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ABSTRACT

An approximated formula for the vertical
attenuation coefficient as a function of the absorption
coeffieient, the scattering coefficient, the sun height,
the cloudiness and the depth is deduced. A relation
between only the vertical attenuation coeffilcient, sun

height, cloudiness and depth 1s also proposed.
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THE VERTICAL ATTENUATION COEFFICIENT OF SUBMARINE TIRRADIANCE,

1, INTRODUCTION,

While analyzing irradiance observations at U465 nm
from the Norwegian Sea and the Barents Sea (AAS and BERGE, 1976),
a relation between the vertical attenuation coefficient and the
sun height was needed. A usuval assumption 1s that close to
the surface the vertical attenuation coefficient K of down-
ward irradiance will be related to the zenith angle J of the

refracted sun rays by the relation
K =K /cos J = K_ sec ] (1)

Ko 1s then the coefficient for a zenith sun,

This relation has been tested by KOSLYANINOV and
PELEVIN (1966), JERLOV and NYGARD (1969), and HPJERSLEV
(1973, 1974 a). KOSLYANINOV and PELEVIN found the relation
vallid down to an optical depth ¢z = 2,5 (¢ 1is the beam
attenuation coefficient, z 1s the depth)., JERLOV and
NYGARD found it valid down to 10 m for green light i1n the
Baltic Sea and to 75 m for blue light in the Sargasso Sea.
Both these depths correspond roughly to.an optical depth U4,
According to HPJERSLEV (1974a) it should be expected from
theory that K was essentlally independent of the sun
height for sun heights less than 25°, He found for green
light 1in the Baltic little variation for heights less than
40°, In the Mediterranean he found for blue light 1little
dependence upon the sun helght for helghts less than 50O
(1974 b).

It is, however, clear that 1t should be a gradual
transition from the state when the "secans relation" (eq.l)

is valid to the state when it is not.
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In connection with the before-~mentioned irradiance
measurements 1n the Norwegian Sea and the Barents Sea there
were no measurements of the optical depth cz, so the formula
which is developed here is based finally only on observed
values of vertical attenuatlon coefficient, cloudlness, sun

height and depth.

2. THE FUNCTION K, (a,R,Dp,J,r).

For an ocean which 1s optilcally homogeneous i1n

horrisontal directions, the GERSHUN equation (1939) yields

d

EE(E

4 Eu) = - af (2.1)

Ed is downward irradiance, E upward irradiance, a 1is

u
the absorption coefficlent and Eo is the scalar irradiance.

By introducing the vertical attenuation coefficients Kd

and Ku’ defined by

dE dE

d 8 4 u
L i E. a7 (2.2)
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and the downward and upward part of the scalar irradiance,

Eo ® Boa T Boy (2.3)

the equation becomes

K KE = a(E ., +E ) (2.4)

dEd T Mutu od ou

By means of the irradiance ratio

E
R= & (2.5)
T

and the scalar irradiance ratio

EOU.
RO = E;g (2,6)

eq. 2.4 may be written



+ +

. Eod(l RO) .. Dd(l RO)

. E,(1-R "u/y ) 1 - R R/

d d
The function
E

D, = od/

d Ed

is termed the downward distribution function by TYLER

and PREISENDORFER (1962)., In Table 1, which 1is calculated
and interpolated from TYLER's radiance observations at

480 nm in Lake Pend Oreille (TYLER and PREISENDORFER,
1962), it is seen that the relative standard deviation,

Spe1s Of the ratio X /K; 1is 4%, and that the mean value

rel
of the ratio is 1.02, It is also seen that the standard
deviation of the ratio RO/R is 2%, and that the mean

value is 2,13, In lack of other knowledge I then make the

assumptions
o
Kd
Yo s g
R

and eq. 2.7 becomes, since from Table 1 R << 1,

a Dd(1+2R)
K ]
d 1-R

- a(1+3R)Dd

The equation (2,11) may also be obtained in the following

way: Table 1 gives that the upward distribution function

Eou
B. = w

u Eu

has the mean value 2,8 with a standard deviation of 2%.
If we assume that this value has a general validity, we

may return to eq. 2.4 and write it

(2.7)

(2.8)

(2.9)

(2,10)

(2.11)

(2.12)



K.E. - KuEu ® a(Eod+ 2.8 Eu) (2,13)

dd

This may be rewritten as

K

2.8 a
B E {1 = wt B = of R =aeE
d d Kd Kd od
From Table 1 it i1s seen that the mean value of a/Kd in
this case 1s 0,7, so that
K4Eq(1 - R - 2R) = K.E,(1 -3R) = akE_g,
or again
% +
Ky a(l 3R)Dd. (2.16)
The distribution function Dd is a function of the down-
ward radiance L, given by
E S L dow
- _od _ 2m _ i1 o
Dd - Ed - / L cos 6dw ~ cos OM < BRl OM (2.17)
2m

dw 1s an infinitesimal solid angle in the direction of

L, and the integral is performed in the upper hemisphere,
© 1s the angle between L and the vertical. O
the mean value of © 1in the integral. When the two

-

integrals in eq. 2.17 are dominated by the radiance from

the sun, 6, will be close to J, and eq., 2.16 will be

M
of the same form as eq., 1. In the case of a clear sky
in Table 1, the sun height was 56.6°, This makes
secj = 1,10, which is not equal to the values of Dd'

The distribution function may be separated into
two main factors, namely the contribution from the direct
sun light and from the diffuse light. If the radiance
from the diffuse light is termed LD and the radiance
from the sun LS’ we get from eq. 2,17

(2,14)

(2.15)
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L.dy. + S L.dw
E g S8 oredug D
EQ_ = 7 (2.18)
d LScos 3 dws+2ﬂ_ de LDcos 0dw
The direct contribution to the 1lrradiance from the sun is
Egg = Lg cos J dug (2.19)
which makes
Lgdug = Egqsec J. (2.20)
The contribution to the irradiance from the diffuse
light 1is
Eqp = J/ Lpcos 0dw = cos oy / Lpdw (2.21)
2n-dws 2r=-dw
S
where op 1s the mean value of © 1in the integration,
We may write eq. 2.21 as
S Lpdeg = Egpsec op (2.22)
2w-dws
and eq. 2.18 then becomes
Eod ) Edssec i K Estec OD (4,593
E - E + E *
o] as dab
Since
Egqp = Eq = Eqgs (2.24)
eq. 2.23 may be written
_ E q _ Ejgsec J + (Ed-EdS)sec 92
d Ed o
d
Eas
= sec Op + (sec j - sec OD)E—— (2.25)

d



The unknown distribution function Dd has then been

separated into a known function of the solar altitude,
sec J, a still unknown distribution function of the

diffuse light,

S L. dw
2m D-

£24

sec 0. = D
D D I
o LDcos 0dw

and an unknown ratio between the solar contributilen to
the 1rradiance and the total irradiance. The relation
between the sun height h and the sun ray's angle of

refraction J 4is given by SNELL's law in the form

2
sec J = l///l—(%) cos2h
Eq. 2.16 and 2.25 give

g 21930 505 agr(oes 3 - ane 50 o

(2.26)

(2.27)

(2,28)

For convenience, we may now omit the index d and introduce

ag = a(l + 3R)

and

We then have for the vertical attenuation coeffibient
K = aR(sec op* (sec j - sec @D)r)

I assume that the distribution function DD = sec OD

of the diffuse light may be regarded as independent of

the sun height,at least compared with the function sec j

of the direct sun rays. The ratio r, however, should

be a function of the sun height, the cloudiness, the

(2.29)

(2.30)

(2.31)
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depth and the turbidity of the water,

When the sun is dominating the irradiande, r
will be close to 1 and K will be given by

K= ap sec J | (2.32)

When the diffuse light is dominating, r will be close
to 0, and K will be given by |

K ® ap sec oy (2.33)

3. THE FUNCTION ro(h,C).

In eq. 2.30 the downward irradiance E may

be expressed as
-Kz
E(z) = E(o) e (3.1)

where z 1s the depth.

Similarly we may express ES as

-Ksz

ES(Z) = Es(o) e (3.2)
where KS i1s the still unknown vertical attenuation
coefficient of the sun rays. Egq. 2.30 may then be
written

. ES(Z) _ ES(o) e-(KS—K)z= . e—(KS-K)z .

E(z) E(o) o :
where
Es(o) :
T, * E(o) (3.4)

The function ry is the value of r Just beneath the
sea surface, and will depend on ES and E 1n ailr,

and on thelr transmission through the sea surface. We



shall first consider their ratio in air

ES& ( )
r, T o§ LpE
a L.a

In clear weather this ratio is mainly a function of
wavelength and sun helght, Fig. 1, but it depends also
on the transmlttance of the air, that is on the dust
and vapour contents of the air (KIMBALL, 1924,
HINZPETER, 1955,1956,1957, GATES, 1966), and on s
albedo of the ground (DEIRMENDJIAN and SEKERA, 1954),
Due to the low albedo of the sea, the last effect will
only reduce r, with maximum 2% at small sun heights
at sea, and this effect shall be disregarded here.

r, is obtained from r, by

_ ta l"a
o © TSra+ TD(l-I’a) (3.6)

Here Tq is the Fresnel transmittance of the sun rays
through the sea surface and 3 is the corresponding

transmittance of the diffuse irradiance. I have chosen

T, = 0.93 (1sotropic radiance distribution),

The three cases in Fig. 1 may then be expressed
as
a) P, = 1/ (1 + 0.13 cosec h e Bad subes b (3:T7)
b) B, = 1/ (1 + 0,20 cosec h e 0.22 cosec h) (3.8)
c) ¥, = 1/ (1 + 0.27 cosec h e 0.38 cosec h ) (3.9)
In lack again of other knowledge I have chosen

r = 1/ (1 + 0,2 cosec h e 0.3 cosec h) (3.10)

o
When there are clouds, the solar irradlance may be

reduced to a mean value of

Eq = Es(l - C) (3.11)



C 1s the cloudiness in parts of one. Correspondingly
the contribution of diffuse light from the blue part of
the sky will be ED(l - C). The contribution of diffuse
light from the cloudy part of the sky may be written
ECC' EC 1s the irradiance when the cloudiness is 1,

By comparison with data by KALITIN (KONDRATYEV, 1969,

p. 459) and ROBINSON (1966, p. 214-216), I have chosen

as a mean value E, ® 0,5 E, where E 1s the irradiance

C
of a clear sky. ry then becomes

r = ——— O
o ES'+ ED' ES{I-C)+E,(1-C)+0,5EC
- ES(1-¢c) . , _1-=C %3
E(I-C+0.5C o T-0.5C .

Thus the effect of clouds is the correction term

(1 - C)/(1- 0.5C). Eq. 3.10 and 3.12 give

ro' g T%ﬁfﬁg/ (1 + 0.2 cosec h e0+3 cosec hy (g4 54y

4, THE FUNCTION r(r_,a,b,K,j,z).

In eq. 3.2 the sun rays are attenuated by
the coefficlent

Ky = (a *+ b) sec J (4,1)

However, as about 50% of the scattered light will be
contained within a 10° cone around the rays (JERLOV,
1968, p. 39) it is questionable if all of this light
should be considered as lost from the solar irradiance.

If not, 1t may be more correct to write

Ky = (a + ab)sec J (4,2)
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where o 1s the fraction of b which contributes to
the attenuation,

In Chapter 5 it is found that this factor o is
0.86.

With this value eq. 3.3 becomes

r= v o~ ((a+0.,86b)sec

i - K)z

(%]

5. THE FUNCTION Dp(a,b,K,,z).

Measurements of the downward distribution

function of diffuse light, DD = sec Op,

JERLOV and LILJEQVIST (1938) found that the ratio Eo/Ed

at 530 nm in cloudy weather had values between 1.33 and

are rather few,

(4.3)

1.37. TYLER's observations at 480 nm, quoted in Table 1,

give values of Dd in cloudy weather between 1,29 and

1.34, In the last case the values may seem to increase

asymptotically from the surface and down towards a filxed

value,
From HPJERSLEV's observations at U477 nm
(1973, 1974a), the least squares method gives (Table 2)

that the sum

-(KS—K)Z 2

z(K-(aR(sec opt (sec J - sec OD)roe )))

where Kq = (a + ob)sec j, obtains its lowest value

for o = 0.72 and sec Oy = 1.38, However, if we solve

for sec Op from eq. 2,31, we get

K/aR-r sec J
sec 0, =
D 1 -7

and the ratio on the right side of thils equation does

not seem to be constant., I will, as already mentioned,

(5.1)

(5.2)
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assume that sec o, has less varlation with the sun
height than sec j, but that it may have the same kind
of variation with depth-as TYLER's measurements
~indlcate. Froﬁ eq. 5.2 it seem natural that sec op

should have the same dependence on depth as r, and I

have then chosen the simple form

= K
sec GD = B - vy €

S-K)z

The sum 5.1 will now get a still lower value for
o = 0,86, B = 1,41, and y = 0.21 (Table 2). The last

form of sec 0ps

sec 0O =1 Hl - .07 e‘((a+0.86 b)Sec j~K)Z
D * =

has the interesting result that sec Op = 1.20 just
beneath the surface. If we assume that the diffuse
radlance 1is constant inside the critical solid angle of

total reflection and zero outside, then sec 0, becomes

D

©]
c

2n S L
O - fo=d e ST e
D ?c sin2ec/2 1tcos G)c
2n f LDsin ® cos 6 do
o

sin 0 do
D l-cos ®c ) 5

sec 0

1,20
since o, = 48,3°,

Thus from this result the diffuse radiance
seems to be contalned within the critical solid angle
at zero depth. With increasing depth the value of
sec Op increases asymptotically from 1.20 towards 1.41,
While this result was obtalned for light at

477 nm, I shall assume that it 1s also valid at 465 nm.

(5.3)

(5.4)

(5.5)
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6. PRACTICAL FORMS OF THE FUNCTION K.

We have now obtained that

K = aR(sec op + (sec J - sec OD)r) (6.1)
where
ap = a(l + 3R), (6.2)
—(KS—K)Z
sec Oy = 1.41 - 0,21 e : (6.3)
-(KS - K)z
¥= r € , (6.4)
o
r, = T%ﬁfgg/(l + 0,2 cosec h e 0+3 cosec My (6.5)
3.2 2 "2
sec J = (1 -(§) cos“h) (6.6)
Kg = (a+ 0.86 b)sec J (6.7)

This gives a functional relation between
K, R, a, b, h, C and z., However, if we should want to
calculate K, eq. 6.1 does not give an explicit solution
for K, It would be more practical if R and K on
the right side of the equation were substlituted with approxi-
mated functions of a, b, h and z., In Chapter 7 it is de-

duced that

{

R 0,009 b/a (6.8)

It 1is also decuced that

K= (a+ 0,022 b)D, | (6.9)
so that
Kqg - K & a(sec j - Dd) + (0,86 sec j - 0,022 Dd) (6.10)

In Table 2 it is shown that an approximated form of
this 1is

KS -K & -0,01a+ 0,73 bsecJ=® 0.73 b sec J (6.11)
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Thus the equations 6.1-6.6, 6.8 and 6.11 give K(a,b,h,c,z).
Flg. 2 shows calculated and observed values of K, based

on the same data by HAJERSLEV as used in Table 2.

If we have observations of a and b then KS is determined
from eq. 6.7. However, in my case, I have measurements

only for K, so that KS should rather be expressed as

a function of K. The contents of yellow substance in the
Norwegian Sea and the Barents Sea is very low, except in

the coastal areas. The attenuation should then be dominated
by particles, and if we assume that there is a fairly
constant ratio between the scattering and absorption co-
efficients, there may also be an almost constant ratio
between (a + 0.86b)sec j and K. Table 2 gives for Meditera-
nean waters with low yellow substance contents that this

ratio 1s 2.12. Eq. 6.7 then becomes

Kg = 2.12 K (6,12)

The difference KS - K may then just as well be approximated

to the simple expression

K, - K= X (6.13)

The equations 6.1-6,6 and 6,13 then defines a relation
between K, 8g s h and z. 1In Table 3 are given calculated
values of K for 3 different values of ap in 0, 10 and
20 m depth., It 1s seen that according to this model the
maximum value of K will not occure for h = Oo, but for
h = 20°, It is also seen that the mean value of K in
the range 0 - 20 m coincides very well with the value of
K calculated for 10 m, In the before-mentioned work by
AAS and BERGE the mean value of K between the surface

and 20 m depth was derived from irradiance cobservations.
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To obtaln the value of K for h = 35° and C = 0, the

relation
K(35,0, ) (sec ot (sec j - sec OD)r)35 0,10
— : - (sec oy * (sec J - sec GD)r)h c 10 (6 14)
K(h,C) )
where
(sec j)35 2 1.27 | (6.15)
T, = 0,63 (6.16)
35,0
was used. Thls relation may then be written
K(35.0) = R(noy L:bL- 0.208 i N RGN ) .
1,41 - (0.21 + (1.41-sec J)r_)e t%%+0,21r 520K
(6.17)

whre r_ 1s gilven by eq. BBy
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7. APPENDIX 1,

THE MODEL OF KOZLYANINOV AND PELEVIN,

The following is a very simplified presentation

of the model of KOZLYANINOV and PELEVIN (1966).

dEd ) (ot
e E =8 + b')Ed + b'Eu
dEu '

By differensiating the first of these two

simplified equations of transfer with regard to =z, and

then eliminating dEu/dz by means of the second, one

obtains

2

- ] ?
= (a' + 2a b')Ed

KOZLYANINOV and PELEVIN term a' the
"efficient™ coefficient of absorption and b' the

"efficient" coefficient of scattering, and to obtain a

practical formula, they have made the approximation that

these coefficlents are the same for downward and upward

irradiance., By definition a' 1is

J L do
2m
T = —

% = & S L cos 6 dw aD

2m
With the assumption

b' af

—:-———:D

bb a

where bb is the backward scattering coefficlent, and

by assuming that the distribution function D variles

only little with depth in the upper layer of the sea,

(7.1)

(7.2)

(7.3)

(7.4)

(7.5)
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eq. 7.3 may be integrated to

-//a2+2abb Dz
Ed(z) — Ed(o) e

By inserting this expression in eq. 7.1 and solving

for Eu one gets

a...—»a—o——-‘-,; —-—————o——-———.—‘
atb, - /a2+ 2ab -/ a2+ 2ab, Dz
- b b b
E = E.(o) e
u bb d
Thus S
_ . 2
Kd — Ku = "V a+ 2aby, D
and S
2
o EE i a + bb- a + 2abb
Bs by
By solving for b, from eq. 7.9, one gets
_ 2a R
bb =

(1—R)2

and substitution of this value in eq. 7.8 gives

In order to see better the resemblance between this

expression and eq. 2.16, we should make some simplifi-

cations, By dividing numerator and denumerator in

eq. 7.9 with a+b_, and noting that a°+ 2ab = (a+b,)°-b

one gets

/ﬁ 2 2
1-+71-by /(a+bb)

R =
bb/(a + bb)

Now the ratio bb/(a+bb) = (bb/a)/(1+b/a) is very small.

For particles b, /b ® 0.02 (JERLOV 1968, p. 39).

So when particles are dominating the attenuance with

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

2

H]

(7.12)
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a and b of the same order, the ratio bb/a too will
be of order 0,02, When yellow substance is dominating
the attenuvance, the ratio will be even smaller. For
pure sea water at 465 nm b /a will have its highest
value, about 0,1, The square root in eq. 7.12 may then
be expanded to

2
1+ b 2
1l - (1-2 "b /(a + bb) ) b b

b b
£ (1- &) (7.13)

1
“a

Py/(a + by )

a

1 Pb/a
Since R 1s of the same order as bb/a, eq. 7.11 may

be approximated to
K = a(l + 2R)D (7.14)

Thus by eq. 7.8, the model of KOZLYANINOV and PELEVIN

Justifies the earlier assumption in eq. 2.9: K, ® Ku’

d
and eq. 7.1l4 confirms the result in eq. 2.16.
The only difference is the factor 1 + 2R instead of

1 + 3R, but since R 1s a small number, this difference

i1s small. The difference originates from the observa ion

in eq. 2.10 which yields

Ro EouEd Du
— = ——T: —_— o 2 (7.15)
R Eod u Dd
or
D, * 2D4 (7.16)

However, according to eq. 7.1, 7.2, and 7.4 in the
present model

a'y, =ab, =a'y = aD4 (7.17)

or



D
u

=D

w 18 =

=D

d

which is certainly less correct.

Expansion of the square root in eq. 7.8

gives the interesting result

where

—amee

avl + 2b, ;' D a(l + by, )D

b

b

b

b

)D = (a + ¢ b)D

/b

As already mentioned, € may be about

e = b

b

except when the water 1s very pure.

From similtaneous observations of K,a,b, and D, we

should then expect that

K= (a + 0,02 b)D

HPJERSLEV (1973, 1974a) has presented such

observations, and by applying the least square method

as shown in Table 2, his data give

K

Wlth the assumption in eq. 7.21, one should

expect that

or

R

In fact, the same

Table 2, that
R
or

e

o~
~

L]

2

(a + 0,022 b)Dd

S

nl=

=

=

set of data gives, as shown in

0.02 b
a

0.015 b

a + 0,015 b

0,017 b

a

(7.18)

(7.19)

(7.20)

(7.21)

(7.22)

(7.24)

(7.25)

(7.26)

(7.27)
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8. APPENDIX 2,

THE MODEL OF LUNDGREN AND H@JERSLEV,

LUNDGREN and H@JERSLEV (1971) deduced the

approximated equation

K, = a(4rR + sec j) (8,1)

By following the assumptions in their
model, but not their procedure, we may obtain a result
which 1s more similar to eq. 6.1,

Thelr simplified model of radiance distribu-
tion consists of three radiance types:

1) The direct radiance L from the sun.

S

2) The diffuse constant radiance L
inside the solid angle of total
reflection.

D

3) The diffuse constant radiance Lu

outside the solid angle of total
reflection.

The downward solar irradiance ES then

becomes
Eq = Lg cos J dug {842)
The downward diffuse irradiance ED becomes
Ocr w/2
EL. = [ 27 L., sin 0 cos © do + f 2% L sin 6 cos 0 do
D 5 D 0 u
: cr
=7 L. sine _ + 1L (L - sin® 0__) (8.3)
D cr u cr *

The upward irradiance Eu becomes

w/2

Eu = g 2m Lu sin © cos 0 do = 7 Lu (8.4)

and the scalar irradiance EO becomes
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0
er T
Eo = LsdmS + é 2m LDsin 6o do + é 2T Lusin 0 de
cr
= Lgdug + 2m LD(l - cos ocr) + 27 Lu(cos 0, ¥ 1) (8.5)

By inserting for LS’ L

8.4, eq. 8.5 may be written

p and L from eq. 8.2, 8.3 and

E = ES + = (E.-E (1 - singe ))(1 - cos 0 __)
o cos J sinze D "u er oY
er
+ 2 Eu(cos Op ¥ 1) (8.6)

- o
With o . = 48.6~, E, becomes

E =E

" g sec J ¥+ 1,20 E

5 * 2.80 E, (BT

We may now return to eq. 2.4 and insert for EO

KyEy - KB, = a(ES sec j *+ 1.2O(Ed - ES) + 2,80 E, (8.8)

This may be rewrltten as

=i

K
KE. (1 (52 + 2.8 &) 4)
ata K 3 Eg

=@

1

a(l.2 Eg+ (sec j -1.2)Eg) (8.9)

If we insert the values Ku/Kd ¥ 1 a/Kd ®= 0.7 from

Table 1, eq 8.9 becomes

KdEd(l - (1 + 2,0)R) = a(1.2 By + (sec j - 1.2)ES) (8.10)
or
Ky ® a(l + 3R)(1.2 + (sec J - 1.2)r) (8.11)

Thus the radiance distribution model of
LUNDGREN and HPJERSLEV may lead to the same result as in

eq. 6.1-3, with one exception: - eq. 6.3 gives sec o,= 1,2

D
only just beneath the surface,
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TABLE 1
Depth D D R R R /R K/ a/
- d u q %o o] u Kd Kd
Clear sunny sky, h = 57O

b 1,25 2470 2,10 4,55 2,16
10 1.28 2.73 187 L, 00 2eld 0.95 0,76
20 1.30 2,78 2,10 4,52 s15 1,06 0,68
30 1.31 2,78 2,27 h,82 2.12 1.03 0,69
4o 132 2.76 2.34 4,90 2,10 1.01 0.71
50 1.31 2,76 2.34 4,93 2,10 1:02 0,71

60 1.31 2.86 2.12 h,59 2,18
Mean value 1.30 2:TT 2.16 4,62 2aldy 1,01 0.71

Overcast sky, h = 40°

2 1.29 2.77 2,19 4,70 2.15
10 130 2479 2,30 4,93 2,14 1.05 0,74
20 1,33 2,81 252 5.34 241l 1.04 0.69
30 1:33 2.7T1 2.65 Babid 2.08 1,03 0.63
Lo 1.34 2.79 2.76 5.74 2.08 1.00 0.67
50 1.34 2,87 2.867 5.72 2,14 0.96 0.72

60 1,34 2.97 2.50 5.60 2223
Mean value 1,32 2,82 2,51 5.36 2413 1.02 0.69
Total mean 1.31 2.80 2.34 4,99 2,13 1.02 0.70
Srel % 2 2 11 10 2 4 5

The table is inter- and extrapolated from TYLER's

observations at 480 nm of D D,» Bs Ky and a in Lake Pend Oreille.

d? a

Ros R /R and Ku/Kd were calculated from

Ro/m = Dump

K In(R(z,)/R(z))
Kd (z2—zl)Kd
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TABLE 2
B " IB=Baltic Sea
¥ §ZY2 = min M=Mediterranean
i for N= Number of
i observations |
-(K =-K)z
' S . B + M
K-(aR(sec opt (sec j - sec @D)roe dia = 0,72 i
N = 39
where XK = (a + ab) sec j sec Op = 1.38
i
- i
as above, but a = 0.86 e
-(Kq-K)z B 1,41 N = 39
sec eD = B -y € vy = 0,21
K - (a + ¢ b)Dd ’ e = 0,0219 B+ M
N = 24
R(a + ¢ b) - 0.5 ¢ b e = 0.0145 B+ M
N = 24 ;
R - 0.5 eb/a e = 0,0166 B + M i
N = 24
((a + 0.86 b)sec j - K) - (xa + ub sec J) A = -0,010 B + M
|u = 0,734 N = 24
|
l
(a + 0.86 b)sec J - v K 9 = B:12 M
N = 14

K, Ej» Bys E, and a are observed at 477 nm, b is
observed at 655 nm (H@JERSLEV 1973, 1974a). By the assumption that
scattering by particles is independent of the wavelength, bu77 can be
calculated from

‘ wl
— + - = +
byz7 = Pgss * (byugy= Pyugss) = bggg* 0.0026 m
bW is the scattering coefficlent of pure sea water (MOREL, 1974).
FROM eq. 2.4, 2.9 and 2,11 it may be deduced that
1 E

D - @]
= + .
d 1+3R Ed Eu
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TABLE 3
! ag = 0.015 | ap = 0.15 |
‘ |
| — H -
bl & Ky ¥ E | K Ky Ky
0,.0180 .0186 .0190 .0185/.180 .207 .211 .204
5|.0180 ,0186 .0190 ,0185' .180 ,207 .211 .204
10 | .0186 .0189 .0193 .0190|.186 .208 .211 ,205

15 {,0191 ,0193 .0195 .0193|.191 08 211 .207

20 | ,0193 ,0195 ,0196 .0195;.193 ,208 .211 .207
25 | .,0192 ,0194 ,0195 .0194 .,192 ,207 .211 .207
{ 30 {.0190 ,0191 ,0193 .0192/.190 ,207 .211 .207
! 35 1,0186 ,0188 ,0190 ,0188: .,186 ,206 .211 .205

+ ho | ,0182 ,0184 ,0187 .,0185 ,182 ,205 .211 .205
‘45,0178 ,0180 ,0183 ,0181i ,178 .204 ,211 ,204

50 | ,0174 ,0177 .0180 .0177 .174 204 ,211 .,203
i ,0170 ,0174 ,0177 ,O01T7W ,170 .204 ,211 ,202
. .,0166 ,0170 ,0174 ,0170: .166 ,203 ,211 ,201
65 : .0163 ,0168 ,0172 ,0168 ,163 ,202 .211 .200
70 © ,0161 ,0165 ,0171 ,0166( ,161 ,202 .211 .200

N
o

751 .0159 ,0164 ,0169 ,0164 ,159 ,201 .211 .,200
80 { .0158 ,0162 ,0163 .01635.158 .201 ,211 ,199
851 .,0156 ,0162 ,0167 .0162 ,156 .201 ,211 ,199
90 ' ,0156 .0162 ,0167 ,0162; ,156 ,201 ,211 .199 |
ap = 1.5
{
- h K, Ko XKy ¢
0 1.80 2,11 2.11 2.10
5 1,80 2,13 2,11 . 2,10
10 1.86 2,11 2,11 2.10
| 15 1,91 2,11 2,11 2.11
; 20 1,935 2,11 2,11 2.11
25 1,92 2,11 2.11 2.l1
30 1,90 2,11 2,11 2,11 1
35 1.086 2,01 2,11 2.10 ;
; 40 1,82 2,11 2,11 2.10
! 45 1.78 2,11 2,11 2.10
% 50 1.74 2,11 2,11 2,10
; 55 1,90 2,11 2,11 2.10
' 60 1,66 2,11 2,11 2.10 !
- 68 1.63 2.11 2.11 2,10 ;
; 70 1,61 2,11 2,11 2.10 A
; 75 1.59 2,11 2,11 2.10
80 1.57 2,11 2,11 2.10
85 1.56 2,11 2,11 2.10
90 1.56 2,11 2,11 2.10

R e e e s i
b

The vertical attenuation coefficilents just beneath
the surface and at 10 and 20 meters depth, Ky KlO and K20,
were determined from eq.6.,1-6.6 and 6,13 by means of a computer.

Although K changes with depth, the same K was used on both
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sides of eq.6.1l. The error introduced in this way was assumed
to be of the same order as the other approximations or less,
To obtain an expression for the mean value of K

we consider the more simple form

K= ap ( 1.38 + ( sec J - 1.38) r, e'KZ)
which may be written
K=4+BeX% | ((1)
The mean value in the range 0 - 20 m becomes
20
_ -20K2¢
-1 (kazma+pld-2¢ ) (11)
20 20 X
0 20
Eq.I gives that
Ky = A+ B (ITI1)
K, A + B e 20K | (IV)
20
Insertion from eq.IIT and IV in ITI gives
K - K, e K. - K
¥ = 20 0 + 0 20 .
==ihsp 20 ¥

1 -ce 20
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Flg.l. The function r. for three different water

vapour contents, (Data from HINZPETER 1957).
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Fig.2. Calculated and observed vertical

attenuation coefficients,
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