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A Study on Optical Nature in Oceanic Waters*

Kanau MATSUIKE**

Abstract: This paperdeals with (1) underwater optical structures and characteristics of oceanic
waters, (2) possible and actual insolation amounts attained on the sea surface, and (3) under-

' water distribution of solar energy, based upon the optical observation data obtained in the
North Pacific, the East Indian, and the Antarctic Oceans.

In the observation in each ocean, the upward and downward irradiances from the surface
to the depth of 140 m were measured with an underwater irradiance meter to which a collector
and filters of blue, green and amber were attached. On the other hand, insolation amounts
attained on the sea surface were measured every day with the Eppley actinograph. Also,
forms and quantities of clouds were observed every hour in accordance with the WMO
Regulation for the entire period of each survey including navigation days to and from
objective surveyed oceans.

Attenuation coefficients, relative irradiances and reflectances are calculated based on those
observation data. Using the results of these calculations, transmittances of different spectral
lights and intensity ratios among lights with different wave lengths in the surveyed oceans
are discussed. As a result, it was revealed that, in the East Indian Ocean, each oceanic
area distributed with water having an identical light transmittance is almost consistent with
each area distributed with each ocean current such as the Equatorial Current and Equatorial
Convergence Current; that, in the North Pacific Ocean, a remarkable increase of reflectance
is seen particulary for blue light in the upwelling region, and the boundaries between dif-
ferent waters or the border line of the upwelling region can be traced from the optical
view points in the Kuroshio and its south; that, in the Antarctic Ocean, especially distin-
guished differences in optical characteristics among water-masses of the Sub-Antarctic, the
Antarctic and the Antarctic Convergence Water were recognized. Furthermore, optical
structures and characteristics in each ocean are compared one another and it is revealed that
each ocean has a specific characteristics in optical transmittance, reflectance and intensity
ratios among lights with different wave lengths.

Referring solar insolation amounts attained on the sea surface, it was found that practical
data obtained by the surveys did nct coincide with the results which were induced through
the calculation formulae that were led from data mainly obtained on land. In consequence,
an equation to calculate the possible insolation amounts in consideration of changes of light
transmittance in air according to the sun’s altitude is introduced in this paper, and using the

equation, the daily possible insolations distributed over the oceanic water in both hemispheres
in each month are calculated. Furthermore, the actual insolations distributed on the oceanic
! waters in the Indian Ocean, the North Pacific Ocean and the Antarctic Ocean are calculated,
taking relations between cloud amounts and reduction ratio of insolation found from author’s
observation into consideration. The possible insolation amounts resulted from this study ex-
hibit approximately 10 % smaller than those of UKRAINTSEV (1939) at every latitude, and
these results seem to be reasonable values as pointed out by BUDYKO (1956) on this subject.
The results introduced herein with regard to the actual insolation amounts attained on the
sea surface are consistent with the data observed by ASHBURN (1963) and those exhibited in
Soviet Antarctic Expedition (1966).
Finally, the monthly and annual distributions of underwater solar energy flux are calculated
in consultation of the reflection amounts at the sea surface introduced by COX and MUNK
(1955) and the optical classification of waters by JERLOV (1964). This annual amount of
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underwater solar energy flux at the depth of 10 m is found to be approximately 33.4kg+cal/
cm?syear in the equatorial water of the Indian Ocean, and the corresponding amounts are
its 54 % in the Kuroshio, 44 % in the Sub-Antarctic Ocean, 13 % in the Antarctic Ocean,

and 6 % in the Antarctic Convergence Water.

Furthermore, the study also reveals that if

the lower limit of the euphotic zone can be assumed as much as 5grcal/cm?®-day, the ratio

of the water volumes of euphotic zone per unit area of the sea surface accumulated through-
out a year among the equatorial water of the Indian Ocean, the Kuroshio area of the North
Pacific Ocean, the Sub-Antarctic water, and the water in southern part of the Antarctic Con-

vergence is about 100 : 75 : 50 : 20.

1. Introduction

It is, without doubt, true that solar energy
is the most essential element for every creature
regardless of whether they live on the land or
in the waters of this world. To evaluate the
solar energy value delivered to the sea surface
and also that penetrating the water is very
significant from the aspect not only of the
physical study but also the biological and
oceanographical aspects. For example, such
bio-oceanographical problems as phototaxis,
photokinesis, photoperiodism, or primary pro-
ductivity, etc. can not be resolved without
knowledge of underwater irradiance. If oceanic
waters can be classified by their different optical
structures and characteristics, it will contribute
largely to the development of descriptive ocea-
nography; furthermore, if spectral composition
of underwater lights in a certain sea for a
certain season are disclosed, it can be effectively
employed to the applied oceanographical fields
such as studies of underwater TV cameras,
colours of fishing lines and nets, etc.

A brief history of the optical study of water
is worthy of description. FOL and SARASIN
(1855) introduced a study of exposures of photo-
graphic plates at different depths in the Mediter-
ranean off Cote d’azur at an early stage. Sub-
sequently, SHELFORD and GAIL (1922) published
a paper concerning the use of the photo-elec-
tric cell for the study of sub-surface-water light.
ATKINS and POOLE (1933) wrote a paper on the
subject of an application of selenium photocell
for observation of underwater light. In Japan,
HrIsHIDA (1954) as well as SASAKI and others
(1968) published their works on measurement
of submarine solar energy distributed in the
sea. Other publications on underwater optical
studies were introduced by ATKINS and POOLE
(1958), BURT (1958), CLARKE and WERTHEIM

(1956), and TYLER (1958) etc.

The objective waters of these studies men-
tioned above were generally limited to inlet
waters or waters adjacent to land. The optical
observation data for oceanic waters were very
scarce except that JERLOV (1951) introduced an
optical study in respect to the deep sea.

It may be said that opto-oceanographical
studies were developed along two directions,
firstly the deductive method and secondly the
inductive method. For example, the theoretical
works of PREISENDORFER (1961) belong to the
former category which largely contributed to
the progress of new instruments to be used for
optical research of waters, while those of JERLOV
(1964) are the most representative works which
belong to the latter category. JERLOV (1964)
published a paper entitled ““Optical classification
of oceanic waters,”” in which he said that,

“The distribution of yellow substance and
particles is controlled by the dynamical pro-
cesses in the sea. Furthermore the particle
characteristics, judging from data so far col-
lected, show no drastic changes from one
oceanic area to another. These circumstances
make possible an optical classification of
waters.”’

All the works introduced above were con-
ducted on the basis of relative values divided
by surface values extrapolated from underwater
observation data to explain underwater optical
phenomena. It is, desirable and wuseful to
cbtain absolute values instead of such relative
values. To satisfy this requirement, it is
indispensable to know both the possible and
the actual insolation amounts delivered to the
sea surface. However, such studies are not
sufficient, particularly since those based on ob-
servation data obtained on the sea are very
scarce.
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Such scientists as ANGSTROM, KIMBALL,
MosBy, UKRAINTSEV, KUZMIN, MATEER,
BUDYKO, ASHBURN, and GAVRILOVA can be
listed as the representative pioneer researchers
in this field. Among them, ANGSTROM (1924),
KiMBALL (1928), MosBY (1936), and KuUzMIN
(1950) as well as ASHBURN (1963) presented
calculation formulae to evaluate actual insolation
amount delivered to the earth, while UKRAINT-
SEV (1939) and GAVRILOVA (1958, 1963) cal-
culated the possible insolation amount through
the data obtained from observation stations
distributed in the northern regions of the North-
ern Hemisphere land mass. KIMBALL (1928)
and BUDYKO (1956) presented actual insolation
amount resulted from surveys both on the land
and the sea. Bubpyko (1956)
published a distribution chart of actual insola-
tion amount in different regions of the earth
based on data collected from 1,060 positions
on the land distributed mainly in the northern
regions of the Northern Hemisphere and 350
positions on the sea located near the Arctic
QOcean.

ASHBURN (1963) and TABATA (1964) endeav-
oured to examine various formulae intro-
duced by the above-mentioned researchers,
and reported that each formula produced dif-
fering results. BUDYKO (1956) pointed out that
the value of possible insolation presented by
UKRAINTSEV (1939) were tco large and gave
his reason for this criticism.

For example,

It may not be reasonable to use the formula
induced from the data obtained at observation
stations on the land for evaluating the values
on the sea, due to the fact that there may be
a considerable difference in formation and devel-
opment of clouds between the land and the sea.

Under circumstances of optical studies men-
tioned above, the author has had the oppor-
tunity to take part in the three Expeditions*
and has conducted a series of surveys to collect
data of upward and downward irradiances of

* The three Expeditions refer to International
Indian Ocean Expedition from November 21st, 1963
to January 22nd, 1964, Antarctic Expedition from
December 1st, 1964 to February 10th, 1965 and
International Kuroshio Expedition in August, 1965,
operated by M/V Umitaka-maru.

blue, green and amber lights in water and also
insolation delivered to the sea surface as well
as cloud conditions. Major subjects dealt with
here can be summarized under the following:
1. Underwater optical structures and charac-
teristics in the different oceans
2. The possible and actual insolation amounts
delivered to the sea surface
3. Underwater distribution of solar energy
The author hopes that the subject of this
paper will be supplemented by accumulation of
data through further optical observations which
are systematically planned, so that seasonal
change of underwater optical structure in each
oceanic zone as well as its relation with sus-
pended and dissolved matters may be distinctly
clarified.

2. Instrument, observation method and data
processing

1. Instruments
1) Underwater irradiance meter
The sensing unit of this irradiance meter
consists of a collector with four filters of blue
(460 nm at maximum transmittance), green (540
nm at maximum transmittance), amber (Sharp-
cut, VO-57), and opal (Kenko-ND with 20 9%
transmittance), each being combined with a
corresponding selenium photocell. Such a sens-
ng unit was employed for the survey in com-
bination with EPR 2T type high sensitive
recorder (referred to sub-paragraph 3)). The
main assembly of this sensing unit was manu-
factured by Murayama Denki Co., Ltd. while the
filters were made by Toshiba Denki Co., Ltd.
The bottom inside of this instrument was pur-
posely filled with adsorber (i.e. Silicagel) in order
to avoid condensation of vapour or moisture
which might be generated inside the equipment.
The specification of this sensing unit is as
follows:
(a) The angular response is approximated to
a cosine curve both in air and in water as
shown in Fig. 1. Data used for this graph
were obtained by experiments in a dark room
such that a series of parallel light flux from an
artificial light source were directed to the
collector from every angle.

(b) The immersion effect, which means a

3
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ratio of the response in water to that in air,
is specified as shown in Fig. 2. This phenom-
enon is caused by differences between reflec-
tion in air and in water occurred on both
internal and external surfaces of the sensing
unit. Data used for this graph were obtained
by experiments in a water basin placed in a
dark room and using an artificial light source.
(¢) The spectral sensitivity of the photocell
with filters, which means a combination of
spectral transmittance for each filter such as
blue, green and amber and spectral sensitivity
of the selenium detector, is as shown in Fig.
3. The gravity centres for filters of blue,
green and amber combined with the detector
are 473 nm, 545 nm and 608 nm, respectively.
(d) The calibration characteristics by different
filters are specified as shown in Fig. 4. Data
used for these graphs were obtained by ex-
periments which were conducted when the sky
was clear and the sun’s altitude was relatively
high. Eppley actinograph (see sub-paragraph
2)) was used to measure the attained caloric
values in consideration of the linearity of its
output against attained solar energy. To-
shiba’s No. 5-type illuminometer (see sub-
paragraph 4)) was used an aid, with various
neutral filters.

(e) The shifting of gravity centres in water
for different filters are listed below.

Depth
Ilm 10m 100m
Blue (nm) 479 475 464

Green (nm) 542 537 514
Amber (nm) 606 588 565
The above values were taken from the for-
mula introduced by JOSEPH (1949b).
J2Jo(A) - D(Az) - M()dA

o) = o B

fJo(2) - D(Az) - M(D)dA

Where

A: wave length

x: depth

Jo: spectral distribution of insolation at
the water surface

D(Az): transmittance in water

M(2): spectral sensitivity of photocell with
coloured filter

M(3)=TR) SR

where S(4): sensitivity of detector
T(2): transmittance of filter

in which general spectral distribution Jo(4)

introduced by MoON (1940) and mean spectral

transmittance of the Kuroshio which corre-

sponds to Ip optical water type introduced by

JERLOV (1964) are used.

2) Eppley actinograph

This instrument is manufactured by Eiko
Seiki Sangyo Co., Ltd. The rated solar constant
of this actinograph authorized by the Meteoro-
logical Agency of the Japanese Government is
14.0mV/g-cal cm™2, min™*

3} EPR 2T type high sensitive recorder

A sensitive recorder manufactured by Toa
Denpa Kogyo Co., Ltd. is applied to with an
attachment of resistance box connected to the
recorder.

4} No. 5-type illuminometer

A selenium photocell illuminometer manu-
factured by Toshiba Denki Co., Ltd. is em-
ployed.

5) Net-sonde

A supersonic FM (frequency modulation)
system net-sonde manufactured by Furuno
Denki Co., Ltd. is employed for the survey
work. Its operating distance is 1,000 m with
an accuracy of +0.5m and the receivable
angle is of 45 degrees. The indicator of this
instrument is installed on the stern bridge.
2. Observation method

1) Insolation and cloud

The Eppley actinograph was used to measure
the reached insolation on the sea surface, being
mounted on the top of the stern bridge and
supported firmly by a gimbal so that its posture
might always keep horizontal against vibrations
on board. By means of connecting this actino-
graph to the EPR 2T type high sensitive re-
corder, the insolation was continuously recorded
throughout daylight hours during the survey.
The survey of cloud form, quantity and cloud
form which covered the sun, was performed
at one hour intervals depending on the regula-
tion stipulated by WMO (World Meteorological
Organization).

2) Submarine irradiance

The upward and downward irradiances of
submarine light were surveyed using the un-
derwater irradiance meter with four filters of

4
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blue, green, amber and opal at each measur-
ing point of every observation position. The
observations were performed by setting the
irradiance meter on the hanging wire with a
pendant at the 14 measuring points of 0 (near
surface), 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 120 and 140 m deep. The EPR 2T type
high sensitive recorder was used as the indi-
cator, the resistance box being connected in
order to measure the values of electric current
induced from selenium photocell. The current
ranges of the resistance box more than that of
1077 ampere order were usually used because
the measured value could not be deprived off
linearity by multiplication. When the resistance
box had its current range of less than 1077
order, the measured values were converted into
the correct current value using the calculated
coefficients shown in the following table.

Range R (Rx+R)/R=K
1077 10ko 2.0
1078 100 k © 11.
107° 1000 k 101.

where Rx stands for the internal resistance
of the photccell while R indicates the input
resistance of the resistance box.

Simultanecusly with the measurement of un-
derwater irradiance at each water-layer, solar
energy attained on the sea surface was also
measured. Each depth of the underwater irra-
diance meter was determined by the net-sonde
placed constantly at 3.5m above the instru-
ment. A plumb of 5kg was hung down at
the position of 1.5m under the photocell.

3. Data processing

The relative irradiance has been calculated
through the following processes.

1; Using Fig. 4 the current values generated
through different filters of the underwater irra-
diance meter are converted into the caloric
values.

2) These caloric values are divided by the
corresponding solar energy values attained on
the sea surface.

3} The values of underwater irradiance at
the water surface were obtained by means of
extrapolation from several observed values near
the surface in order to eliminate the immersion

~

effect.

4y As an approach to exhibit the light trans-
mission in water, the values of attenuation per
unit optical length was adopted. The following
formula was used for the calculations.

2.3026 Iz
K= B, el
(Zy—Zy)seca loguo Iz, ’

where K, I, a, Z; and Z, stand for as follows:

K : attenuation coefficient
I : relative irradiance in water
a : refraction angle in degrees in
water
Z,Zy: depths of two measuring points

In general, the vertical attenuation coefficient
is adopted to express the irradiance in water.
This coefficient, however, is not sufficient for
such comparison of water characteristics in
different zones as discussed in this paper, be-
cause the vertical
changeable according to different altitudes of
the sun.

Lately, JERLOV and NYGARD (1969) presented
an elaborate paper “‘Influence of solar eleva-

attenuation coefficient is

tion on attenuation of underwater irradiance,’’
providing the following formula as a result of
their study.

Ky=K,cos a,
where K, indicates a coefficient for zenith
sun, while a stands for values of refraction
angle in degrees.

Their study proved that K, values are almost
unchangeable with different solar elevations.
Furthermore, they found the approximate depth
range in which the above formula is justified
to be as {ollows, so far as blue light in the
Sargasso Sea and green light in the Baltic Sea
concerned.

Kng:ll,

where Z,: water depth so far as the above
formula of Ky;=K,cosa is jus-

tified.

They also disclosed the relation between Z; and
wave length of light, suggesting that Z; value
is the smallest for blue light and increases
toward amber light.

)
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The author’s method of adopting the value
of attenuation coefficient in water, K, is similar
to that of JERLOV and NYGARD. In this paper,
however, the attenuation coefficient is adopted
up to 140m in depth throughout all the obser-
vation stations.
coefficient may be slightly smaller than the true
value in the water deeper than 100 m. For
the data obtained under conditions such that
the solar ray direction could not be distinctly
observed, owing to cloudy or overcast weather
during the survey works, the water surface is
regarded as the light sourse itself and the dif-
ference in depth between two measuring points
as a light pass distance.

5} The reflectance, R, is obtained from divid-
ing the upward irradiance by the downward
irradiance per unit insolation for each filter and
each observed layer.

Climates have an effect on reflectance in
water. TYLER (1960) introduced data of under-
water radiance distribution under a clear sky

Accordingly, the attenuation

(the sun’s altitude was 56.6°) and an overcast
sky (the sun’s altitude was 40.0°). By using
his radiance distribution data, the submarine
irradiance value under a clear sky and that of
an overcast sky are calculated by means of the
following equation.

H=2>1>1Ncos 0 sin 8dbds,
where H:

N: radiance

irradiance

6 : tilt angle 0°<H#<180°
azimuth angle 0°<¢<180°

0.

As a result, it is clear that the maximum of
the discrepancy between the reflectance value
under clear sky and that of overcast sky is
about 20 %. Therefore, when optical structures
or characteristics in water of a certain oceanic
zone are discussed, allowance of about 20 %
evaluating the reflectance values must be taken
into consideration under different climates.

3. Optical structure of the East Indian Ocean

During the period of the International Indian
Ocean Expedition (IIOE), the author carried
out the survey work on board the M/V Umi-
taka-maru, Training and Research Vessel of
Tokyo University of Fisheries, from November

21st, 1963 to January 22nd, 1964 to explore
optical characteristics of the East Indian Ocean.
The data was gathered from the surveys at
thirty observation positions.

In this section, an optical structure in the
East Indian Ocean is discussed from the view-
point of relative irradiance, I, attenuation coef-
ficient, K, reflectance, R, and intensity ratios
among lights with different wave lengths for
filter of blue, green and amber. The results
are collated with such data as seston and chlo-
rophyll-a quantities and water temperature
distributions obtained at the same time and
position.

As shown in Fig. 5, the observation positions
are allocated in such way that they are distrib-
uted from north to south on the lines of 100,
106, 113, and 120 degrees of East Longitude in
the Ocean. To facilitate discussions in this
paper, the author refers to the cross-section
along each longitude line mentioned above as
follows:

Section A: The vertical section along the
100° East Long., where the observation
positions from UM-23 to UM-28 are
involved.

Section B: The vertical section along the
106° East Long., where the observation
positions from UM-14 to UM-22 are
allocated.

Section C: The vertical section along the
113° East Long., where the observation
positions from UM-6 to UM-13 are dis-
tributed.

Section D: The vertical section along the
120° East Long., where the observation
positions from UM-1 to UM-5 are in-
cluded.

Since the ocean currents around this zone
are fairly distinct one from another, the zone
is discriminated into three different areas, (1)
the equatorial countercurrent area where an
ocean current streams in the east direction
along the islands located in the north of this
zone, (2) the southern equatorial current area
where a current flows towards the west, and
(3) the area sandwitched by the above two
currents. Attention was directed to the alloca-
tion of the observation positions so that they

C6)
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were distributed across these three areas.

The diagrams of distribution of relative irra-
diance for Sections A and B are exhibited in
Fig. 6-(1) (Blue, Green and Amber), and Fig.
6-(2) (Blue, Green and Amber). The numbers,

2, 4, 6.... in the diagrams correspond to 50 %,
25 %, 12.5%. ... of relative irradiance and so

on, respectively. In the diagrams, the wider
distance between lines indicates less attenua-
tion in relative irradiance. It may be seen
from these diagrams that, even in the same
ocean the light transmission distinctly varies
with the location. The difference is most dis-
tinct in blue light.

Subsequently, Fig. 7-(1) (Blue, Green and
Amber), and Fig. 7-(2) (Blue, Green and Amber)
are presented for study from the viewpoint of
the attenuation coefficient. The numerical
figures in these diagrams indicate the average
values of the attenuation coefficient multiplied
by 10°. The larger figures show the greater
attenuation.

These diagrams show an interesting feature
of underwater light which varies with colours
such as blue, green or amber. As seen in
Section A, a particular water mass which has
an excellent light transmission for all colours
and a fine optical uniformity in spectral light
transmission is vertically extended from the
surface to the layer of 50 m deep. A water
mass which has a quite similar spectral light
transmission is seen from the surface to 60 m
deep between Lat. 10° to 15°S in Section B
and also from 10m to 50 m deep between
Lat. 13° and 16°S in Section C. The author
refers to this as Water-mass A. It can be
plainly observed that this Water-mass A is
distributed from east to west centreing the area
of the eastward current. Therefore, it may be
hypothetically admitted that spectral light trans-
mission of Water-mass A is that of the equa-
torial counter convergence current. Underneath
Water-mass A, there is a water layer between
70 and 80 m in depth where underwater light
greatly attenuates.

Further, the observed result reveals that there
is another water mass, which has a quite ex-
cellent light transmission, in the layer from the
surface to 60 m deep between Lat. 19°S and

23°S in Section B, and also between Lat. 18°
S and 25°S in Section C. The author names
this as Water-mass B. Although no data beyond
the latitude line of 25°S is available, judging
from the geographical location of Water-mass
B, it can be understood that Water-mass B
corresponds to the major part of the south
equatorial current which streams northward
along the Australian west coast and directs
north-westward at about Lat. 20°S.  There-
fore, it may be admitted that spectral light
transmission of Water-mass B is that of the
Underneath
Water-mass B, there is also a water layer be-
tween 70 and 80 m deep where the underwater
light greatly attenuates.

Furthermore, an optically different water.
mass, which is comparatively turbid, is recog-
nized in the sea area where Water-mass A
Similar
water-mass is also found in the area between
Australia and the Java Island. It is probable
that this water is brought from Water-masses
A and B. The author refers to it as Water-
mass C. Also, there is a layer having a drastic
attenuation coefficient underneath Water-mass
C. The location of this layer tends to be
shallower in the area between Australia and
the Java Island and it appears in the water
between 30 and 40 m deep.

The distribution of three water masses on
the sea surface is shown in Fig. 8.

The mean values of irradiance transmittance
for each spectral light in the water between
the surface and 10 m deep in respect of Water-
masses A, B and C are listed below.

south equatorial current water.

comes in touch with Water-mass B.

Blue Green Amber
Water-mass A 87 % 63 % 48 %
Water-mass B 87 59 48
Water-mass C 68 40 33

As a result, the gaps in spectral light trans-
mittance between Water-masses A and B are
almost negligible but those between Water-
masses A and C are fairly large.

Fig. 9 shows vertical distributions of the
reflectance, R, for each blue, green and amber
light in Section A. For the blue light, the
largest reflectance value appears in the upper

C79
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layer and its value decreases gradually with
depth and its iso-lines run almost horizental.
For the amber light, the trend is quite opposite;
namely, the smallest reflectance value indicates
in the top layer and it increases gradually with
depth. For the green light, the reflectance
value scarcely change with depth.
of 70 to 80 m deep where drastic attenuation
reflectance

In the layer

occurs as mentioned above, the
value for blue light becomes smallest, but, in
contrast, the reflectance value for amber light
shows largest. This seems to merit special
attention.

The intensity ratios among lights with differ-
ent wave lengths are observed from a viewpoint
of vertically sectioned profile. Fig. 10-{1) and
(2) exhibit vertical distributions of both the
ratios between relative irradiance of blue and
green light, Iz/l;, and those of amber and
green light, [,/l;, for each Section A and B.
The iso-lines of Iz/l; direct almost horizontal
and their values increase according to depth,
and the 14/l; show also almost
horizontal but their values decrease with depth.
Both the largest value for I,/I; and the small-
est value of I,/I; appear in the specific layer
where the drastic attenuation takes place as
pointed out in the above paragraph.

iso-lines of

Vertical distributions of water temperatures
in this zone are shown in Fig. 11. A warm
layer at about 28° to 29°C locates from the
surface to 40 or 50 m deep, below which tem-
perature declines rather drastically up to 130 m
deep, and then a gentle inclination appears
again in the deeper water below 130 m deep.

An inclusive examination is presented to find
a general tendency of optical characteristics of
water in the East Indian Ocean. Fig. 12 shows
the mean values of I, in each depth. Fig. 13
shows the relation between I; and Ip/I;, and
that between Ir and [4/lz. The graph shows
that the curve of Ip/l; is almost symmetric
with respect to that of I,/1I.

Finally, the optical data is collated to seston
and chlorophyll-a quantities simultaneously ob-
tained from the objective zone at the survey.
Fig. 14-(1) and (2} provide vertical distributions
of the seston quantity for each Section A and
B. Sestons were collected through filters o!

(
\

8

millipore AA(0.802+0.05). Fig. 15(1) and (2)
exhibit a vertical distribution of chlorophyll-a*
for each Section A and B.

In comparing the seston distribution diagram
with that of optical findings, it is disclosed that
the layer showing the intensive attenuation of
light generally corresponds to the layer having
the small seston quantities of 10 to 30 mg//.
In the graph exhibited in Fig. 16 the plotted
points have a wide scatter and thus it is im-
possible to define a relationship between the
attenuation coefficients and the seston quantities.
It may be attributed to the reasons that the
optical phenomenon in water is affected not
only by seston quantity but also their quality
(e. g. organic and inorganic) and sizes; that
seston particles smaller than 0.804 are excluded.
On the other hand, the layer which has the
largest chlorophyll-a content almost corresponds
to the layer having an intensive attenuation for
blue light.
to be primarily due to absorption by phyto-
plankion, judging from the large value of
attenuation coefficient of blue light, Kj, the
small value of reflectance of blue light, Ry,
and the large quantity of chlorophyll-a, in this
layer. This, however, requires confirmation by
the accumulation of observation data. The
total irradiance amount in the largest chloro-
phyll-a concentration layer is calculated and
expressed by unit of g-cal/cm?-day. The aver-
age amount of insolation delivered to the sea
surface for each Water-masses A, B and C are
530, 630 and 550 g-cal/cm®-day. The quantity
of light reflected on the surface calculated by
Cox and MUNK (1955) is deducted from each
insolation amount, and then, applied the above-
mentioned underwater spectral transmittance to
each Water-mass A, B and C, the arrival
caloric amount in the largest chlorophyll-a con-
centration layer is resulted in as 6.8, 5.0 and
6.0~1.5g-cal/cm?-day, respectively.

This intensive attenuation appears

4. Optical structure of the Kuroshio and its
southern area

During the season of the International Kuro-

The quantitative analysis of chlorophyll-a were
TAKESUE (Fisheries Col-
lege, Shimonoseki, Japan).

sk

conducted by Mr. K.

N
)
/
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shio Expedition (C. S.K.) in August, 1965, the
optical observations were conducted on board
the M/V Umitaka-maru in the Kuroshio zone
including its southern area. Data was obtained
from ten positions distributed on each latitude
between 20°N and 31°N along a meridian of
142°E except for 22°N and 25°N.

Fig. 17-(1), (2) and (3) show the distribution
diagrams of relative irradiance, I, for blue,
green and amber light from the surface to
140 m deep in this zone. The numbers 1, 2,
3,4,.... in the diagrams correspond to 562 %,
316 %o, 178 %y, 100 %o, 56 %, .... of [ values.
Three positions of Lat. 30°N, 27°N and 20°N
are selected as the typical positions to represent
the Kuroshio, its southern area, and the south-
ern area of the North Pacific Ocean, respec-
tively. The depth where I value for each light
is reduced to 1/10 of the surface value, 1/100,
1/1,000 and so on at these positions is com-
pared in Table 1. In addition, the mean value
Table 1. The depth where relative irradiance is

reduced to 1/10 of the surface value, 1/100,

1/1,6060 and so on, in the Kuroshio and its

scuthern area.

Area Southern  Southern

Kuroshio 777 :
i ) area _area of _area ot
Relative 305N Kuroshio N.P. Ocean
irradiance e 27°N 20°N
B 48m 78m 60m
1/10 G 33 44 34
A 14 17 11
B 80 112 92
1/100 G 61 82 66
A 26 29 26
o L o More .
l? 98 than 40 118
1/1,600 G 36 114 G4
A 11 51 43
) C 110 140 130
1/10,000 g . Y
A 62 71 62
1/106,000 A 81 90 79
1/1,000,000 A 103 111 98
1/10,000,000 A 136 138 127

Remarks: Signs B, G and A stand for blue,
green and amber light.

of irradiance transmittance for each light in
the water between the surface and 10m deep
are listed as follows:

Blue Green Amber
Kuroshio 3% 51% 12%
South of Kuroshio 81 68 20

Southern area of North - .
Pacific Ocean 72 o4 13

As seen in the above, irradiance transmittance
for every light is best in the south of the
Kuroshio and worst in the Kuroshio and the
mean value of irradiance transmittance in the
entire objective water is 71 % for blue, 56 %
for green, and 15 % for amber light, respec-
tively. The diagrams exhibit that the iso-lines
of [ form an exceptional pattern in the layer
of 80m deep at about Lat. 24°N, showing an
existence of the heterogeneous water having
vastly better light transmittance.
it requires a depth of approximately 100 m for
blue, 80 m for green and 60m for amber light
to reduce an irradiance value to 1/10 by attenua-

In this area,

tion. Referring to the vertical distribution of
water temperature in the sea around Lat.
24°N, it is clear that this specific cold water
is brought up from the deeper layer by so-called
Upwelling phenomenon. (See Fig. 25)

1

The objective water is also reviewed by the
attenuation coefficient, K, and exhibited its
vertical distribution in Fig. 18-(1), (2} and (3).
Figures in these diagrams are expressed by
amounts of Kx10%. Through the K diagrams,
the corresponding particular patterns of iso-lines
to those of [ iso-lines among the different
waters can be distinctly confirmed also. The
iso-line configuration forming an eye in the
centre substantiates the location of the upwell-
ing water around Lat. 24°N. Intensive attenua-
tions both of blue and green lights occurs in
about 90 m deep in the Kuroshio area. This
depth correspond to the compensation depth
reported by ARUGA and MONSI (1962).

Fig. 19-(1}, (2} and (3) show the vertical
distributions of reflectances, R, for blue, green
and amber lights. The R iso-lines present an
extraordinarily complicated profile especially for
blue light.

the upwelling area.

The most intensive R is seen in
Its value in the layer

C9)
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between 50 to 70 m deep is 12 times for blue
light and 6 times for amber light when com-
pared with those in the adjacent waters. The
R iso-lines in this area form a special configura-
tion discriminating the water from others. In
contrast, the least R is observed in the Kuro-
shio area. The Rz values in the Kuroshio
area are 0.3 to 0.4 time as much as those in
the south of the Kuroshio. The R values dis-
tributed vertically in the objective water are
listed in Table 2.

Fig. 20-(1) and (2), and Fig. 21-(1) and (2)
show sectioned profiles of Iz/ly, I4/Iz, Rz/Res
and R,/Rg, respectively. In Fig. 20-(1), the
iso-lines of Ip/Iz run almost horizontal in the
upper layer, but they show drastic inclinations
in the layers deeper than about 70m. Some
of these iso-lines form circles in the centres of
contour lines in which the largest Iz/I; values
are exhibited. In Fig. 20-(2), the iso-lines of
I./I direct almost horizontal in water shallower
than about 40m deep, but they drastically
decline in the deeper layer of the upwelling
and the Kuroshio area. The diagrams in Fig.
21-{1) and (2) indicate that the Rjzp/R; values
are large in the upper layer and they decrease
with depth, but, in contrast, the R /Ry values
are small in the upper layer and they increase
with depth. The iso-lines of both Rz/R; and
R,/R; show comparatively gradual inclinations,
but their patterns still indicate the boundaries
among different waters. Through the diagrams
presented in Figs. 32 and 33, it is noted that
there are two major optical border lines, one
locates at about Lai. 24°N and other at about
Lat. 28.5°N. Taking the latter as an instance,
the intensity ratios among lights with different

wave lengths on each side of this line are
described in the following list.

Comparison among ratios
Upper layer
Southern side of Northern side of

Lat. 28.5°N Lat. 28.5°N
Ry/Rg High Low
R,/Ry Low High
Lower layer
Rg/R¢ Middle Low
R4/Rg Low High
Ig/1; High Low
1,/1; Low High

As seen in the above list, optical characteristics
Throughout the
list, it may be admitted that the position of
Lat. 28.5°N corresponds to the boundary be-
tween the Kuroshio and the south of the
Kuroshio.

are opposite on each side.

As an approach to find a general tendency
of optical characteristics in the Kuroshio and
its southern area, the intensity ratios among
lights with different wave lengths are examined
through their mean values. Fig. 22-(1), (2}
and (3) show the mean value of I; with depth,
the relation between Iy and Iz/l;, and that
between Iy and I4/I;. Fig. 23-(1), (2) and {3}
show the relation between I; and Ry, Iy and
Ryz/R;, and also Iz and Ru/Rg, respectively.
Through these diagrams, it is clearly noted
that Iz/Is and R4/R; increase with depth but
I14/1; and Rg/R; decrease with depth, that Rs
hardly changes with depth. The tendencies of
these curves are different from those both in
the East Indian Ocean (refer to Section 3) and
the Antarctic Ocean {refer to Section 5) as
hereinafter described.

Table 2. The reflectance values distributed vertically in the Kuroshio and its southern area.
\\\\\ Area | - . Southern area of | Southern area of k :
N | Kur?;élol& area ‘ Kuroshio N.P. Ocean | Up welllong area
Depth ™ | 27°N 20°N \ A
m . Blue Green Amber Blue Green Amber Blue Green Amberi Blue Green Amber
1 i
10 2.5 1.0 0.2 7.0 1.8 0.2 | 2.8 1.0 0.2 1 9.0 2.0 0.4
30 1.5 1.0 1.2 } 4.8 1.2 0.8 | 2.2 1.0 0.4 ‘ 12,0 4.0 1.0
60 0.5 1.0 6.0 1.5 1.1 3.7 ‘ 1.2 1.2 2.6 | 18.0 14.0 20.0
100 P02 1.0 27.0 | 0.7 1.5 17.6 | 0.3 1.4 18.0 5.5 6.0  20.0
More than ‘
140 0.3 2.0 50.0 0.8 2.6  50.0 ‘ 0.3 1.6 50.0 1.0 2.0 30.0

(10
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As a preliminary attempt to detect any con-
nection between optical characteristics and any
other oceanographical elements, such as seston,
oxygen, salinity, water temperature and pH,
vertical distribution diagrams of these elements
whose data was simultaneously obtained from
the same water during the survey are presented
in Figs. 24, 25, 26, 27 and 28, respectively.
These elements are still critical whether or not
they are related indirectly to the optical findings.
The author describes a brief note as to seston
and oxygen quantities as follows. In respect
of seston,* the comparatively larger quantity of
0.5 to 0.7mg/l at around Lat. 20°N tends to
decrease as positions shift northwards and its
least value of 0.3 mg// appears in the sea around
Lat. 24°N. But, the oxygen content tends to
increase towards the north, exhibiting 4.5 ml//
in the water at around Lat. 20°N and its largest
value of 5.3 ml// exists in the water at around
Lat. 24°N. On the other hand, the water
having a comparatively larger seston quantity
of 0.5mg/l and rather less oxygen content of
about 4.6 m/// locates in the Kuroshio area.
In the southern area of the North Pacific Ocean,
the Kz values in the layer from the surface to
a depth of about 50 m do not vary with posi-
tion, but, Rz values tend to increase as posi-
tions shift northwards and steep contour lines
with the largest Ry values appear at the position
near the upwelling area. It is considered that
scatterings of blue light are increasingly inten-
sified as positions move northwards.
trast to the above, however, the Ry values are
very small, but, Kz values are fairly large in
the Kuroshio area.
tioned above, it may be said that the smallest
seston quantity but the largest oxygen content
is in the upwelling area in which the scatter-
ing of blue light is intensive, while the larger
seston quantity but the smaller oxygen content
is found in the Kuroshio in which absorption
of blue light is large.

In con-

Under circumstances men-

5. Optical structure of the Antarctic Ocean
During the 1964-1965 Antarctic Expedition

* Particles smaller than 0. 80 ¢ could not be collected
owing to millipore filter AA(C.80 p£=£0.05 ) em-
ployed for the survey.

operated by the M/V Umitaka-maru, an optical
research of water was carried out in the Ant-
arctic Ocean from Lat. 45°S to Lat. 70°S and
from a meridian of 132°E to 149°W for a
period of December 1st, 1964 to February 10th,
1965. Data was collected from thirty four posi-
tions for the survey. The same method applied
to the East Indian Ocean and the Kuroshio
zone is employed for the optical analyses in the
Antacrtic Ocean and results are compared with
those of other oceans.

The thirty four observation positions were
located on the three sides of a triangle drawn
in the objective water (refer to Fig. 30). The
three sides are specified as follows:

Side A: Between New Zealand and the east
end of the Ross Sea across the water
from north to south.

Side B: Between the east end and the west
end of the Ross Sea across the water
from east to west.

Side C:
Sea to New Zealand across the water
from south to northeast.

Between the west end of the Ross

The optical structure is viewed from an angle
of vertically sectioned profile across the Sub-
Antarctic, the Antarctic Convergence and the
Antarctic area from north to south between
the positions of Lat. 50°S, Long. 180° and Lat.
67°S, Long. 149°W (7. e. Side A).

Fig. 29-(1), (2) and {3) exhibit vertical profiles
of the I, Iz and I, values from the surface to
140 m deep. The numbers 1, 2, 3, 4, 5, 6, 7,
8. ... indicate the value of 562 %o, 316 %o, 178 %o,
100 %o, 56 %o, 32 %o, 18 %o, 10 %o of I values, re-
spectively. Through the I diagrams, it is clearly
noticed that there are three different waters
each having a specific optical characteristic.
Namely, the iso-lines run almost horizontal
with wide intervals up to about Lat. 58°S and
then suddenly drop at about Lat. 58°S and
exhibit a complicated pattern with narrow in-
tervals up to about Lat. 61°S and then, become
stable at about Lat. 61°S showing a horizontal
pattern towards south with intermediate inter-
vals.

In consideration of the vertical distributions
of water temperature and salinity along Side
A, (refer to Figs. 42 and 43), these three waters

(11)
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must be the Sub-Antarctic (hereinafter called
as Water A), the Antarctic Convergence (Wa-
ter C) and the Antarctic water (Water B). It
was reported by ISHINO and NASU (1965) that
the Antarctic Convergence locates around the
position of Lat. 58°11’S, Long. 167°26' W.
With regard to Water A, however, optical data
obtained from three positions in Water A along
Side C reveal an exceptionally better light trans-
mittance. The water involved in these three
positions is discriminated from Water A and
named as Water A’. Thus, the objective water
is divided into Waters A, A/, B and C for con-
venience of further discussion. Their geogra-
phical distribution is exhibited in Fig. 30. The
mean values of [y, I;and I, in the Waters A,
A’, B and C are shown in Fig. 31-(1}, (2j and
nsmit

(3). The mean irradiance ittance in

Waters A, A’, Band C expressed by percentage/
10 m are listed as follows:

Blue Green  Amber
A’ 65 56 15
A 45 45 10
B 28 29 6.0
C 15 16 4.2

The depth where present decimal decrease of
The depth
where blue light attenuates to 1/10 of its surface

Iz, I, and I are shown in Table 3.

value in Water B is 1/2 to 1/3 of the corre-
sponding depth in the Kuroshio and the depth
in Water C is 1/4 to 1/5 of that in the Kuro-
shio.

Fig. 32-1), (2) and (3) show ths vertically
sectioned distribution of Kz, K; and K, from
the surface to 140 m deep along Side A. Dis-
tinct differences in optical characteristics among
Waters A, B and C are also reviewed through
these K distribution diagrams. For example,
the values of Kz up to the layer of 50m to
60 m in Water A is almost the same as those
in the Kuroshio, but these values in the Waters
B and C are very large and almost 3 times to
4 times of the Kuroshio.

Fig. 33-(1), {(2) and (3} show the vertically
sectioned distributions of Rg, R; and R, from
the surface to 140 m desp along Side A. The
diagrams reveal that Ry is larger in the upper
layer and decreases with depth in Water A,

(12

Table 3. The depth where relative irradiance is
reduced to 1/10 of the surface value, 1/100,
1/1,000, and so on, in the Antarctic Ocean.

: Area
Relative N A A B C
irradiance

Blue 6lm 37m 22m 1Z2m

1/16 Green 39 33 22 15

Amber 16 3 7 5

Blue 118 73 50 30

1/160 Green 7 69 49 35

Amber 28 26 19 17

Blue 112 79 48

1/1,000 Green 112 102 78 55

12 [ohs
Amber 46 43 33 29

1/16,000 132
66 61
1/106,000
8% 79
, . Blue (196)
/1,000,000 U . g o
LOOC,090  Armber 112 106 79 71
1/10,000,000 Amber 131 120 99 90

1/166,¢

and it scarcely change with depth in Waters B
and C, that, in contrast, R, is smaller in the
upper layer and increases with depth in Water
A, but it scarcely changes with depth in Waters
B and C. The Antarctic Intermediate Warm
Water located at around Lat. 67°S has con-
siderably small R and extremely large R.,.
The R value distributed vertically in the objec-
tive Waters are listed in Table 4.

Fig. 34-(1) and {2), and Fig. 35-(1) and (2}
show vertical profiles of I/l L4/Iz, Rp/Rs and
R4/R; from surface to 140 m deep along Side
A, respectively. The Ip/l; value indicate 1 to
3.5 in Water A, 0.4 to 0.8 in Water B and
0.3 in Water C. The I3/l; iso-lines drop
almost perpendicularly in Water C. In contrast,
the iso-lines in the sectioned diagrams across
the Kuroshio from north to south direct almost
horizontal and the values greatly vary with
depth. 1In the diagram of the [/l the values
are become smaller with depth, and the iso-
lines run almost horizontal in the north of Lat.
55°S and also in the south of Lat. 61°S. DBut,

Y
J
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Table 4. The reflectance value distributed vertically in the Antarctic Ocean.

~ | .
N <A\rea } Sub-Antarctic Lat. 55°S | Antarcix;t Cgélysergence \ Antarctic Lat. 64°S
‘\\; . I ’ e _ \_7,, e S

Depth \ Blue ‘ Green Amber ‘ Blue Green Amber ‘ Blue  Green Amber

- —r " I T B -
om | 13 | 6 0.6 | 7 o | 1 ~ o 6 |13
3 10 | s L5 | 6 6 2 75 12
60 11 ‘ 7 " 5 | 2 ‘ 6 5 25
166 1.5 2 4 ’\ 1. 2.5 0.6 | 8 2.5 1
140 0.7 | 6 0 1 1 4 | 1

the iso-lines abruptly decline in the perpendic- B>A>A"

ular direction in the water between Lat. 55°S
and Lat. 61°S. The Rjp/R; values become
smaller with depth and their iso-lines run almost
horizontal in Water A, but, in Water B, they
increase with depth and indicate the small value
of 1.0 at upper layers and the large value of
4.0 at deeper layers, and then, in Water C,
they are smallest in every layer and exhibit less
than 1. The R4/R; values in the Antarctic
Ocean are generally small comparing them with
those in other oceans, in particular, the values
around Water C are very small and they do
not reach 2 throughout layers, while they are
more than 10 at about 60 m and 50 at 140 m
deep in the Kuroshio.

Fig. 36-(1) and (2) show the relation between
I and Iz/I;, and that between I; and I4/I; in
Waters A, A/, B and C. The mean values of
Iz/I; in Waters A and A’ increase with depth.
This tendency is also seen both in the East
Indian Ocean and in the Kuroshio. The values
of Ipz/I; in Waters A and A’, however, are
almost 1/2 of the Kuroshio. The mean Iz/Ig
values in Water B are almost constant and
scarcely change with depth, maintaining the
value of 1. The mean Iz/I; values in Water
C are less than 1 and they decrease with depth.
The sequence of the mean I/I; values in each
Water is expressed as A’>A>B>C. The I,/I;
curve in the Waters A and A’ most resembles
to that in the Kuroshio. The sequence of mean
I./1; values in each Water is reversed as C>

1. A-Upper
Kpx10° ® 40~70
Ryx10° © 13
K,x10? @ 100~200

Fig. 37-(1), (2) and (3) show the relation be-
tween Iz and Ry, Iz and Rg/Rg, I and R,/Rg,
in each Water A, A’, B and C, respectively.
The mean R values are almost constant without
relation to depth throughout Waters A, A’, B
and C, maintaining almost 5 %, which is nearly
3 times as much as that in the Kuroshio. The
mean Rgz/Rg values in Waters A and A’ are
large at upper layers and they decrease with
depth displaying values of 0.5 to 2.0. The
mean Rp/Rs values are between 1.0 and 2.0
in Water B and between 0.5 and 1.0 in Water
C throughout every layer, but both tend to
increase with depth. The mean R,/Rs values
increase with depth, and this tendency is most
distinct in Water A’, but the values hardly
change with depth in Water C where values
are rather small indicating 0.1 to 0.2.

Figs. 38, 39, 40, 41, and Fig. 42-(1) and (2)
show each a vertically sectioned distribution of
water temperature, salinity, oxygen, seston and
colour of seston along Side A. If these dia-
grams could collate with corresponding diagrams
as to the optical characteristics of water, the
classification of the different water in the Ant-
arctic Ocean discussed above seems to be con-
firmed more clearly.

The optical characteristics resulting from a
series of vertical distribution analyses together
with other oceanographical data in Waters A,
B and C in the Antarctic Ocean are sum-
marized as follows:

2. A-Deeper 3. B-Upper
® 150 @© more than 100
® 0.7~1.0 5.0~10
® 20 @© more than 100

(1)
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R, %102 ® less than 1
Is/1g ® 0.9~1.0
Li/Ig 1.0~5.0
Rg/R; ®© 1.5~2.0
R4/R¢ ® 0.1~0.2
Temp. °C 8~10
O, ml/I ® 6.4~6.6
%o ® 34.15~34.25
Seston quantity mg// © 0.5~0.8
Seston colour (wet) 79
Seston colour (dry) 79~83
4. B-Deeper
Kpx10? © 30~50
Rpx103 © 10
K, x10? © 180
R, X103 9 0.6~4.0
In/Ig 1.0~1.5
IA/IG 12""16
Ry/Rg © 4.0
R4/Rq © 7.0
Temp. °C —1.5~—-1.8
O, ml/l 6.5~7.2
S %o D 34.30~34.40
Seston quantity mg// O 2.0
Seston colour {wet) 79
Seston colour {(dry) 30~90
1. A-Upper
2. A-Deeper :
3. B-Upper
4. B-Deeper
5. Water C
6. Antarctic Intermediate Warm Water:

66°S in Water C

® 50
@® 2.0~2.5
12~14
® 0.2~0.8
®© 9.0
6.5~7.0
® 6.3~6.4
© 34.25~34.30
© 0.5
63
79~93

5. Water C

@© more than 100
5.0
@© more than 100
© 0.2 (0~30m)
1.5 (100~120 m)
S 0.3~0.6
change abruptly
S 0.6~1.0
© 0.3~0.9
1~6 the iso-lines
show vertical mode
7.1~7.8
© 34.00
© 1.5~1.8
61
80~90

where, & or @ stands for small or large, respectively.

This table gives also clear indications of the
differences in optical characteristics
Waters A, B and C.

The discussions presented above concern op-
tical characteristics of each limited area such
as A and A’, B and C within the Antarctic
Ocean. In addition, in order to detect a general
tendency in optical characteristics for the oce-
the following values of the
Antarctic Ocean as a whole are calculated and

among

an-wide waters,

® 1.0~2.0
® 0.5~1.0
1.0~4.0
® 0.3~1.2
® 0.1~0.2
0.0~0.3
© 7.8~7.9
© 34.20
© 1.0~1.2
61
77

6 Antarctic Intermediate
* Warm Water

9 30
4.0~5.0

S 60~80

@© more than 100
110~130 m

© 1.5
14

© 0.2

© 7.0
—-1.0~0.5

4.6~6.0
© 34.40
no data
no data
no data

Upper layer between 0 and 30 m at around Lat. 55°S in Water A
Deeper layer between 100 m and 140 m at around Lat. 55°S in Water A
Upper layer between 0 and 30 m at around Lat. 65°S in Water B
Deeper layer between 100 m and 140 m at around Lat. 65°S in Water B
throughout layers around Lat. 59°S in Water C
Deeper layer more than 120m deep around Lat.

the results are compared with the correspond-
ing values in the Indian and the Pacific Oceans

in Figs. 43 and 44.

In Fig. 43
(1)
(2)
(3)

In Fig. 44
(1)
(2)

(14)

the mean value of Iz in each depth
the relation between Iz and Iz/lg
the relation between Iy and 4/

the relation between Iz and Rg
the relation between I; and Rp/Rg
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(3) the relation between Iy and R,/Rg
The symbols as 772, [ and in these
diagrams denote the Antarctic Ocean, the East
Indian Ocean and the Kuroshio, respectively,
and each solid line indicates the mean value.
The space held with two broken lines show
the range of distributions: As seen in the
diagrams, even if these optical characteristics
are reviewed from the ocean-wide waters, there
are still prominent differences in their respective
optical characteristics exhibiting especially wide
gaps in values of Ip/lz, R4/R; and Rg.

6. Possible and actual insolation attained on
the sea surface

The optical structures and characteristics of
waters were discussed on the basis of relative
value of underwater irradiance in the preceding
sections. If the absolute value of underwater
light were available, it will be easier to clarify
the subject of this paper. As a first step to
satisfy such a requirement, it is essential to
know the distribution of solar energy attained
on the sea surface. Unfortunately, reliable in-
formation on the systematic study in this field
is not sufficient and systematic data of insola-
tion attained on the oceanic water surface is
An approach to find both the possible
and the actual insolation amount attained on
the sea surface is introduced based on data
obtained during the Antarctic Ocean Expedition
(from Oct., ’64 to Mar., ’65), International Indian
Expedition (Nov., ’63 to Feb., ’64) and Inter-
national Kuroshio Expedition {(Aug., ’65) in
this section.

meagre.

1. DPossible insolation

The Eppley actinograph with the sensing
unit covered by a spherical glass was employed
for the measurement of solar energy attained
on the oceanic water surface.

‘When the evaluation of solar light in the air
is discussed, it is usual to treat the scattered
light discriminately from the direct light. In
this paper, however, the same concept as applied
to the underwater lights in the previous section
is adopted for solar light in the air, and both
the scattered and direct light are put together
into the following formula (¢.e. direct light
equation).

2
7 .
IH: JO ";,* sin gqe—KH coseca
72

let e=&H be replaced by ¢

2
r'"l . -~
IH:JQ75~ sin ageosec @, (1)
where Iy: insolation on the horizontal plane
r : distance between sun and earth
rm: mean distance between sun and

earth
H: atmospheric thickness at zenith
K: extinction coefficient
Jo: solar constant
a : sun’s altitude

Accordingly, the quantity ¢ used in the above

equation is substantially different from the trans-
missivity with respect to the direct light.

Note: In the previous paper (1969), the

quantity ¢ defined by the equation I=

Logeosec@ is used, where [, stands for the

solar constant in relation to scasonal

But, the quantity g defined

more reasonably by the formula Iy=
2

T . . L
Jori2 sin ageos<c® is adopted in this paper.

changes.

The daily changes of the quantity ¢ in the
clear sky above the different oceans are ex-
hibited in Fig. 45. As seen in the graph, each
curve which indicates ¢’s daily changes exhibits
a similar configuration without relating to the
positions which are widely distributed over the
earth. Fig. 46 exhibits variations of the quan-
tity ¢ in accordance with sun’s altitudes in the
clear sky. The quantity g is almost constant
when the sun’s altitude is comparatively higher.
But, the lower the altitude is, the larger the
quantity g, due to the influence of scattered
light. It may be basically unreasonable to
discuss the whole solar light including both the
direct and scattered light by means of Equa-
tion (1). However, the fact that the curve
drawn with plotted points is very smooth without
any large dispersion suggests that probable in-
fluence on the quantity g by the difference in
vapour or dust content in the air above the
ocean may be considered slight, and the quan-
tity ¢ can be treated as only a function of the
sun’s altitude.

In this sense, the relation between the ¢ and

(15)
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the sun’s altitude may be expresssd through
the Fourier Formula as follows:

g=1-0.233sin a—0.0447 sin 3a —0.0225 sin 5a
—0.0103sin 7a—0.00544 sin 9a— . ... (2)

a: sun’s altitude (degrees)

Using the diagram shown in Fig. 46 or
Equation (2), the possible insolation of each
calendar month is calculated by the following
procedure.

a) Calculate the daily sun’s altitude at each

latitude for each month.

b} Read off the value of ¢ at each sun’s
altitude from the diagram of Fig. 46 or
calculate it from Equation (2).

¢) Find the momentary insolation amount
Iy from the g, sun’s altitude and solar

11, N° 1 (1973)

constant (in relation to seasonal changes)
through Equation (1) and integrate it from
sunrise to sunset.
The above process can be expressed by the
following formula.

sunset 2
T'm
So = S’ J 0

. 2
. sunrise r

sin ageosec adt (3)

where sin a=sin/sin d+cos/cosd cos
g¢=1-0.233 sin @ —0.0447 sin 3a—0.0225 sin ba
—0.0103 sin 7a—0.00544sin 9a. . ..

[: latitude
h: hour angle

d: declination of the sun
Sy: possible insolation

The calculated results of possible insolation
from Lat. 65°N to Lat. 65°S throughout a year
are exhibited in Fig. 47-(1) and (2), and also
in Table 5. Contribution of the ¢ in low sun’s

Table 5. Possible insolation attained on the sea surface.
The Northern Hemisphere
Mo N 15°N 25°N 35°N 45°N 55°N 65°N
Jan. 0.61 0.51 0.41 0.29 0.18 0.09 0.04
Feb. 0.65 0.58 0. 49 0.39 0.28 0.17 0.09
Mar. 0.67 0.65 0.59 0.52 0.43 0.33 0.22
Apr. 0.67 0.69 0.67 0.64 0.59 0.51 0.43
May 0.65 0.70 0.71 0.72 0.70 0.66 0.61
Jun. 0.64 0.70 0.73 0.74 0.74 0.72 0.69
Jul. 0.64 0.70 0.73 .73 0.72 0.70 0.65
Aug. 0.66 0.69 0.69 0.67 0.63 0.57 0.50
Sep. 0.67 0.67 0.62 0.57 0.50 G. 40 0.30
Oct. 0.66 0.61 0.54 0.44 0.34 0.23 0.14
Nov. 0.62 0.53 0.45 0.33 0.21 0.11 0.05
Dec. 0.59 0.50 0.39 0.27 0.16 0.07 0.03
kg*cal/cm?®-day
The Southern Hemisphere
e 5°S 15°S 25°S 35°S 45°8 55°S 65°S
Jan. 0.68 0.74 0.77 0.78 0.76 0.73 0.69
Feb. 0.68 0.72 0.72 0.70 0.65 0.59 0.49
Mar. 0.68 0.67 0.63 0.57 0.49 0.39 0.28
Apr. 0.64 0.58 0.51 0.42 0.31 0.21 0.10
May 0.59 0.51 0. 41 0.30 0.19 0.11 0.04
Jun. 0.55 0.47 0.36 0.26 0.15 0.07 0.03
Jul. 0.56 0. 48 0.38 0.27 0.17 0.08 0.03
Aug. 0.61 0.55 0.46 0.36 0.25 0.16 0.08
Sep. 0.66 0.62 0.58 0. 50 0.41 0.30 0.21
Oct. 0.68 0.69 0.68 0.64 0.58 0.50 0. 40
Nov. 0.68 0.73 0.7 C.75 0.74 0.68 0.63
Dec. 0.68 0.74 0.77 0.79 C.79 0.77 0.75

kg-cal/cm®+day

(16)
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altitude on the total insolation amount is very
slight.

UKRAINTSEV (1939) calculated the values of
the possible insolation in the Northern Hemis-
phere throughout a year by using the following
formula.

Q+)=m S5+
S's . total hours of daylight

m, n: coefficient related to year and latitude

His formula was induced based on data obtained
from the observation stations distributed from
Lat. 35°N to 70°N on Europe and Asia Con-
tinents. BUDYKO (1956) pointed out that the
value of the possible insolation presented by
UXRAINTSEV {1939) were too large and gave his
reason for this criticism that those rather large
values were caused by the proto-type instrument
at the initial stage and UKRAINTSEV provided
the possible insolation in very transparent air
regardless of mean transmittance.

the

possible insolation with those listed in Table 5,

In comparing Ukraintsev’s  values of

his values are larger by aboui 10 % than those

in Table 5.

Table 6.

17

MATEER (1955) and GAVRILOVA (1963) intro-
duced of possible
insolation in the area locating north of Lat.

independently the values

50°N centreing the Arctic Zone using a method
Ukraintsev’s.
values with those listed in Table 6, some of

similar to In comparing their
their values coincide with corresponding values
in Table 6 and some are 2 % to 3 % larger than
corresponding ones in the Table.

ASHBURN {19663) presented the data of the
solar insolation at the ocean station PAPA (Lat.
50°N, Long. 145°W) during years of 1960 and
1961.
clear sky with that of Lat. 50°N in this paper.

In comparing his mean values in the

both values are almost coincident.
2

2. Actual insolation
The relation between the ¢ and the sun’s
altitude in each cloud form veiling the sun is
exhibited by way of mean values in Fig. 48.
A rather large dispersion is noticed while draw-
ing curves of this graph due to possible differ-
ences in light transmittance through different
thicknesses of cloud even though there is no
difference in cloud form.

HAURWITZ (1948} introduced a diagram 1n

Iy

Distribution of weathers in the Antarciic OGcean in summer of 1964-1965.

Month  Weather b be ¢ 0 r d s f

Dec Frequency 19 59 37 224 14 34 36 23
e % 9.9 11.9 11.5 15.2 2.3 5.9 7.3 16

Tax Frequency 16 651 64 276 9 13 19 15 366

San % 2.1 1.3 11.3 18,3 1.6 2.3 8.7 3. 100, 1

- Frequency i 20 23 40 16 6 17 3 170
e % L6 1.8 13.1 52.49 5.9 3.5 0 1R 99k

P Frequemcy 95 143 144 590 33 53 102 71 1232
ot % 73 11.6 1.7 17.9 2.7 1.3 3.3 5. 10

Table 7. Distribution of sea conditions in the Antarctic Ocean in summer of 1964-1965.

Month  Sea condition & 2 3 4 > 3 7 3 4 Total
heo | Frequemey 0 L8 Il I3 131 w2 28 13 0 ( 196
e % B 5.6 022,40 278 310 b4 3.6 3. (

- Frequency " ( 73 195 190 132 3 12 1 ( ohe
Jan 7 E o 12,9 27,4 336 233 0.5 21 0.2
Leh Frequency ¢ { 7 32 16 39 30 16 ( ( 17
et % 0 o L1181 271 22090 1760 9.4 {
Fotal Frequency (3 28 191 325 39¢ 193 61 13 1 (
v % 0 2.3 155 264 317 157 5.0 35 01 4
Remarks: Numerical letters stand for sea condition by Bufort classifications.

(17
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which the relation betwesn insolation and light
path length in each cloud form is exhibited.
Taking advantage of his diagram, the quantity
q is calculated and the result is compared with
the quantity ¢ obtained through the diagrams
in Fig. 48. As a result, the quantity ¢ of the
former is found just identical with that of the
latter for the blue sky and sky with Ci and Cs
cloud. Besides, the quantity ¢ of the former
is larger by 0.02 to 0.03 than that of latter
under sky conditions of As, Ac, St, Sc and Ns
cloud.

Although occasions that the sky has only one
form of cloud are very few, daily insolation for
each cloud form is calculated through the graph
in Fig. 48 for the summer of the Antarctic
Qcean and listed as follows:

Cloud form
Unit: g-cal/cm?-day
CiCs AcAs StSc  Ns
Antarctic Ocean 1
Lat. 55°S 600 390 250 60
Subsequently, the relation between the cloud
amount and such reduction ratio as

possible insolation —actual insolation
T possible insolation

is exhibited by the graph in Fig. 49 and also
expressed by the following equation.

0=Qu(1-0.026C'3), (4)
where O : actual insolation
Q,: possible insolation

C : cloud amount (0, 1, 2, 3,....10)

Concerning the calculation formula to evaluate
the actual insolation amount, such scientists as
ANGSTOM (1624), KIMBALL (1928), MosBY (1936)
and KuzMIN (1950) as well as ASHBURN (1963)
can be listed as the representative rasearchers.
Among them, KIMBALL (1928) introduced the
following formula.

Q=Q,(1-0.068C),

where Q : actual insolation
Q,: possible insolation
C : cloud amount (0, 1, 2,3, ....10)

A different type of formula to determine the
insolation amount was introduced by KUZMIN

(1950). He put two coefficients of cloud amount
to the formula as follows:

2-:1—0.14(710—71}1)—0.67711{,

Qo

where 7y : total cloud amount
ng: cloud amount in lower layer

ASHBURN (1963) and TABATA (1964) endeav-
ourad to examine various formulae introduced
by the above-mentioned researchers and reported
that such formula produced differing results.

The actual insolation amount on the sea sur-
face is calculated using Equation (4) in the
wider oceanic waters, such as A to H zone in
the Indian Ocean, I to L zones in the North
Pacific Ocean, and M to P zone in the Ant-
arctic Oceans as shown in Fig. 50. Cloud
amount data in each zone of each ocean are cited
from U.S. Navy Marine Climatic Atlas of the
World, which are statistically compiled from
observation data for 50 to 90 years in Vol. II
for the North Pacific Ocean and Vol. III for
the Indian Ocean, and for 10 years in Vol. VII
for the Antarctic Ocean. Fig. 51 shows the
calculated results of the actual insolation amount
in each zone. Seasonal fluctuations of insola-
tion for the zones facing to the land mass such
as A, B and C exhibit rather complicated pat-
terns comparing these in the midst of the ocean.
The monthly insolation amount in summer of
the Antarctic Ocean (Dec., Jan. and Feb.), the
East Indian Ocean (Dec. and Jan.) and the
Kuroshio (Aug.) are about 12,000, 17,000 and
15,000 g cal/cm?-month, respectively.

There is information as to the insolation
amount around the water from Long. 72°E to
Long. 171°E along a latitude of 10°S presented
by KmBALL (1928). When comparing his
amount with that introduced in this paper for
the same water, Kimball’s is a little larger in
August and September, but smaller in the other
months except during July in which both are
almost identical. The gaps between both
amounts are less than 10 %. The results for
the latter are consistent with the data introduced
by ASHBURN (1963) for the position of Lat.
50°N, Long. 145°W and those exhibited in
Soviet Antarctic Expedition (1966) for the
oceanic water from Lat. 45°S to Lat. 70°S and

(18)
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from Long. 132°E to Long. 149°W.

7. Distribution of underwater solar energy

Underwater solar energy and its seasonal
distributions in the different waters will be
discussed in this section. Before dealing in
detail with the subject, it is, however, necessary
to evaluate the reflected amounts of solar energy
on the sea surface. Fortunately, there are
several references with regard to solar energy
reflection on the sea surface such as those by
PowEeLL and CLARKE (1936), NEIBURGER (1948),
BURT (1954}, ANDERSON (1954), COX and MUNK
(1956), and NEUMANN and HOLLMAN (1961), etc.
Among these references, taking advantage of
information introduced by Cox and MUNK (1956)
the reflected amounts of solar energy on the
sea surface are calculated with reference to
weather and sea condition data.

To begin with, selecting the Antarctic Ocean
in summer, the subject is discussed based on
data on three parameters. .. .insolation, weather
and sea conditions (provided in Tables 6 and 7,
respectively), and underwater spectral light
transmittance. Firstly, an approximate insola-
tion amount reflected on the sea surface in
summer of the Antarctic Ocean is evaluated as
550~600 g-cal/cm?-month; secondly, monthly
amount of solar energy penetrated into the
surface water of the Antarctic Ocean in summer
is estimated at about 11,500 g-cal/cm? - month;
thirdly, underwater distribution of solar energy
in each area of the Antarctic Ocean in summer
is estimated as follows:

Unit: g-cal/cm?-month
\\Area A’ A
B
Layer . ¢

Om 11,500 11,500 11,500 11,500

1 4,500 4,800 4,300 3,800
2 4,100 4,000 3,100 2,600
5 3,000 2,700 1,600 1,100
10 1,500 1,600 683 310
20 150 33
25 850 480
50 210 81 25
75 48 14
100 12 2.6
150 0.092

The estimate of underwater solar energy is
achieved in consultation with JERLOV (1964) in
which he calculated the decreasing percentage
of total irradiance (of which wave lengths were
from 300 to 2,500 nm) in accordance with depth
of water based on spectral transmittance of the
surface layer. It is clear that the underwater
solar energy distribution differs very much with
different waters even if their localities are close
one to another; for example, the mean amount
in depth of 10m in the Antarctic Convergence
area is equal to 1/6 as much as the correspond-
ing amount in the Sub-Antarctic area.

Subsequently, extending the aforementioned
calculation process to the wider waters such as
A to P areas classified in Fig. 51, the distribu-
tion of underwater solar energy in those areas
in every month are evaluated. Fig. 52-(1)~(8)
show the distribution of underwater solar energy
in 8 areas sclected from the Indian Ocean, the
North Pacific Ocean and the Antarctic Ocean.
Weather and sea condition data on correspond-
ing waters are quoted from U.S. Navy Marine
Climatic Atlas of the World.

The total annual amounts of underwater solar
energy in different areas are obtained by means
of accumulating individual amounts in each
layer and are exhibited in Fig. 53. A com-
parison of the annual amounts of underwater
solar energy in each depth, expressed by ratios
between the equatorial water in the Indian
Ocean and other waters, are listed in Table 8.
The discrepancies in the annual amounts among
differsnt waters are very large; for example,
the annual amount in the depth of 10 m of the
Antarctic Convergence area correspond to 1/17
as much as that of the equatorial water in the
Indian Ocean and 1/9 of the amount in the
Kuroshio.

Furthermore, if the lowest limit of solar
energy for the euphotic zone can be assumed
as 5g-cal/cm?-day, the total water volumes of
the euphotic zone per unit sea surface area
accumulated for a year among different areas
are compared, resulting in the following ratios.

Ip :K:S4:Ac=100:75:50: 20,

the equatorial area of the Indian
Ocean
K : the Kuroshio area

where Iz :

(19)
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Table 8. Annual amount of underwater solar energy.
Area Indian Ocean Kuroshio area Sub-Ant. Ant. Ocean Lat. 35~860°%
Ocean
Depth Total Lat. ©° Lat. 35°N Lat. 45°S Ant. Conv.
m Ratio Ratio Ratio Ratio
G 100 % "7 % 16 % 16 <
1 160 Hd 62 34 3%
5 16.6 29 32 23 i3
1¢ 33.4 24 44 13 v
25 17.3 165 25 3 =
a0 3.3 160 36 14 {
160 0. 45 160 Al 5
S,: the Sub-Antarctic area 1 and increase with depth, but the corresponc-
Aq: the southern area of the Antarctic ing values in the Antarctic area are about

Convergence

8. Summary
The subject dealt with in this paper can be

classified into three major parts; firstly, under-

water optical structures and characteristics in
possible and
the

surface; and thirdly, underwater distribution of

the different oceans; secondly, the
1

actual insolation amounts attained on sea

solar energy. The important aspects are sum-

marized as follows:

The underwater optical structures and charac-
teristics in the different oceans
(1)

spectral light transmittance, are

The water masses classified, based on
almost consist-
ent with the waters in different ccean currents

in the East Indian Ocean such as the South
Equatorial Current and the Equatorial Counter
Convergence Current.

(2)

spectral light transmittance or attenuation, re-

IJnderwater optical structures related to

flectance and intensity ratios among lights with
different wave lengths, vary remarkably with
different waters such as Sub-Antarctic, the Ant-
arctic, the Antarctic Convergence. the Kuroshio
the East
For example, attenuation of blue light

and its southern area, and Indian

Ocean.
is unusually large in the south of the Antarctic
o

3

Convergence and its values are 3 to 4 times as
the The Iy 1,

values in the Sub-Antarctic area are more than

much as those in Kuroshio.

20

1

exhibiting almost constant at all depths,
the Antarctic Conver
with depth.

anc
they are less than 1 in
gence area and decreass

(3) The distinct border lines of the differen:
water masses can be observed through the

vertical profiles of relative irradiance, attenua-

tion coefficient and reflectance of spectral light

as well as intensity ratio among light with
different wave lengths (/. ¢. Antarctic Conver-
gence, Kuroshio and upwelling area). I
example, a remarkable reflectance is found.
especially for blue light, in the upwelling arees
where it has values almost 12 times as much
as those in each adjacent areas both in the
south and the north of the North Pacific Ocean
Iy 1, and R,
configuration in the

North Pacific Ocear

but corresponding

In addition, the iso-lines for the
R

-
rast

exhibit a horizontal

Indian Ocean, the

and the Sub-Antarctic area. but
in the

indicate a vertical configuration

iso-lines Antarctic Convergence aree

The possibje and actual insolation amounts ai-
tained on the sea surface
(1
1

An equation to

insclation amount is derived

b

tion, daily possible insolation

the oceanic water in both mispheres from
Lat. 65°N to Lat. 65 S, iz each month. are
calculated. The results are exhibited in Fig

47-(1) and (2) or in Table & The formula is

stated as follows:
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) Tounset 7-m2 .
Sp= Jo—— sin ag*oecedt,
Jsunrise e
where sina=sin/sind-+coslcosdcosh
g=1-0.233 sin a—0.0447 sin 3a

—0.0225 sin 5a—0.0103 sin 7a
—-0.00544sin %a. . ..

S¢ : possible insolation

@ : sun’s altitude

» : distance between sun and earth

! latitude

r. 1 mean distance between sun and earth
h . hour angle

d : declination of the sun

Jo : solar constant

The results are approximately 10 % smaller than
those of UKRAINTSEV (1838) at every latitude.

(2} An equation to calculate the actual
insolation amount is derived. Using the equa-
tion, the actual insolations distributed on the
oceanic waters of the Indian Ocean, the North
Pacific Ocean and the Antarctic Ocean are
calculated. The results are exhibited in Fig.
49. The formula is stated as follows:

O =0Q1-0.026C"%)
C : cloud amount {0, 1, 2, 3, ....10)
Qo : possible insolation amount

Q

The result are almost consistent with the data
in the position of Lat. 50°N, Long. 145°W
introduced by ASHBURN (1963) and also those
of the oceanic area from Lat. 45°S to 70°S and
from Long. 132°E to 145°W exhibited in Soviet
Antarctic Expedition (1966).

actual insolation amount

Underwater distribution of selar energy

(1) The monthly amounts of solar energy
distributed in each depth of different areas in
the Indian Ocean, the North Pacific Ocean and
the Antarctic Ocean are obtained as shown in
Fig. 52-(1}~(8). The results show that the
underwater distribution of solar energy differs
very much with different waters even if their
localities are close to one another. For example,
their mean amounts in summer at 10m deep
in the Antarctic Convergence area is consistent
with 1/6 as much as the corresponding amounts

8]
—

in the Sub-Antarctic area.

{2) The annual amounts of underwater solar
energy distributed in each depth of the different
areas are obtained and exhibited in Fig. 53.
For example, the annual amount of solar energy
in the layer of 10 m deep of the Antarctic Con-
vergence area corresponds to 1/17 as much as
that of the equatorial water in the Indian Ocean
and 1/9 of the corresponding amount in the
Kuroshio.

(3) 1If the lowest limit of solar energy for
the euphotic zone can be assumed as 5g-cal/
cm®-day, the ratio of total water volumes of
the euphotic zone per unit sea surface area
accumulated for a year among the equatorial
water of the Indian Ocean, the Kuroshio area,
the Sub-Antarctic areca and the southern area
of the Antarctic Convergence is about 100:75:
50:20, respectively.

Prior to closing this paper, the author suggests
that a systematic study of geographical and
seasonal fluctuations of solar energy attained
on the sea surface and penetrated into water
will be developed further in order that its rela-
tionship with biological and oceanographical:
problems, particularly, the organization. of
ceanic production may bz more cleatly re-
solved. e
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Fig. 1. Angular response of the underwater
irradiance meter.
Remarks: Broken line, solid line, and broken-
dot line exhibit the cosine value, response
in air, and response in water, respectively.
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«Fig. 3. Spectral sensitivity of the photocell
with filter.
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Fig. 6-(2). Vertical profiles of relative irradiance,
I, in Section B of the East Indian Ocean.
Remarks: 1. Tso-lines show profiles of relative
irradiance, 7, which are vertically sectioned
from Lat. 9°S to Lat. 25°S along a
meridian of 106°E.

2. Signs B, G and A stand for blue, green
and amber lights.

3. Figures on iso-lines denote as follows:

1 70.7% 6 12.5 %
2 50.0 7 8.84
3 35.4 8§ 6.25
4 25.0 9 4.42
5 17.7 10 3.13
;M N 5 6 7 2 9 1o Uos

:
3
() usdeq

(%) uadaq

A

Fig. 7-(2). Vertical profiles of attenuation co-
efficient, K, in Section B of the East Indian
Ocean.

Remarks: 1. Iso-lines show profiles of attenua-
tion coefficients, K, which are vertically
sectioned from Lat. 9°S to Lat. 25°S
along a meridian of 106°F.

2. Signs B, G and A stand for blue, green
and amber lights.

3. Figures coniso-lines denote values of K x 103,

<Fig. 7-(1). Vertical profiles of attenuation co-
efficients, K, in Section A of the East Indian

Ocean.

Remarks: 1. Iso-linesshow profiles of attenua-
tion coefficients, K, which are vertically
sectioned from Lat. 3°S to Lat. 11°S
along a meridian of 100°E.

2. Signs B, G and A stand for blue, green
and amber lights.

3. Figureson iso-lines denote values of K X103,
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Fig. 8.

masses in view of spectral light transmittance

Geographical distribution of three water-

in the surface layer of the East Indian Qcean.
Remarks: 1. Signs A, B and C denote Water-

mass A, Water-mass B and Water-mass C.
2. Arrow signs denote the direction of current.

R.

Vertical profiles of reflectance.

Indian Ocean

Fig. 9
Section A
Remarks: 1

tance. R,

ol the East
Iso-lines show profiles of reflec

which are vertically sectioned

from Lat. 3°S to Lat. 11°S along
meridian ol 100°E
2 B, (G and A stand ior blue. green and

amber lights

3. Figures on iso-lines show values in %
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Fig. Vertical profiles of /5/Ig and 14/1s
in Section A of the East Indian Ocean.

Remarks: Iso-lines show profiles of Is/Is and
14/1z which are vertically sectioned from
Lat. 3°S
of 100°E.

Lat. 11°S along a meridian

to

Fig. 10-(2)

0 proiiles of Is/ly and [:/1c
in Section B of the East Indian Ocean

tical

Remarks: Iso-lines show profiles of /5//s anc
T4/l which are vertically sectioned {rom
Lat. 9°S to lat. 25°

of 106°E

S along a meridian
g

o R

Fig. 11 Vertical profile of water temperature
n Section A of the East Indian Ocean

Remarks: Iso-lines show a vertical distribution
profile of water temperature :°C)
Lat. 3°S to Lat 11

a meridian of 100°E

sectioneC

across from S along
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150

The mean value of I¢ with depth in

Fig. 12.

the East Indian Ocean.
Remarks: Solid line exhibits mean value and
both broken lines denote maximum and

minimum values.

< 10

Fig. 13. The relation between Is and Ip/lg,
and the relation between Ig and l4/I¢ in the
East Indian Ocean.

Remarks: Solid lines exhibit mean values and
both broken lines denote maximum and
minimum values.
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Fig. 14-(1). Vertical profile of seston quantity

in Section A of the East Indian Ocean.

Remarks: 1. Diagram shows a vertical distri-
bution profile of seston quantity sectioned
across from Lat. 3°S to Lat. 11°S along
a meridian of 100°E.

2. Figures in diagram denote values in mg/!.
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Fig. 14-(2).
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VA
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Vertical profile of seston quantity
in Section B of the East Indian Ocean.
Remarks: 1. Diagram shows a vertical distri-
bution profile of seston quantity sectioned
across from Lat. 9°S to Lat. 25°S along
a meridian of 106°E.

2. Figures in diagram denote values in mg/l.
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Fig. 15-(1). Vertical profiles of chlorophyll-a
in Section A of the East Indian Ocean.
Remarks: 1. Diagram shows a vertical distri-
bution profile of chlorophyll-a sectioned
across from Lat. 3°S to Lat. 11°S along
a meridian of 100°E.

2. Figures in diagram denote values in #g/m?.

Fig. 15-(2). Vertical profile of chlorophyll-a in
Section B of the East Indian Ocean.
Remarks: 1. Diagram shows a vertical distri-
bution profile of chlorophyll-a sectioned
across from Lat. 9°S to Lat. 25°S along
a meridian of 106°E.

2. Figures in diagram denote in tg/m3.
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Fig. 16. Relation between attenuation coeffici- 3
ent, K, and seston quantity. Fig.17-(3). Vertical profile of relative irradiance,
Remarks: B, G and A stand for blue, green I, in the Kuroshio and its southern area.

and amber lights.

o Lat.

(u) lpdoﬁ

Fig. 17-(1). Vertical profile of relative irradiance,
I, in the Kuroshio and its southern area.
Remarks: 1. Iso-lines show aprofile of relative

Fig. 18-(1). Vertical profile of attenuation co-
efficient, K, in the Kuroshio and its southern

irradiance, I, which is vertically sectioned area.

from Lat. 20°N to Lat. 31°N along a Remarks: 1. Iso-lines show a profile of attenua-

meridian of 142°E. tion coefficient, K, which is vertically
2. Signs B, G and A stand for blue, green sectioned from Lat. 20°N to Lat. 31°N

and amber lights.
3. Figures on iso-lines denote as follows:

1 562% 5 56% 9 5.6% 13 0.56%

along a meridian of 142°E.
2. Signs B, G and A stand for blue, green

2 316 6 32 10 3.2 14 0.32 and amber lights.
3 178 7 18 11 1.8 15 0.18 3. Figures on iso-lines denote values of KX
4 100 8 10 12 1.0 16 0.10 103,
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Fig. 20-(2). Vertical profile of I4/Ig in the

Kuroshio and its southern area.

Remarks: 1. Iso-lines show a profile of 14/Ig
which is vertically sectioned from Lat.
20°N to Lat. 31°N along a meridian of
142°E.

2. Figures on iso-lines denote as follows:
1 562% 5 56% 9 5.6% 13 0.
2 316 6 32
3 178 7 18
4 100 8 10

10 3.2 14 0.32
11 1.8 15 0.18
12 1.0

16 0.10

L TN
i L\ e . / S
Fig. 21-(1). Vertical profile of Rs/Rg in the

Kuroshio and its southern area.

Remarks: Iso-lines show a profile of Ra/Rg
which is vertically sectioned from Lat.
20°N to Lat. 31°N along a meridian of
142°E.
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The mean value of I¢ with depth
in the Kuroshio and its southern area.

Fig. 22-(1).

22-(2). The relation between I¢ and Is/Ig

in the Kuroshio and its southern area.

22-(3). The relation between Ig and I4/Ic

in the Kuroshio and its southern area.

Remarks: Solid line exhibits mean value and

both broken lines denote maximum and
minimum values.

«Fig. 21-(2). Vertical profile of Ra/R¢ in the

Kuroshio and its southern area.

Remarks: Iso-lines show a profile of R4/Re
which is vertically sectioned from Lat.
20°N to Lat. 31°N along a meridian of
142°E.
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Fig. 23-(1). The relation between Ig and Rg in

the Kuroshio and its southern area.

Remarks: Solid line exhibits mean value and
both broken lines denote maximum and
minimum values.

I in %
01 05 1 5 10 50 100 500 1000°
- — T T —==d 5
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Fig. 23-(2). The relation between I¢ and Rs/Re¢

in the Kuroshio and its southern area.
Remarks: Solid line exhibits mean value and
both broken lines denote maximum and

minimum values.

I in o
95 1 R so 106 5001000
T . -

Fig. 23-(3). The relation between Ig¢ and R4/Ra
in the Kuroshio and its southern area.
Remarks: Solid line exhibits mean value and
both broken lines denote maximum and
minimum values.

Tome 11, N° 1 (1973)

{ur) yidagy

Fig. 24. Vertical profile of seston quantity in
the Kuroshio and its southern area.
Remarks: 1. Iso-lines show profile of seston
quantity which is vertically sectioned from
Lat. 20°N to Lat. 31°N along a meridian
of 142°E.
2. Figures in diagram denote values in mg//.

180 -2

Fig. 25.

Vertical profile of water temperature
in the Kuroshio and its southern area.

Remarks: Iso-lines show profile of water
temperature (°C) which is vertically sec-
tioned from Lat. 20°N to Lat.31°N along

a meridian of 142°E.
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o BT 180

T S—

Fig. 26. Vertical profile of salinity in the

Kuroshio and its southern area.

Remarks: 1. Iso-lines show profile of salinity
which is vertically sectioned from Lat.
20°N to Lat. 31°N along a meridian of
142°E.

2. Figures on iso-lines indicate values in %,.

() wdeQ

B ——d- 80

Fig. 27. Vertical profile of oxygen in the
Kuroshio and its southern area.
Remarks: 1. Iso-lines show profile of oxygen
which is vertically sectioned from Lat.
20°N to Lat. 31°N along a meridian of
142°E.
2. Figures on iso-lines indicate values in mZ/1.

() ydaq

H R ) i ;
Fig. 28. Vertical profile of pH in the Kuroshio
and its southern area.
Remarks: Iso-lines show profile of pH which
are vertically sectioned from Lat. 20°N
to Lat. 31°N along a meridian of 142°E.
. S
i, ==,
. NN
2
K .'y\ N [ E

Y i

2
T

2
=

S
8/

Fig. 29-(1). Vertical profile of relative irradi-
ance, I, in the Antarctic Ocean.

Remarks: 1. Iso-lines show a profile of relative
irradiance, I, which is vertically sectioned
between the positions of Lat. 50°S, Long.
180° and Lat. 67°S, Long. 149°W.

2. Signs B, G and A stand for blue, green
and amber light, respectively.

3. Figures on iso-lines denote as follows:

1 562% 5 56% 9 5.6% 13 0.56%
2 316 6 32 10 3.2 14 0.32
3 178 7 18 i1 1.8 15 0.18
4 100 8 10 12 1.0 16 0.10
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Fig. 29-(2). Vertical profile of relative irradiance,
I, in the Antarctic Ocean.

Fig.29-(3). Vertical profile of relative irradiance,
I, in the Antarctic Ocean.

ROSS SEA

1E 33 16 180 165 290 W

Long.

Fig. 30. Geographical distribution of different

waters in view of spectral light transmittance
of the surface layer in the Antarctic Ocean.

Remarks: Signs A, A/, B and C denote

Water A, Water A’, Water B and Water C.

(@ pdag

La mer, Tome 11, N° 1 (1973)
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Fig. 31-(1). The mean value of Ip with depth
in Water A, Water A/, Water B and Water
C of the Antarctic Ocean.
Remarks: Water A and A’/

Water B and

Water C correspond to the Sub-Antarctic
area, the Antarctic area and the Antarctic
Convergence area.

Fig. 31-(2). The mean value of I¢ with depth
in Water A, Water A’, Water B and Water
C of the Antarctic Ocean.

Fig. 31-(3). The mean value of I4 with depth
in Water A, Water A’, Water B and Water
C of the Antarctic Ocean.
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" Fig. 32-(1).
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A Study on Optical Nature in Oceanic Waters

Vertical profile of attenuation co-
efficient, K, in the Antarctic Ocean.
Remarks: 1. Iso-lines show a profile of attenu-
ation coefficient, K, which is vertically
sectioned between the positions of Lat.
50°S, Long. 180° and Lat. 67°S, Long.
149°W.

2. Signs B, G and A stand for blue, green
and amber light, respectively.

3. Figures on iso-lines indicate values of K
X 102,
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Fig. 32-(2). Vertical profile of attenuation
coefficient, K, in the Antarctic Ocean.

(w) yidaqt

A 1§ S
\ \J / :fD, [ N
/"/NI// ,ff \\\\\ Y
o

Fig. 32-(3)." Vertical profile of attenuation
coefficient, K, in the Antarctic Ocean.
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Fig. 33-(1). Vertical profile of reflectance, R,
in the Antarctic Ocean.

Remarks: 1. Iso-lines show a profile of reflec-
tance, R, which is vertically sectioned
between the positions of Lat. 50°S, Long.
180° and Lat. 67°S, Long. 149°W.

2. Signs B, G and A stand for blue, green
and amber light, respectively.

3. Figures on iso-lines denote reflectance in
value of %.

Fig. 33-(2). Vertical profile of reflectance, R,
in the Antarctic Ocean.

1

Fig. 33-(3).. Vertical profile of reflectance, R,
in the Antarctic Ocean. NN
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LA

AN TS R |
Fig. 34-(1). Vertical profile of Ir/Iz in the Fig. 35-(2). Vertical profile of R4/R¢ in the
Antarctic Ocean. Antarctic Ocean.
Remarks: Iso-lines show a profile of Is/Is, Remarks: Iso-lines show a profile of Ra/Re,
which is vertically sectioned between the which is vertically sectioned between the
positions of Lat. 50°S, Long. 180° and positions of Lat. 50°S, Long. 180° and

Lat. 67°S, Long. 149°W. Lat. 67°S, Long. 149°W.

Lat.

0.005_0.01

Fig. 34-(2). Vertical profile of I4/I¢ in the e —
Antarctic Ocean. Fig. 36-(1). The relation between I¢ and Ip/lc

Remarks: 1. Iso-lines show a profile of 14/I¢, in the Antarctic Ocean.
which is vertically sectioned between the Remarks: Signs A, A’, B and C denote Water
positions of Lat. 50°S, Long. 180° and A, Water A/, Water B, and Water C.
Lat. 67°S, Long. 149°W. 2. Water A and A’, Water B and Water C
2. Figures on iso-lines denote as follows: correspond to the Sub-Antarctic area, the
1 563% 5 56% 9 5.6% 13 0.56% Antarctic area and the Antarctic Conver-
A aRE o R A e
4 100 8 10 12 1.0 16 0.10 3. Solid lines exhibit mean values.
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Fig. 85-(1). Vertical profile of RB/R¢ in the
Antarctic Ocean.
Remarks: Iso-lines show a profile of Ra/Rg,

which is vertically sectioned between the : - — : ot
positions of Lat. 50°S, Long. 180° and Lat. Fig. 36-(2). The relation between I¢ and I4/Ic
67°S, Long. 149°W. - in the Antarctic Ocean.
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L in % A
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1000
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Fig. 37-(1). The relation between Is and Re
the Antarctic Ocean.

Remarks: Solid line exhibits mean value.

in

[

Fig. 37-(2).
in the Antarctic Ocean.
Remarks: 1. Sings A, A’, B and C den
Water A, Water A’, Water B and Water
2. Solid lines exhibit mean values.

The relation between Iz and RB/Ro

ote
C.

€395

<Fig. 37-(3).

39

() yidoq

Fig. 38. Vertical profile of water temperature
in the Antarctic Ocean.

Remarks: Iso-lines show a vertical distribution
profile of water temperature (°C) sectioned
across between the positions of Lat. 50°S,
Long. 180° and Lat. 67°S, Long. 149°W.

T o

profile of salinity in the

Fig. 39. Vertical
Antarctic Ocean.
1. Iso-lines show a vertical distri-

Remarks:
bution profile of salinity sectioned across
between the positions of Lat. 50°S, Long.
180° and Lat. 67°S, Long. 149°W,

2. Figures on iso-lines indicate values in %o-

The relation between I¢ and R4/Re¢
in the Antarctic Ocean.

Remarks: 1. Signs A, A’, B and C denote
Water A, Water A’, Water B and Water C.

2. Solid lines exhibit mean values.
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Fig. 40. Vertical profile of oxygen in the
Antarctic Ocean.

Remarks: 1. Iso-lines show a vertical distri-
bution profile of oxygen sectioned across
between the positions of Lat. 50°S, Long.
180° and Lat. 67°S, Long 149°W.

2. Figures on iso-lines indicate values in mZ//.
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Fig. 41. Vertical profile of seston quantity in
the Antarctic Ocean.

Remarks: 1. Iso-lines show a vertical distri-
bution profile of seston quantity sectioned
across between the positions of Lat. 50°S,
Long. 180° and Lat. 67°S, Long. 149°W.

2. Figures on iso-lines denote values in mg//.
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Fig. 42-(1). Vertical profile of wet seston

colours in the Antarctic Ocean.
Remarks: 1. Figures on iso-lines denote

following colour Nos. of wet seston.
61 apricot yellow 72 ivory
63 maple 77 malmaison
68 drab 78 mustard
69 " maple sugar 79 crach

11, N° 1 (1973)
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Fig. 42-(2). Vertical profile of dry seston colours.

Tgin %

[

R I
Fig. 43~(1). The mean value of I¢ in the three
oceans.
43~(2). The relation between Is and Iz/Is
in the three oceans.
43-(3). The relation between I¢ and I4/I¢
in the three oceans.

Remarks: 1. Symbols [ZZZ], [T and
denote Antarctic Ocean, Indian Ocean,
and Kuroshio and its southern érea, respec-
tively.

2. Solid lines exhibit mean values and both
broken lines denote maximum and mini-
mum values.

“« 81 light stone 85 old gold
82 olive drab 89 citrus yellow
83 dust 90 - oyster white
84 bronze 93 old moss

2. Symbol (") put on colour Nos. represents the
same sort of colourswhich are slightly Tighter.
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Tg in %
10 100 ‘1000
(1) o J {10
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3 7~
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joea =3 L
B
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Rp/Ro

T T

‘,_r

T

The relation between I¢ and Re in
the two oceans.
44-(2). The relation between I and Rz/Re
in the two oceans.
44-(3). The relation between I and R4/Ra
in the two oceans.

Remarks: 1. Spmbols «and N denote
Antarctic: Ocean, and Kuroshio and its
southern area, respectively.

2. Solid lines exhibit mean values and both
broken lines denote maximum and mini-
mum values.

2 2
4 4
3 2 3 =409
1 )
4 108
1
407
q
106
405
I L ORI U N R S 1

L 1 1
o2 048 06®  08® 10° NOON 14® 16" 18% 20" 22"
Apparent time

Fig. 45. Daily changes of light transmittance
in air, g, in clear sky.
Remarks: Figures on curves denote as follows:

kg-cal/cm®-day

1.0
0.9
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404
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I 1 1

L
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Fig. 46. Relation between light transmittance
in air, ¢, and sun’s altitude in clear sky,

0 . ! ]

T S
Jan.  Feb. Mar. Apn  May

Fig. 47-(1). Possible insolation attained on the
sea surface. (the Northern Hemisphere)

TR I SR SO T T S S i | 0
Jun.  Jul. Aug.  Sep. Oct. Nov. Dec.

<~ Month Meridian
Figure Region and altitude
date of the sun
1 North Pacific Ocean Oct. 31, 1964 60.3°
2 Antarctic Ocean Dec. 14, 1964 49,6°
3 Antarctic Ocean Dec. 25, 1964 67.7°
4 South Pacific Ocean Nov. 13, 1964 88.7°
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Fig. 47-(2). Possible insolation attained on the E Long.

Fig. 50. Index chart of seas areas A to P.

kg-cal ‘cm’month

sea surface. (the Southern Hemisphere)
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1 I 1 i 1 1 A 1 1 0.0 5 1 [\,1‘0;1(}: ’ 4}3 5 1 12 12
9 80 70 60 50 40 30 20 10 ¢ Fig. 51-(A)~(F). Actual insolation attained on
~——— Sun Alt. the sea surface.
Fig. 48. Relati b lich . Remarks: Alphabetical letters from A to F
1g. 48. Relation between light transmittance stand for different areas corresponding to
in air, ¢, and sun’s altitude in each clouds index chart shown in Fig. 50.
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Fig. 1.19' R?Iatlon between the reduction ratio Fig. 51-(G)~(L). Actual insolation attained on
of insolation, (Qo—Q)/Qo, and cloud amount. the sea surface.
Qo: Possible insolation Remarks: Alphabetical letters from G to L
. ; ; stand for different areas corresponding to
Q: Actual insolation index chart shown in Fig. 50.
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Fig. 51-M)~(P). Actual insolation attained on
the sea surface.
Remarks: Alphabetical letters from M to P
stand for different areas corresponding to
index chart shown in Fig. 50.
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Fig. 52-(1).
energy in E area of the Indian Ocean.

Distribution of underwater solar
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52-(2). Distribution of underwater solar
energy in F area of the Indian Ocean.
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Fig. 52-(3). Distribution of underwater solar
energy in J area of the North Pacific Ocean.
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Fig. 52-(4). Distribution of underwater solar
energy in K area of the North Pacific Ocean.
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Fig. 52-(5). Distribution of underwater solar
energy in M area of the South Pacific Ocean.
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Fig. 52-(7). Distribution of underwater solar
energy in O area of the Antarctic Water.
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Fig. 52-(8). Distribution of underwater solar
energy in O area of the Antarctic Con-
vergence Water.
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Fig. 53.
energy.

Remarks: 1. Alphabetical letters of E, K, J,
M, N, O (Ant) and O (Conv) stand for dif-
ferent areas corresponding to index chart
shown in Fig. 50.

2. Signs of Ant and Conv stand for the Ant-
arctic Water and the Antarctic Conver-
gence Water.

Annual amount of underwater solar
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Schooling Mechanism of Anchovy Under a Lamp

Makoto INOUE and Kunio SASAKURA

Abstract: It might be beyond doubt that phototropic fish such as anchovy, sardine, mackerel
and saury are also schooling species. Some studies have shown that vision is the most
important sensory system for schooling behaviour, and the schools break down at night in
low intensity of illumination. Therefore, it is expected that when the dispersed fish are
exposed by the artificial light, they will reform into a school again in the illuminated area.
However, in a few cases, it is clear that schooling may still occur without light and this is
suggested schooling behaviour is depended on other senses in addition to vision.

In the present paper, the schooling mechanism of anchovy, Engraulis japonica, under
a lamp was studied by experiments on the following problems;

1) Whether each individual has gathered under a lamp with the same behaviour in
response to light or not?

2) Whether the schooling behaviour is reinforced by visual orientation to other indi-
viduals when they have entered the illuminated area or not?

Considering the experimental results that each fish shows quite different selective
response to light and don’t form a group in the partly illuminated area, but form a close
group in a current, we obtained the following conclusion. The maintaining school of anchovy
under a lamp is due to the positive phototaxis of individuals to the lamp, and at the same
time the mutual attraction of individual fish depending on either visual contact in the illu-
minated area, or swimming movements of fish, engendering water current, or pressure wave

which could be detected by fish.
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Fig. 1. Illuminated areas by 2W lamps in an
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Fig. 2. Wooden trough in which the effect of
light or visual stimulative fish to attract fish
is observed.
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Fig. 3. Relation between the response of fish
to fixed lamps and moving lamps.
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B OEILE E18E (1973); B{LMEESELA

WRZETZ LR TERCDT, &4 5) OER
778 5 Toisl, ZhbOfER% Table 11
EDTRT, T, & D~T) Wkl 28045
IRED 1 HIk Fig. 4 i@, BXOG&HE D o 1
513 & 5 HERO 1 4] (Table 1, test 1, Light)
% Fig. 5 win,

LD E & E )RR AEER OB E R
AR, (EEERORER X D BRI EHES
%o IKEEDETREZ L L CASE O FF N ¢
CHACHZRT T2 3070 2 2 B 5 &,
3EBSHIEREECHFIENME< 0L LTI
R 90 BN TR C A B AL A T Cv %
bD2RIZ2H, BRI T2 5, 2REOED
) & H90B & CREALAMIERT L Afe Lz, L
P U, BRI X OMEHARIO B Oz 1L B
AT, BHNRERCL b0 TEH0
RSN IR Z OFEl O FEE B A v OR
TERD X 5 THh b, Fig. 6-A @ 90 B DXKIKA
C2RVADT2A, HBEORKERAC IR NSHD
TSR, ARt 178 Eins, B, 2BD /v —7
L 3RO 7N~ FHIMEFGEL v & T %
Table 1. Degree of schooling of five fish under

seven or six conditions of the annular trough
in the cases that the bottom is covered with
sand or not. Degree of schooling is shown

with mark calculating based on the method
of Fig. 6.

Trough No sand
C:or%dglg:lgh I\*OOftef‘f‘ 1 2 3 7 4 754
1. Light 20 15 18 15 18
2. Ditto. Inside wall is

covered with black paper 20 15 18 21 18
3. Part illuminated 13 13 12 14 13
4. Moving part illuminated 12 12 9 8 9
5. Current 27 26 26 28 24
6. Dark 7 8 11 8 10
7. Visual screen 10 11 10 14 12
o o Trough Sand
1. Light 29 30 26
2. Ditto. with black paper 25 26 30
3. Part illuminated 11 13 12
4. Moving part illuminated 14 8 9
6. Dark 7 12 10
7. Visual screen 12 10 10
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1) 2)

Current
directs

Scrren Fig. 5. Showing one example on the distribution
direct. 7 of five fish under light trough. In a series
of the test, the distribution is observed with
one minute interval for five minutes.

A(l]marks B C10marks ) € (50 marks)

1
‘ \
!
|

)

—

£
T
s

€

Fig. 4. Showing one example on the distribution
of five fish under seven conditions (sce Table 1)

of the annular trough.
Fig. 6. Calculation on marks of schooling of

Tig. 6-B T S EOKBENC1IEBV22, i five fish. When there are two fish in the
R ORI T b i, £, 270 —7 % V-shaped sections of 45 and 90 degrees, the
90 EELIPIIC A B A%, BRI ANt 7o O TR marks of schooling are 2 and 10, respectively.

. - - Lo ) - y s When there are three fish in the V-shaped

A 5L e ™ _C iy R 1

ERNCEIRUREN S af) Fig. 6-C u\w 2 E% s 45 sections of 45 and 90 degrees, the marks are
FELIWC, FEHT T %O Tt 80 508 % 6 and 15, respectively.
%Z % o

EBE 5 BAKBT AN, 1 RRZKERTES = T2 22 5 21770 5 o BN 1 Rffeoun
#, & D o TERY T, o, £43), TH ATV, 1538 L ROKBND Y
4), 6) Lo TRET HBAHEIHIS, % oMl FLET %o SR 6) DEAIOKERARRIRET 7
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Table 2. Light intensity at which five anchovies stopped schooling in the cases of streaming
a current in the trough or not. Figures in the Table show the degree of schooling.

~——____ Light intensity (lux)
[ 450 400 300 139 50 30 15 10 5 1 0.1

Condition trough T R
Current 31 42 46 50 48 50 37 46 48 41 5
No current 16 22 11 21 39 34 29 19 38 27 5
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Fig. 7. Locomotion of one fish in the trough (see Fig. 2), when light and, or
visual stimulative fish in section 1 are attractive.
A.B.C.D—a: Light trough, one stimulative fish in section 1.
A.B.C—b: Light trough, three fish in illuminated section 1.
A.B.C—c: Dark trough, three fish in illuminated section 1.
D—b; Dark trough, one fish in illuminated section 1.
D—c: Dark trough, three fish in illuminated section 1.
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Introduction

The Visibility of Underwater Objects to the Human Eye*

Ryohei TSUDA**

Abstract: The visual range of each netting was measured with Research Submarine Kuro-
shio-II and colour nettings which closely matched the underwater surroundings were examined.
The red and yellow twines were more visible near sea bed than sea surface. This result
suggests that though one perceives the objects as colour contrast near sea surface, as it becomes
deeper, with a consequent absorption of a long wave length, these are depended upon brightness
contrast. It is apparent from the results of our experiment that the standards of between 10 %
and 20 % reflectance are the least visible. It is at once seen that twines and bars of meshes
which matched the standards of between 10 % and 20 % reflectance are best camouflaged and
therefore most closely match the water background.

Sighting ranges depend on the distribution of
the light field underwater, the clarity of the
water, the nature or type of object we wish to
sight, its position in relation to the observer,
the ability of the observer to see and of the
diver. Even in the clear water it is rare for
a diver to see any object farther than 40m
away and in turbid water it is often within
1m. Generally speaking, underwater objects
are illuminated from above but seen from the
side, thus the study of the direction of under-
water light is very important an investigation
of visibility. The picture is made more com-
plicated because light from above has a rather
different spectral intensity curve than light from
the side.

The aim of this investigation was to find the
effect of colour on the nettings with Research
Submarine Kuroshio-II. It should be made to
make them inconspicuous underwater. Further
aims are to study the light conditions under-
water and the visual function, the behaviours
of fishes to them.

2. Apparatus and procedure

In the past, the measurements of the visual
range in the sea waters were observed with
SCUBA diving (HEMMINGS et al., 1965; LyTH-
GOE, 1968; KINNEY et al., 1967, 1969), how-

* Received January 30, 1973
** Faculty of Agriculture, Kinki University

ever, the diving works depended on the limited
air and the occurrence of the submarine sickness
caused by deep diving were hindering the
sufficient}process, so we measured the under-
water visibility of the nettings and the twines
with Research Submarine Kuroshio-II. An
outline of Kuroshio-II and the arrangement of
apparatus to measure the visual range are
shown in Fig. 1. Alminium stairs, 6 m in
length and 0.5m in width were fixed to her
front and a wire frame of about 0.4 m squares
was attached to the edge of it. The net samples
were rigged on it. By using the handle inside
the submarine, the wire frame could be moved
back and forth. The N-point of the visibility
of each netting and cord can be determined by
the reading marked on the meter board attached
to the handle. The measurements (off Muroran
where we made two dives on Aug. 30, 1969,
depth 22m and 36 m, location; 42°19'N, 140°
55E) were made as near to noon as possible.
During all the experiments, the water was calm
and there was no perceptible ground swell.
The netting samples used in the experiments

Outline of the research submarine
“Kuroshio-II"’ and the apparatus for
measuring visual range.
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and all synthetic fibres were as shown in Table
1. The spectral reflectances for the seven basic
colours are given in Fig. 2.

Table 1. Sample of twines.

Material d*
Yellow Dyed ‘Nylon’ 0.95
Blue Dyed ‘Nylon’ 0.95
Green Dyed ‘Nylon’ 0.95
Red ‘ Dyed ‘Nylon’ 0.95
Black Melt dyed ‘Nylon® | 0.91
Grey Melt dyed ‘Nylon’ | 0.60
White ‘Nylon’ ‘ 1.05

|
* Diameter (mm)
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Fig. 2. Spectral reflectance of nettings.
3. Results and discussion

Experiments were made on 2 sets of depth-
ness, one for measurement of 4, 10, 23 and
36 m and the other for measurement of 7, 15
and 22 m below the sea surface. As an example,
the results are represented in Fig. 3. The
colours that are easiest to see underwater at
the limit of visibility with natural illumination
and a water background are white, yellow,
orange and red in the turbid bodies of water
and the most difficult colours to see at the
limits of visibility under natural illumination
and a water background are grey, black, blue

(56)
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(m)
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Fig. 3.

Sighting range at each depth.

and green, whose major spectral components
are absorbed in murky water (KINNEY et al.,
1967, 1969). For the surface, yellow is the
most visible. It means that not only brightness
contrast, but also colour contrast are depended
on the underwater visibility. Measured values
of the visual range of a bar of mesh and a
knot of it are plotted against the depth in Fig.
4. The visual range of knots is more visible
than a bar of mesh near the surface, but those
become similar with increasing depth. As it
becomes deeper, both yellow and red twine are
found to have increased in viewing distance.
The results with twines seen against a water

VISUAL RANGE (m)

E B
- 4
z {
£ oo / oo BAR OF MESH
w i
a ol o—e KNOT
VISUAL RANGE {m)
Q ] 2 3 4 5

(m)

YELLOW
b

o--0 BAR OF MESH

DEPTH

o—e KNOT

“—

Sighting range at each depth.
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background suggest that though one perceives
the objects as colour contrast near the surface,
as it becomes deeper, with a consequent absorp-
tion of a long wave length, both red and yellow
object are darkly and those are depended upon
brightness contrast.

When the contrast between the brightness of
object and that of its background falls below
the threshold of brightness, we can not recog-
nize the object but when the former falls below
the latter over some extent, we can do it. In
this case, as the background is brighter than
the object, we observe it as a silhouette. As
above-mentioned, it must be proved through
the examination of relationship between the
reflectance of the dyed netting and its visual
range. The results so obtained are plotted in
Fig. 5. It is at once seen that twines and
nettings which matched the standards of be-
tween 10 % and 20 % reflectance are best cam-
ouflaged and therefore most closely match the
water background. The results agree with the
experiment in laboratory (TSUDA et al., 1973).

TWINE NETTING

3 5

{23"1 e 22

~. m -
36m_ - e T p
N
A ~ /./ o

Il: \\ / I

L ) I .
= €
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£ 5t om - N 1Sm B
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z ~ SN Py ] 3
€ N «

e B
g . 3
2 s " o 2
> /,/
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"

I R
) 16 o

RELATIVE TARGET REFLECTANCE (%)
Fig. 5.
twines and nettings different reflectance at
each depth:

(right).

Results of two experiments sighting dyed

bar of mesh...., knot....

(5

{

So far as uniformly dyed fishing nets concerned,
perfect camouflage can not, even in theory, be
achieved cylindrical twines and the upper sur-
face of each twine will always be brighter than
the lower because light coming from above is
always brighter than light from below. There-
fore, whatever net colour, part of it must
always fall to match the water background.
Even so it is of such practical importance to
know how to make well camouflaged nettings
that it is worth trying to find the best colour
even though the perfect solution is impossible.
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