of ZCp%> 

The depth of the leveis Z(p%) of the integrated quanta irra
diance may be estimated from the Secchi disk depth. The ob
tained values for the constants D, D0 and D1 , the correlation 
coefficient r and the rest deviation srz are presented in Table 
5.6. 

5.6. Estimation of constants 

The best $tatistical estimate of the constant A is obtained 
from the relation (2.13). The estimate A'' and the standard 
deviations of cS are presented in Table 5.7, together with 
similar estimates of B' ', C'' and D' '· 
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TABLE 5.6. ESTIMATION OF Z(p%) 

Relation: so sb sg sr 

Z(10%)=DS D 0.66 1.2 0.79 1.3 
Srz [m] 1.6 1.6 1.8 1.4 

Z(1%)=DS D 1.7 2.9 2.0 3.2 
Srz [m] 4.7 4.9 5.3 4.9 

Z(10%)= Do [m] 2.7 2.7 2.9 2.3 
Dl 0.37 0.63 0.42 0.77 

D0 +D1S r 0.96 0.91 0.94 0.82 
srz [m] 0.5 0.7 0.6 1.0 

Z(1%)= Do [m] 7.8 8.0 8.3 8.4 
Dl 0.81 1.3 0.90 1.3 

D0 +D1S r 0.90 0.81 0.85 0.59 
srz [1/m] 1.8 2.3 2.1 3.2 

The depth Z(p%) was observed at 11 stations. The mean 
values and standard deviations of the applied quantities 
these stations are, in units of [m], . . 

Z(10%): 5.2 +/- 1.6 Sb: 3.9 +/- 1.6 
Z(1%) . 13.2 +/- 3.8 Sg: 5.5 +/- 3.6 . 
so . 6.7 +/- 4.2 Sr: 3.7 +/- 1.7 . 

TABLE 5.7. ESTIMATION OF A, B, C AND D 

Relation: Spectral region:Int. · Blue Green Red 

A' '=cS A'' 5.7 7.1 5.2 
s 1.6 2.3 1.9 

B 1 '=KS B'' 2.7 1.9 1.8 2.2 
s 0.6 0.4 0.6 0.8 

C' '=(c+K)S C'' 7.8 9.5 7.8 
s 1.7 3.0 2.5 

D' '=Z(10%) /S D'' 0.91 
·s 0.30 

D' 1 =Z(1%)/S D'' 2.5 
s 1.1 

The coefficients c and c+K were observed at 6 stations, 
while the coefficient K and the depth Z(p%) were observed 
at 11. The mean values and standard deviations of the 
applied quantities have been presented i Tables 5.1-6. 

at 
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5.7. Discussion 

From the rest deviations of Table 5.1 it is seen that c+K 
gives only slightly better estimates of S0 than c. The best 
estimates are obtained from K alone, measured for integrated 
irradiance or with the blue filter. The best estimate is 

(5.1) S0 = -2.9 m + 4.1/K0 

However, the attenuation coefficient is better defined in the 
blue part of the spectrum, and Figur 7 illustrates the corre
lation between S0 and 1/Kb. The dashed line is the relation 

(5.2) 80 = -1.7 m + 4.4/Kb • 

Addition of A and B from (2.1) and (2.2) gives, by means of 
(2.3), 

(5.3) A + B = S (c+K) = C 

It was demonstrated in Chapter 2 that (5.3) is valid only if 
the ratio K/c is constant. 

The constants obtained in Chapter 5.1-5.5 are shown in Table 
5.8. The sum of A+B agrees fairly well with C in all of the 
three different procedures ~hat have been applied. This means 
that the ratio K/c has been fairly constant at the stations. 
In fact, from Table 4.3 it may be found that the mean values 
of the ratios are 

TABLE 5.8. COMPARISON OF A+B AND C 

Spectral region: 
Constant 

Int. Blue Green Red 

A 6.0 7.9 . 5.1 
B 3.0 2.1 2.1 2.3 
c 8.2 10.3 7.9 

A+B 8.1 10.0 7.4 

A' 4.4 4.5 4.3 
B' 2.2 1.8 1.4 1.8 
C' 6.4 6.0 6.3 

A'+ B' 6.2 5.9 6.1 

A r r 5.7 7.1 5.2 
B r r 2.7 1.9 1.8 2.2 
C I I 7.8 9.5 7.8 

A"+ C" 7.6 8.9 7.4 
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Kb/Cb = 0.39 ± 0.09 

Kg/Cg = 0.29 ± 0.08 

Krfcr = 0.47 ± 0.09 

where the number after the sign ± is the standard deviation of 
the ratio . According to our observations this deviation is 
less than 30 % of the mean value. 

Mean values of the products S0 c and S0 K, based on the obser
vations by different authors, are presented in Table 5 . 9 . It 
is seen that the product S0 K obtains significantly higher 
values in the Inner Oslofjord than in more oceanic waters. 

The most likely explanation to this difference may be found in 
the content of yellow substance, which is quite high in the 
Oslofjord, but rather low in oceanic waters . An increase in 
the content of yellow substance will probably increase K more 
than S0 is decreased, so that the product S0 K increases. 

The relative influence on c from the yellow substance content 
is less than the relative influence on K (see for instance 
(6.36) and (6.42)). This may explain why the products S0 c in 
the Oslofjord differ less from observations in other areas 
than the product S0 K. 

LISITZIN (1938) obtained from observations in the Baltic Sea 
the relations 

(5.7) 

(5.8) 

(5.9) 

These are presented as the dashed lines in Figur 8, together 
with the observations from the Oslofjord. Although there may 
seem to be systematic differences between the results when S0 
is larger than 10 m, the observations from the Oslofjord are 
too few to permit any reliable conclusion. 

The observed values of Z(1%) and S0 are plotted in Figur 9. 
The best estimates of Z{1%) are obtained by 

(5.10) Z(1%) = 7.8 m + 0.81 S0 , 

which is represented by the dashed line. An observed Secchi 
disk depth corresponds to a smaller value of Z(1%) in the 
Oslofjord than in clearer ocean waters, as can be seen from 
Table 5.9. 
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TABLE 5.9. COMPARISON WITH OTHER AUTHORS 

Reference Area Optical Mean Stand. Nurnbr. 
quantity value dev. cbs. 

H0JERSLEV, 1977 Icelandic S0 c9 6 46 
waters 

MANKOVSKIY, 1978 World Oceans Socbg 7.7 111 

KOZLYANINOV, 1980 World Oceans S0 c9 7.0 102 

This invest. The Oslofjord Socb 6 5 6 

I I I I I I I I S0 c9 9 3 6 

I f f I I I ' ' S9cr 10 4 6 

POOLE and English SoKb 1.9 0.3 14 
ATKINS, 1929 Channel 

GALL, 1949 English Ch. SoKb 1.6 0.1 14 
and North Sea 

SEGLEM, 1970 Norwegian Sea SoKb 1.6 0.5 13 

H0JERSLEV and Icelandic SOKO 2.3 0.6 4 
LUNDGREN, 1977 waters 

KOZLYANINOV, World Oceans S0 K9 1.1 87 
1980 

AAS, 1980 Norwegian and SOKO 1.7 0.3 28 
Barents Seas 

I I I I I I I I SoKb 1.5 0.5 28 

PILGRIM, 1984* Diff. waters SOKO 1.4 
-1.7 

This invest. The Oslofjord SOKO 2.7 0.6 11 

I I I I I I I I SoKb 3.4 0.7 11 

I I I I I I I I S0 K9 2.3 0.7 11 

I I I I I I I I SoKr 3.8 1.8 11 

* according to KOPELEVICH and SHEMSHURA {1988) 
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6. OTHER RESULTS 

6.1. Laboratory measurements of beam transmittance 

Laboratory measurements on the optical properties of the sur
face samples were made after some of the cruises, and partly 
used to adjust the field measurements of transmittance. Unfor
tunately laboratory measurements have the disadvantage that 
the properties of the sample may change during the storage. 
Also the sample may not be representative of the conditions 
during the field measurements, due to patchiness in the sur
face layer. However, we believe that the relative differences 
and the ratios between the optical properties are more likely 
to remain unchanged. Although our observations may be too few 
to give reliable statistical values, we shall estimate some 
such ratios in this chapter. 

Beam transmittance measurements of surface samples were made 
in the laboratory through a 40 em sample cell. The reference 
was a sample of filtered, distilled and deionized water, which 
was assumed to have the attenuation of pure water. 

(6.1) 

where 
c is 
cw is 
cp is 
Cy is 

ay is 

the total attenuation coefficient, 
the attenuation coefficient of pure water, 
the attenuation coefficient of particles. 
the attenuation coefficient of yellow substance with 
negligible scattering, 
the absorption coefficient of yellow substance. 

The surface sample was also measured after it had been fil
tered through a 0.2 ~m filter. The observed attenuation coef
ficient was then assumed to be the absorption coefficient of 
yellow substance: 

(6.2) 

where 
cf is the attenuation coefficient of the filtered sample. 

The attenuation coefficient of particles is obtained by 

( 6 • 3 ) 

The applied attenuation coefficients at 430, 540 and 630 nm 
for pure water were 0.02/m, 0.06/m, and 0.32/m, respectively, 
rounded off from the measurements by MOREL and PRIEUR (1977). 

The filters were dried and weighed. The dry mass concentration 
M of the suspended particles could then be determined. The re
sults are presented in Table 6.1. 
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TABLE 6.1. LABORATORY BEAM TRANSMITTANCE MEASUREMENTS 
AND PARTICLE CONTENTS OF SURFACE SAMPLES 

430 nm 540 nm 630 nm 

Station cp ay cp ay cp ay M 

[1Im) [1Im] (1Im) [mgllJ 

7 0.9 0.1 0.8 0 0.3 0 3.6 
8 2.0 
9 1.0 0.3 0.8 0 0.8 0 3.1 

10 2.5 0.4 2.1 0 1.7 0 6.2 
11 2.4 0.4 2.2 0 1.9 0 4.7 

Some ratios between the averaged quantities of the table are 

(6.4) cp ( 430 nm)lcp(540 nm) = 1.1 

(6.5) cp ( 430 nm)lcp(630 nm) = 1.4 

(6.6) cp (540 nm)lcp(630 nm) = 1.2 

JERLOV (1974) found for oceanic waters where the yellow sub-
stance content is small, that 

( 6 • 7 ) [ cp ( 3 8 0 nm) + ay ( 3 8 o nm) ) 1 cp ( 6 55 nm) = 1. 8 . 

H0JERSLEV {1974) found for Baltic waters a variation in the 
range 

( 6 • 8 ) cp ( 3 8 o nm) 1 cp ( 6 55 nm) = 1. 5 - 2 • 3 

From the results of DERA et al. (1978) from the Gulf of Gdansk 
we have estimated similar ratios as 

(6.9) cp(425 nm)lcp(525 nm) = 1.3 

(6.10) cp(425 nm)lcp(725 nm) = 2.2 

(6.11) cp(525 nm)lcp(725 nm) = 1.7 

We think it supports the validity of the present measurements 
that the values given by (6.4)-(6.6) are close to the values 
given by (6.7)-(6.11). 

The average specific particle attenuations have been calcula
ted from Table 6.1, and the results are presented in Table 
6.2, together with similar results found in the Gulf of Gdansk 
(DERA et al., 1978), in a Swedish fjord (NYQUIST, 1979) and in 
the extremely turbid waters of the Weser estuary (KRAUSE and 



- 27 -

OHM, 1984). 

From the observations of WHITLOCK et al. (1981) at the mouth 
of the Back River where estuarine conditions prevail, the spe
cific particle attenuations have been calculated. The results 
are shown in Table 6.2. At their other two stations with fresh 
water conditions the values are about three times higher than 
those presented in the table. This is probably due to differ
ent particle size distributions, with a higher content of 
smaller particles. The small variation of the values in Table 
6.2 suggests that the specific particle attenuation in sea 
waters may vary between predictable limits. 

TABLE 6.2. SPECIFIC COEFFICIENTS OF PARTICLE ATTENUATION 

Reference Optical Value 
quantity 

(m-1 mg-1 1] 

DERA et al. cp(425 nm) /M 0.55 
1978 

cp(525 nm) /M 0.43 

cp(725 nm) /M 0.25 

NYQUIST, 1979 cp(650 nm) /M 0.48 

WHITLOCK et al., cp(630 nm) /M 0.36 
1981 

KRAUSE and OHM, cp(665 nm) /M 0.37 
1984 

This invest. cp ( 430 nm) /M 0.39 

cp(540 nm) /M 0.34 

cp(630 nm) /M 0.27 

6.2. Laboratory measurements of scatterance and fluorescence 

If the scatterance of pure water is subtracted from the total 
scatterance, the scatterance of particles is obtained: 

(6.12) Bp(9) = B (9) - Bw(9) , 

where 
B(9) is the total scattering function, 
Bp(e) is the scattering function for particles, 
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Bw(e) is the scattering function for pure water, 
a is the scattering angle. 

The observations of fluorescence ~ at goo angle and of par
ticle scatterance at 45° and goo angle are presented in Table 
6.3. The applied values of the scattering function for pure 
water are given in Table 6.4. The possible error in the obser
vations has been judged to be about 20 %. (The dimensionless 
unit of the solid angle, steradian, is denoted sr.) 

From the spectral distribution of B (45°) in Table 6.3 a 
slight increase in the particle sca~terance with decreasing 
wavelength may seem to be present. This is illustrated more 
clearly by the averaged values, normalized with the value 1 
for the scatterance at 630 nm: 

(6.13) Bp(45° 1 366 nm)/Bp(45°, 630 nm) ~ 1.1g 

(6.14} Bp(45° 1 406 nm)/Bp(45°, 630 nm) ~ 1.15 

(6.15) Bp(45°, 436 nm)/Bp(45°, 630 nm) ~ 1.10 

(6.16} Bp(45° 1 546 nm)/Bp(45°, 630 nm) ~ 1.00 

TABLE 6.3. SCATTERING AND FLUORESCENCE FUNCTIONS 

Wavelength [nm] Excitation 366 nm 
366 406 436 546 578 630 Emission 525 nm 

BP ( 45 °) ~(goo) 

St 
[10-3 m-1 sr-1 ] [ 10-7 m- 1 nm-1 sr-1 ] 

1 27 25 26 23 22 22 1g 
2 47 3g 33 27 25 27 21 
3 32 31 26 20 1g 24 20 
4 17 16 15 15 13 13 1g 
5 22 22 23 21 18 21 27 
6 1g 1g 18 16 16 16 12 
7 11 11 11 10 g 10 15 
8 12 12 12 12 11 12 16 
g 41 42 43 3g 37 37 26 

10 21 21 21 22 1g 23 23 
11 21 21 21 21 17 21 

St 
BP (goo) 

[10-4 m-1 sr-1 ] 

10 21 21 24 23 20 35 
11 21 24 26 27 23 28 
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TABLE 6.4. SCATTERANCE OF PURE WATER AND PURE SEA 
WATER (Interpolated from values given by MOREL (1974)) 

PURE WATER PURE SEA WATER 

Wavelength Bw ( 45°) Bw(90o) Bw ( 45 °) Bw(90o) 

[nm] [10-4 m..;.1 sr-1] [10-4 m-1 sr-1] 

366 7.7 5.4 10.0 7.1 
406 4.8 3.4 6.3 4.5 
436 3.5 2.5 4.6 3.2 
546 1.4 1.0 1.8 1.3 
578 1.1 0.8 1.4 1.0 
630 0.8 0.5 1.0 0.7 

{6.17) Bp(45°, 578 nm)/Bp(45°, 630 nm) ~ 0.91 . 

In the Barents Sea it has been observed (AAS, 1984) that the 
particle scattering in general will increase monotonously with 
decreasing wavelength. Exceptions are stations which are 
clearly dominated by algae, and which may show maximum scat
terance in the red part of the spectrum. The particles in the 
polluted waters of the Oslofjord consist of phytoplankton, de
tritus, and organic and inorganic materials brought in by the 
rivers and the sewage system. The particle scattering which is 
smaller at 578 nm than at 630 nm, illustrated by (6.17), may 
then perhaps be due to the high phytoplankton content in the 
fjord. Anyhow it is seen from (6.13)-(6.17) that the wave
length dispersion of particle scatterance is less than 30 % 
through the visible part of the spectrum. 

Table 6.3 only presents two stations with observed scatterance 
at 90°. However, from unpublished observations of particle 
scatterance in the Oslofjord it has earlier been deduced that 

(6.18) BP ( 45 o, 366 nm)/Bp(90°, 366 nm) ~ 8.1 

(6.19) BP ( 45 o, 406 nm)/Bp(90°, 406 nm) ~ 7.8 

(6.20) Bp ( 45 ° I 436 nm)/Bp(90°, 436 nm) ..... 8.2 ..... 

(6.21} Bp( 45° I 546 nm) /Bp(90°, 546 nm) ~ 7.8 

(6.22} BP ( 45 °, 578 nm)/Bp(90°, 578 nm} ~ 8.3 

(6.23) Bp( 45°, 630 nm)/Bp(90°, 630 n~) ..... 6.5 ..... 

The small variation between the five first ratios is probably 
due to the uncertainty of the measurements, while the lower 
value of the last ratio may be due to the contents of 
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chlorophyll A in the organic particles. The values are in good 
agreement with the normalized observations of B quoted by 
JERLOV (1976, table 8). 

The specific particle scattering functions, based on Stations 
7-11, have been calculated from Table 6.1 and 6.3. The mean 
value for the 6 wavelengths is presented in Table 6.5. H0JER
SLEV (1989) has quoted similar observations made in Danish 
waters by M. BROWN. These give a value which is higher, but of 
the same order of magnitude as our result (Table 6.5). 

TABLE 6.5. SPECIFIC FUNCTIONS OF PARTICLE SCATTERING 

Reference Optical Value 
quantity 

(m-1 sr-1 mg-1 1] 

WHITLOCK et al., Bp(45°, 450 nm)/M 13 '10-3 

1981 
Bp(45°, 540 nm)/M 12 '10-3 

Bp(45°, 630 nm)/M 11 '10-3 

H0JERSLEV, Bp(45°, 655 nm)/M 8.4'10-3 

1989 

This invest. Bp(45°)/M 5 '10-3 

The specific scattering function at 45° may be also be calcu
lated from the observations made by WHITLOCK et al. (1981) in 
the Back River. The values (Table 6.5) become more than twice 
as high as our result. There is a slight increase in scatter
ing with decreasing wavelength. 

It is clearly a larger variation between the values in Table 
6.5 than in Table 6.2. This is to be expected, since the atte
nuation coefficient of a particle will be a function only of 
its geometrical cross sections if the particle is above a cer
tain size (e.g. VAN DE HULST, 1957). In this asymptotic .state 
the attenuation will be independent of wavelength. It has been 
observed for a sediment sample of glacier origin that cp had 
reached this state at a particle diameter of 20 ~m (AAS and 
BOGEN, 1988), while ap and bp still had spectral variations. 

The ratio between the fluorescence and the absorption due to 
yellow substance, based on Station 7, 8 and 9, is 

(6.24) ~(366 nm, 525 nm, 90°)fay(430 nm) ~ 1.2·10-s nm-1 sr-1 . 
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6.3. Further interpretations 

JERLOV (1974) found for oceanic particles that 

(6.25) bp(655 nm) ~ cp(655 nm) 1 1.43 , 

where bp is the scattering coefficient of particles. 

By this result and the assumptions 

(6.26) bp(630 nm) ~ bp(655 nm) 

(6.27) bp(430 nm)/bp(630 nm)~Bp(45°, 436 nm)/Bp(45°, 630 nm), 

the absorption coefficient of particles ap(430 nm) may be 
found from 

( 6 . 2 8 ) ap ( 4 3 o nm) = cp ( 4 3 o nm) - bp ( 4 3 o nm) , 

where 

( 6. 2 9) bp ( 4 3 o nm) ~ 

[cp(630 nm)/1.43] Bp(45°,436 nm)/Bp(45°,630 nm) . 

The ratio between the B values in (6.29) can be found from 
Table 6.3. The expressions for the coefficients at 540 nm 
become quite similar. The obtained values of ap and bp are 
shown in Table 6.6. 

The ratios between the mean values of Bp(45°) from 
and the corresponding mean values of bp from Table 

(6.30) BP ( 45 °, 436 nm)/bp(430 nm) ~ 0.029 

(6.31) BP ( 45 °, 546 nm)/bp(540 nm) ~ 0.029 

(6.32) BP ( 45 °, 630 nm)/bp(630 nm) ~ 0.028 

TABLE 6.6. ESTIMATION OF ABSORPTION AND 
SCATTERING COEFFICIENTS OF PARTICLES 

430 nm 540 nm 630 

st. ap bp ap bp ap 

sr-1 

sr-1 

sr-1 

nm 

bp 

[1/m] [1/m) [1/m] 

7 0.7 0.2 0.6 0.2 0.1 0.2 
9 0.3 0.7 0.2 0.6 0.2 0.6 

10 1.4 1.1 1.0 1.1 0.5 1.2 
11 1.1 1.3 0.9 1.3 0.6 1.3 

' . 

Table 6.3 
6.6, are 
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KULLENBERG (1974) quotes values for the surface layer of the 
ocean between 0.021 and 0.035/sr, while most of the observa
tions at 655 nm by ' H0JERSLEV (1989) in Danish and Norwegian 
waters lie in the range 0.016-0.023/sr. 

JERLOV's relation (6.25) gives 

(6.33) ap(655 nm)/bp(655 nm) ~ 0.43 , 

while Table 6.4 gives for the ratio between the mean values: 

(6.34) ap(430 nm)/bp(430 nm) ~ 1.1 

( 6 • 3 5 ) ap (54 o nm) 1 bp (54 o nm) ~ 0 . 8 · 

(6.36} ap(630 nm)/bp(630 nm) ~ 0.4 

TABLE 6.6. SPECIFIC ABSORPTION AND SCATTERING 
COEFFICIENTS OF PARTICLES 

Reference Optical Value 
quantity 

[m-1 mg-1 1] 

DERA et al., ap(425 nm) /M 0.2 
1978 

ap(525 nm) /M 0.2 

bp(425 nm) /M 0.4 

bp(525 nm) /M 0.3 

WHITLOCK et al., bp ( 450 nm) /M 0.43 
1981 

bp(540 nm) /M 0.39 

bp(630 nm) /M 0.34 

This invest. ap(430 nm) /M 0.2 

ap(540 nm) /M 0.2 

ap(630 nm) /M 0.1 

. bp( 430 nm) /M 0.2 

bp(540 nm) /M 0.2 

bp(630 nm) /M 0.2 
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The specific absorption and scattering coefficients for par
ticles, calculated from Table 6.1 and 6.6, are presented in 
Table 6.7. Rough estimates from the observations by DERA et 
al. (1978) in the Gulf of Gdansk are seen to be of the same 
order of magnitude. Similar values, calculated from the 
observations by WHITLOCK et al. (1981) are also included. 

All in all the optical properties of the suspended particles 
in the Inner Oslofjord, as they appear in this investigation, 
seem to be very similar to those observed in other ocean 
waters. This result is perhaps surprising, since the fjord is 
commonly regarded as polluted, but it may indicate that the 
relative composition of particles in this part of the fjord 
still resembles the average particulate material of the 
oceans. 

6.4. K and c as functions of B(90°) and ay 

In Chapter 7.2 the Secchi disk depth is expressed as a func
tion of B and ay rather than as a function of c and K. The 
variables are connected, and cb and Kb may for instance be 
expressed as functions of B(90°,av.) and ay(430 nm), where 
B(90°,av.) is the average value of B(90°,546 nm), B(90°, 
578 nm) and B(90°,630 nm). By means of (3.3) the attenuation 
coefficient cb may be written 

(6.37) cb = c(460 nm) ~ 0.84 c(430 nm) 

= 0.84[cw(430 nm) + cp(430 nm) + cy(430 nm)) 

~ 0.84[cw(430 nm)+ap(430 nm)+bp(430 nm)+ay(430 nm) ]. 

From the results of MOREL and PRIEUR (1977) the value of the 
attenuation coefficient of pure water at 430 nm may be rounded 
off to 

(6.38) cw = aw + bw ~ 0.02 m-1 • 

In the Oslofjord this value becomes small compared with the 
other coefficients, and cw may be omitted. For the same reason 
the approximation 

(6.39) 

is valid. 

By combining (6.39) with (6.15-17), (6.21-23)and (6.30), the 
term bp in (6.37) may be transformed to 
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bp(430) Bp(45°,430) Bp(45° 1 av.) 
bp(430) Bp(90°,av.) 

Bp(45°,430) Bp(45°,av.) Bp(90°,av.) 
(6.40) 

= (1srf0.029) · 1.1 · 7.5 Bp(90°,av.) 

~ 280sr 8(90°,av.) 

The coefficient ap(430 nm) may by means of (6.34) and (6.40) 
be written 

ap(430) 
ap(430) = bp(430) ~ 310sr Bp(90°,av.) . 

bp{430) 
(6.41) 

Equation (6.37) can now be transformed to 

(6.42) cb = 500sr 8(90°,av.) + 0.84 ay(430 nm) . 

Similarly the coefficient Kb may by means of (3.6) be approx
imated by 

(6.43) Kb = K(460 nm) ~ 0.88 K(430 nm) 

~ 0.88 [aw(430 nm) + ap(430 nm) + ay(430 nm)]/~ , 

~ 0.88 [ap(430 nm) + ay(430 nm))/~ , 

where ~ is the mean cosine of the downward traveling photons, 
relative to the vertical. 

The cosine~ may in natural waters attain values between 0.60 
and 0.95 (JERLOV, 1974, table 3, 1976, p.102), where the 
lowest value corresponds to very turbid waters. If the value 
0.73 is chosen for~' the equations (6.41) and (6~43) will 
give 

(6.44) Kb ~ 370sr 8(90°,av.) + 1.2 ay(430 nm) . 

It was shown by equation (5.7) that .there seems to be a fairly 
good correlation between cb and Kb. This means that 8(90°, av.) 
and ay(430 nm) can not both vary at random within the surface 
layer. 
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7. THE MUNTHE-KAAS FORMULA 

7.1. The original Munthe-Kaas formula 

The Norwegian Institute For Water Research (Norsk Institutt 
For Vannforskning; NIVA) directed during the years 1962 -1965 
a project concerning the pollution problems of the Oslofjord. 
One of the topics was the influence of different factors on 
the water transparency. The transparency was expressed by the 
Secchi disk depth. 

MUNTHE-KAAS (1967) obtained from a data set of 294 observa
tions and by a best-fit procedure the relation 

( 7. 1a) 

The definition of the different terms at the right side of 
this equation is given below: 

(7.1b) oS0 = 15.33 m . 

(7.1c) oSP = [7.71 ln (l+T) - 1.50 T + 0.0370 T2 ] m , 

where T is turbidity (: light scattering at 90°angle) in units 
of mg Sio2jl. The term (7.1c) gives the reduction of the Sec
chi disk depth due to suspended particles. (The symbol T for 
turbidity in this chapter should not be confused with the 
symbol for transmittance in Chapter 3.) 

(7.1d) oSY = [2.50 ln (l+F) - 0.104 F] m , 

where F is filtrate colour (: the attenuation coefficient of a 
filtered sample at 430 nm) in units of 0 Hazen. The term (7.1d) 
represents the reduction of Secchi disk depth due to dissolved 
substances or yellow substance. 

(7.1e) ssw= [0.00370 U2 J m, 

where u is the wind speed in mjs. This term, although expres
sed as a wind effect, is in reality the reduction due to wind 
waves. 

(7.1f) oSh = [2.80 ln (l+sin h)] m, 

where h is the solar altitude. The term is the obtained 
reduction due to the influence of the sun. 

The constant term (7.1b) should not be interpreted as the 
Secchi disk depth for perfectly clear.water, since the 
validity of (7.1a) is restricted to the range of variation for 
the observed quantities. According to MUNTHE-KAAS (1968) these 
ranges extend from 0.5 to 4 mg Si02/l for T, and from 5 to 20 
0 Hazen for F. 
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Both the turbidity T and the filtrate colour F were measured 
in the laboratory on a sample from 1 m depth. Thus the formula 
(7.1a) is not directly comparable with our results, which are 
based on the mean value of the properties between the surface 
and the Secchi disk depth. Quantities corresponding to T and F 
were only measured at 4 of the present stations. Although this 
number is rather small, it may still be of interest to make a 
comparison between the relation above and our results. In 
order to do so it becomes necessary to convert the optical 
quantities of the Munthe-Kaas formula to physical units. 

7.2. Transformation of the Munthe-Kaas formula 

Most observers have noticed that it is easier to observe the 
Secchi disk when the sun is heigh than when the sun is low and 
the reflection from the surface is greater. Figur 10 illustra
tes two cases when the Secchi disk depth has been observed as 
a function of solar altitude. In both cases the depth is redu
ced when the sun sinks. Unfortunately the solar term (7.1f) 
gives the opposite effect. 

Probably the obtained value of (7.1f) is due to an inherent 
trap in this kind of statistical analysis. The solar altitude 
is high during summer when the Secchi disk depth is small, and 
low during winter when the depth is larger. It is obvious that 
the increased depth during the winter season is mainly caused 
by clearer water. A multivariable correlation program, how
ever, may attribute some of the seasonal variation of the 
Secchi disk depth to the seasonal variation of the solar alti
tude rather than to the seasonal variation of particles and 
yellow substance. These variations are shown in figure 15 in 
the paper by MUNTHE-KAAS (1967). From the data presented in 
the figure it may be estimated that 

(7.2) ssh = -0.32 m + 0.122 cssP + ssy) 

This result could have been substituted for oSh in (7.1) in 
order to obtain a physically more reasonable expression. In 
order to make a comparison with our results, however, we have 
found it better to change the original formula as little as 
possible. 

Turbidity T was measured at a Sigr~st Photometer as the .amount 
of light scattered at 90°angle, with a suspension of Sio2 as 
reference. Since an unfiltered incandescent lamp was used as 
light source, no specific wavelength could be attributed to 
the light, but it is likely that the main part of the recorded 
signal came from the yellow and red parts of the spectrum. 
Later NIVA transferred their measurements to a Hach Turbidi
meter, Model 1860 A, where the turbidity was measured in 
Formazin Turbidity Units (FTU) • 
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The conversion of T is made in two steps. Figur 11 gives the 
relation between turbidity expressed in mg Si02/l and FTU, 
respectively. The curve is based on observations made by NIVA 
in April, 1967 and May, 1968 (NIVA, 1973, NIVA, 1968). From 
the figure it has been estimated that 

(7.3) T(FTU)/T(mg Si02/l) ~ 1.0 FTU/(mg Si02/l) • 

This result differs from observations reported by RODIER 
(.1975). 

The next step is to find the relation between T(FTU) and the 
volume scattering function B(90°). Table 7.1 gives the results 
of measurements of B(45°) and B(90°) made at the Institute of 
geophysics. 

The values of the three formazin samples were later compared 
at a Hach turbidimeter with the manufacturer's standard and 
found correct. 

TABLE 7.1. RELATION BETWEEN T AND B 

T Wavelength [nm] 
[FTU] 366 406 436 546 578 630 

BP ( 45 °) [10-4 m-1 sr-1 ] 

0.6 245 208 195 147 137 91 
4.0 1260 1030 1000 670 610 520 

40 8060 7280 5260 4710 4210 

BP (90 °) [ 10-4 m-1 sr-1 ] 

0.6 29 24 20 18 16 13 
4.0 183 166 159 110 99 110 

40 1720 1440 1410 1030 920 890 

The wavelength dependence of the present observations follows 
fairly well the relation. 

(7. 4) Bp ~ c I Ll. 4 

where C is a constant and L is the wavelength.By this relation 
it can be found that the observed value of B (90°) at 630 nm 
and 4 FTU in Table 7.1 probably should have geen 20 % smaller. 

The region of variation given by MUNTHE-KAAS corresponds to 
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values of T between 0.5 and 4 FTU. From the observations at 
0.6 and 4 FTU we have estimated that the mean value of 13(90°) 
at 546, 578 and 630 nrn is related to the turbidity by 

(7. 5) 8p(90°, mean) 1 T(FTU) = 13(90°, rnean)/T(FTU) 

= 25'10-4 rn-1 sr-1/FTU. 

Due to (7.3) the ratio above will also be the ratio between 
8(90°, mean) and T(rng Si02/l). 

It should be noted that the observed values of 13(45°) in Table 
7.1 are significantly smaller than observations reported by 
ZANEVELD et al. (1979), by a factor of 2-5. Another difference 
is that while the ratio between 13 and forrnazin concentration 
decreases with increasing concentration in the present 
results, ~ it increases in the observations by ZANEVELD et al. 
KIRK (1983, p.80-83) has estimated the value of the ratio b/T 
to about 1/(rn FTU). Equation (7.5) combined with (6.21-23) and 
(6.31-32), gives the average ratio of b/T as 0.7/(rn FTU). 

The filtrate colour F was measured as the attenuation or 
absorption coefficient of a filtered sample at about 430 nrn 
with a 10 ern sample cell in an EEL Absorptiometer. The refer
ence was a platiniurn-cobalt solution (e.g.Arn.Publ.Health 
Ass.,1965), and 1 °Hazen corresponds to 1 rng Pt/1. Figur 12 
presents the absorption coefficient at 430 nrn relative to pure 
water as a function ofF (NIVA,1986). There is a proportio
nality between the two quantities for values of F less than 80 
0Hazen: 

(7.6) a(430 nrn)/F = 0.021 [rn-1j 0Hazen] 

The absorption coefficient of a filtered natural sample 
becomes the absorption coefficient of yellow substance. 

When (7.3), {7.5) and (7.6) are incerted in the Munthe-Kaas 
formula, it becomes a function of the scattering function 
8(90°, av.) of the suspended particles, the absorption coef
ficient ay{430 nrn) of yellow substance, the wind speed U, and 
the solar altitude h. The formula may now be written 

(7.7a) s = ss -0 0 ss -p ss -y ssw - ssh , 

where the different terms are 

(7. 7b) oS0 
= 15. 3 rn ' 

(7. 7c) ssP = P1 ln {1+P2 8{90°)) - p3 8{90°) + p4 132 (900) 

p1 = 7.7 rn p2 = 390 rn sr ' 
p3 590 2 p4 5700 rn3 sr2 = rn sr, = 
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(7.7d) oSY = yl ln (l+Y2 ay) - Y3 ay 

yl = 2.5 m y2 = 48 m I y3 = 5. o m2 
I 

(7. 7e) ssw = [0.0037 U2] m I 

(7. 7f) ssh = [2.80 ln (l+sin h)] m . 
If the wind speed is less than 10 mfs, the term (7. 7e) may be 
omitted. 

7.3. comparison of Eqs. (5.2) and (7.7) 

The absorption coefficient of yellow substance is given for 4 
stations in Table 6.1. This and the other quantities which are 
necessary in order to apply (5.2) and (7.7), are presented to
gether in Table 7.2. At Station 7 and 9 B(90°, mean) was 
calculated from B(45°) by means of Table 6.3 and (6.21-23). 

TABLE 7.2. COMPARISON OF EQS. (5.2) AND (7.7) 

so Kb s . 
0 B(90°) ay u h so 

st. ( obs.) (5.2) (7.7) 
[10-4/ 

[m) [1/m] [m) m sr) [1/m] [m/s) [ 0] [m) 

7 13.5 0.30 13.0 13 0.1 1 12 8.5 
9 7.5 0.41 9.0 51 0.3 2 36 3.0 

10 3.0 1.1 2.3 26 0.4 1 38 4.6 
11 2.8 1.2 2.0 26 0.4 5 44 4.4 

According to Table 7.2 (5.2) gives a better estimate of the 
true Secchi disk depth than (7.7). Although this result is 
based on a very limited number of observations, it is not un
reasonable that field measurements between the surface and 
the Secchi disk depth should give better agreement than labo
ratory measurements on samples from a fixed depth. 

The real importance of the Munthe-Kaas formula, however, is 
that it tries to quantify the separate influences of yellow 
substance and suspended particles on the water transparency. 
This problem deserves further attention. 
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(a) 812 V9 NO FILTER 

400 

(b) 812 V9 R1 

(c) 812 V9 R1 

Figure l.(a} Spectral sensitivity of the eye with different 
filters. The curves are normalized with 1 at their peak value. 
The dashed line is the sensitivity of the naked eye. 
(b) Spectral sensitivity of the beam transmittance meter with 
different filters. . 
(c) Spectral sensitivity of the irradiance . meter with 
different filters. The dashed line is the sensitivity of the 
instrument without filter, acting as a quanta irradiance meter. 
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Figure 2. The attenuation coefficient c(460 nm) observed with 
filter B12+G5 (y) as a function of c(420 nm) observed with B12 
(x). The solid line is the relation y=0.84x. 
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Figure 3. Irradiance transmittance T for an instrument with 
eye sensitivity and filter B12 (x) as a function of the trans
mittance for the actual instrument with Bl2 (y). The dashed 
line is the relation log x = 0.88 log y. 
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Figure 4. Irradiance transmittance T for an instrument with 
eye sensitivity and filter V9 (x} as a function of the trans
mittance for the actual instrument with V9 (y}. The dashed 
line is the relation log x = 0.99 log y. 
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Figure 5. Irradiance transmittance T for an instrument with 
eye sensitivity and filter Rl (x) as a function of the trans
mittance for the actual instrument with Rl (y). The dashed 
line is the relation log x = 0.92 log y. 
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Figure 6. Locations of the stations. 
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Figur~ 7. Secchi disk depth S0 as a function of the vertical 
attenuation coefficient of blue irradiance Kb. The dashed line 
is the relation S0 ·= -1.7 m + 4.4/Kb. 
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Figure 8. The Secchi disk depths observed through blue, green 
and red filters, as functions of the Secchi disk depth obser
ved with the naked. eye. The dashed curves represent correspon
ding relations obtained in the Baltic by LISITZIN. 
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Figure 9. The depth of 1 % photosynthetically available quanta 
irradiance Z(1%) as a function of the Secchi disk depth S
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The dashed line is the relation Z(1%) = 7.8 m + 0.81 S
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Figure 10. Secchi disk depth observed as a function of solar 
altitude in the swedish lake Straken (ABERG and RODHE, 1942) · 
and in the Oslofjord at Son. · 
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Figure 11. Turbidity in units of FTU (y) as a function of 
turbidity in units of mg Si02/l (x). The dashed line is the 
relation y=x. 
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Figure 12. The absorption coefficient of the reference 
solution (y) in units of 1/m as a function of the platinium 
concentration (x) in units of 0 Hazen (= mg Pt/1). The 
absorption coefficent of distilled and filtered water has been 
subtracted. The dashed line is the relation y=0.021x. 
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