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Abstract

The present author derived theoretically the equation for
the transparency of water as follows,

_ 1° og, (1*P0(7\>)2’<P?>— 1§7z Zlgg) ,
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and by the above equation discussed the relation between trans-

h

parency and the oceanographical elements which have effects

on it.

1. Theoretical consideration - -

Let us suppose a sea which has an infinite depth. Suppose that the solar
radiation Jf,(A) falls into water, then the light reflected back from the water
surface is given by

R I I
=poA) Jo(A),

where A, @ and X are the wave length of light, the incident and refractive
angles respectively. The intensity of light penetrating into water is respresented by
2 L) = JoA) —Bu(A) =1 — pe(A)) JuO\) -

_The vertical intensity of scattered light at the depth z is given by
{3&&)»)/87&o[o(k)-e""f’oz, where a(\) and k(\) are respectively the scattering and
extinction coefficient of water [1].

When we observe the scattered light through the water column the length of
which is z, the light is exposed to extinction by the column and to reflection by
the water surface. So on the surface we can see the scattered light at depth z as

{Ba(\) /8=y {1— Po(A)Y2 oA)e ™2z |

Now, we must integrate the above quantity from 0 to z, since we measure actually
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the integrated intensity of light from all parts in the water column. Thus the:
intensity of scattered light from the water column is expressed as follows,

{Ba(\)/8x3{1 _POOQ}IIJOO\)J‘Z PRSI
={3a(\)/16zk(\)} {1 pOO\,}z JoO(1—e~2ecm) |

Next, the intensity of lig-ht» reflected from the surface of the Secchi disc at the:
depth z is given by {p(A)/7}Le(A\)e *™* .where p(\) is the albedo of the disc, and.
the disc is regarded as perfectly rough. We observe this reflected light as.
{p) /73 {L—psAD}2 Jo(A)e 2%, Thus, the apparent intensity of light coming from.
the disc in water is expressed by the next formula’;

€ BOD =Bul\)+ o 1= piOY oA 25
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The scattering light from the water around the disc is given by

) AQY=Bu(n) + 25
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Now, if an observer looks upon the disc in water,.
_ K(X-xq x the intensity distribution of light on his retina is
xil . . expressed by K(x—£;), where & and x .dxes are:

the sea surface and the retina respectively [2], and:
the function K(x) will depend on the ¢haracter of:
his eyes as shown in Fig. 1. Now, the radii of the.
Secchi disc and the visual field are 0b and oz

0 .;‘ é c‘z % respectively, then the image of the point & on the:

Fig. 1. The pattern of the image retina is expressed by K(x—x1) and x=f;.

of Secchi disc undeér water upo'n' : SO we recognize the disc as
the retina.

[ [} ecnmer—ppotazaras.
0 JAJO
where e(xj is the sensitivity of eyes. Thus the ti'ans'pal"eney of water can be:
calculated by the next equatlon B : - .
jj {f €WK (x—E)BOEE— g e(h)K(x—’g‘)A(x)Edg}dxde
0 A

&) - \ =C, f}, 131
: 5 S S emK(x g)A(x)gdgdme : '
0 A

where the comstant C depends on the sensitivity of the observer’s eyes and also
the sea surface conditions. . But then, we know little about K(x—£), so we. put
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approximately the above equation (5) as follows,

® o | f%‘l:’ con.
Putting the equations (3) and (4) into (6), we get
{% %{1 —Pu<x>}2+pooo} cov

e~ 2kAz
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So the transparency of water can be expressed by the following formula ;

L=pOop (B2 2 )
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If we take =0,

(M1 )2_( 772"’”1)2
P0<)\4>—(n12+1 T\ 0yt , B )
which we may use approximately until =30°, where # is a refractive index.
Then, : ‘ '

{ dn ‘12(pox) 3; a(\) 7
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2. Numerical calculation

The scattering coefficient of pure water is given by RAMAN, EINSTEIN and
SMoLukowsKY [1] as follows

T,, . 1
=25 1 (w+ D5z -

Putting A=5200 fi, T=288°K, o=49x10° C.G.S., p=1-34, R=22-4x10° cm3/mol,
N=6-06x10** mol~?, we get «=0.00223. SawyER[4][5] got the value of 2=0-019 at.
7\:5200440 in distilled water. In natural water, VERCELLI[5] obtained the values
a=0-002, £k=0-06, 0-11 at X=5300£ and 5720Ao. The refractive index is given as
n=1.33524 at A=5260-9784, 1=20°C, so we get the values py=0-02.

Assuming that the albedo of the white Secchi disc is 0.6 and the value of C is
1/100, we shall get the value of transparency for pure water, Z=173 m. v

In Sargasso Sea, the value of the extinction coefficient 2=0.050 was reported
by  G. L. CLarki[5]. Using these quantities, we get 2=67.2m. In fact, the
transparency in Sargasso Sea was observed as h=66.5m. So we can say that the
above calculation agrees well with the observation despite a simple assumption
that the sea is homogeneous, i.e., k=const. and a=const. Im other- words, in
Sargasso sea the water is guite ‘tran_spafent and homogeneous. .
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Now as seen in the equation (7), transparency is governed by k(W) and a(\).
So we can represent the nature of transparency as a funcﬁon of a(A)/k(A). For, if
we assume approximately that extinction is the sum of absorption and scattering,
and that the absorption is equal to that in pure water, we get the equation
oA/ =1-0.019/&(\) [6], which varies from- zero to one as water becomes
turbid. Next, for the value of C()), different estimations are made by different
authors, so here we take it to be 1/100 and 1/57 [1]. In actual observation, the
ratio of light reflected back from the water surface such as 5% [1] is somewhat
larger than the calculated one. We calculated hk by the equation (7). The results
are given in the follwing table and Fig. 2.

The Table of hk

alk
\ 0 0.02 | 0.2 0.4 |. 0.6 0.8 1.0 Remarks
p/m :
0.20 3.4 3.4 3.2 3.0 2.8 2.7 2.6 _ _
0.15 | 3.3 3.3 | 3.1 2.8 2.6 2.4 | 2.3 } C=1gp> Po=0.02
0.20 3.1 3.1 2.9 2.7 2.5 2.3 2.2 _ L =
0.5 | 3.0 | 3.0 | 2.8 | 2.5 | 2.3 | 2. 2.0 } C=757> po=0.02
0.5 | 2.6 | 2.6 | 2.4 | 22| 20| 1.9 1.8 c=.5’7, Po=0.05
At
35
30
=002
} c =1/517
fo=0.02
20
C=1/57
17 L ! ! I ;, f=005
002 02 04 06 08 10 a/#

Iransparent water
Turbid water

Fig. 2. Relation between (transparency x extinction coefficient)
and (scatting coefficient/extinction co‘eﬁ‘icient)
We know as C and p; becomes larger and as p becomes smaller, the values of
72 become smaller, and if p/z and p, are constant, the curve expressing hk gradually
goes downwards keeping its form as C becomes largér. So if the albedo of the
Secchi disc and the sea surface are constant, the relation between hk and a/k, or
k 1s constant by any observer by shifting the coordinaj:e axis, but if the albedo of
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the disc or the sea surface is not constant, the above relation of k% and a/k is
different even by the same observer, i.e., in the case when C is constant. And as water
becomes more turbid, i.e.;«/k becomes closer to 1, the value of %k becomes smaller.
Formerly, a formula such as #=1.7/kor hk=const [7] was deduced. Ifit is true, the;
value of C will be smaller, as the water becomes more turbid, i.e., it will become
difficult to recognize the difference of brightness between the disc and its circum-
ference, that is, our power of recognition of the difference of brightness will be~
lowered than in transparent water. Consequently transparency depends much on
the difference of colour sensation as TAKENoOUTI [1] says. And we should take
secondary effects into consideration as water becomes more turbid, which generate
the various colours of sea.

In conclusion, for the observation of the transparency of water, we must con-
duct further researches on « A)/k(\), which plays
a great role in the transparency of water, and
we must be careful akout the sea surface condi- <
tions which influence value of p, and C, and also Z 0 -
we must keep the albedo of the disc p constant.

So co

3. Correction to the transparency when a wire

inclines

When a wire suspending the Secchi disc has
an inclination & to the sea surface, and the disc
keeps its plane horizontal as shown in Fig. 3, Fig. 3. Situation of a Secchi disc

: o . when a wire inclines.
then, we are obliged to see the disc in an oblique

direction ; the intensity of scattered light from the water column is given by
j 30‘()”) ToOD (L= o) }e~K%(1 +-cos@e "V a1 — p,/ A} dz
0

__ 3 am 1+cos0 , (1 cwon(ie ks )
“Tor Eh 5, 1P GOLRO(T e )-

cosH
When the angle @ is smaller than 30°, py(A)=py’ () ={(#1—1)/(m1,+1)}* and as 0 is
larger than 30°, the above equation holds approximately. The intensity of light re-
flected by the disc is given by

PO o1~ puC¥ e P e

So, we have the next equation for the apparent intensity of light coming from the
disc in water instead of the equation (3),

@  BOO=Bo(\cosd+o G52 1+C°1S 01—y Jo(1—e ()" )

cosH

0D cosh1—pu e fu0e P o)




200 T T. Nan’niti . Vol. I No. 3

The scattering light from the water around the disc is also given by

A0 AG)=BuWcosd 1;” o i“"se{l POV M.

cos@

So, putting equations (9) and (10) into (6), we get the next formula instead of
equations (7) and (8):

o POV - 3 a(\) 1+cos*d
an i cos @ {1-p °OQ}( 7 16w k(A 1+cosd

log.
ROX(Lreas) T (8._aq pocw}zllﬁi‘jfsg FR(D)C.

Then we have -

cos (1= puOOy (B2 -2 GO

log, 167 B(O\)
TR eos) T (8 A 1 py ) s ) CO)

z.'_6

__ 2coséd
~ 1+4cosé

- .

So we have
P 1+cos @ 1+cos€

Zcosg P=T g e ' her
where %, and h are respectively the length of the wire in hase Mo
30° "
water and the transparency of water. We have Fig. 4 s
. . . . Fig. 4. Relation between
which shows the increase in the length of the wire when apparent and true trans-
it inclines in water. » - parency when a wire
inclines. .

4, Seasonal wvariation

Assuming a(A)=k(\)—const.(A), we have a(x)/E(\)=1—const.(A)/k(A). When
the transparency varies periodically, the extinction coefficient also changes with the
same period from the equation (7). Assuming that the colour of the sea is caused
by the scattering and absorption of light, we can expect also that the colour of the
sea will change annually with the same period of the extinction coefficient, or the
variation of transparency. We can see the fact in actual observations, for example,
in those reported by Kowzumr [8].

Acknowledgement The author expresses his best thanks to Dr. Y. MIYAKE,

Dr. Y. TakeNout: and Mr. K. Sexiuara for their kind advices.

References ) :
[11 Taxenourr, Y., 1950 On the Transparency of Sea Water. The Oceanographical
Magazine, 2, p. 129. )
{21 Hipaka, K.,1941: Integral Equations. Tokyo, Kawade-shobo, p.3.



1953

[3]
[4]

[5]

£6]

7]

[8]

A Theory on the Transparency of Sea Water 201

Supa, K., 1943: The Science of the Sea (Kaiyo Kagaku). Tokyo, Kokin-shoin, p. 284.

Sawyver, W.R., 1931: The Spectral Absorption Light by Pure Wa’fer and BéyVOf Fundy
Water. Contr. Canad. Biol. Fish., N.S, 7 (8) DI, p. 75.

Takenouri, Y., 1939: On the Under Water Illuminations. Bulletin of the Japanese
Society of Scientific Fisheries, 8, p.194.

TakenNouTt, Y., 1944: On the Extinction Coefficient of Sea Water. Journal of the:
Oceanographical Society of Japan, 3, p. 181.

Sverprup, H.U., Jounson, M. W. and Freming, R.H., 1949: The Oceans. New York,

» Prentice-Hall Inc. p.82.

Koizumi, M., 1951: On the Oceanographical Conditions around the Fixed Point ¢ X .
The Oceanographical Report, Central Meteorological Observatory of Japan. 2,
p. 163.



