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ABSTRACT

Irradiance observations at different solar
elevations are presented. 1In the turbld waters, of
coastal type 7 according to JERLOV's classification,
the mean vertical attenuation coefficient in the layer

0-10 m seems to be independent of solar elevation,
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1; INTRODUCTION

This work is based on the thesis for the cand.real,
degree by JAN H, NILSEN (1976), The variation of the vertical
attenuation coefficilent for downward irradiance, K, the spectral
distribution of irradiance, EX(A), and the integrated irradiance,
E, in Oslofjorden as a function of the solar elevatlion, h, have
been investigated.,

The vertical attenuation coefficient for downward

irradiance at a wavelength A, in a layer between the depths

Zo and z is defined as

1°
E. (2,2 )
K= = Ez e in 20 1.1
1% EA(A,ZI)
- KOZLYANINOV and PELEVIN (1966) found for K in the
upper layer of the ocean the expression
K= KD 1.2
¢
where
T -
K, = 1-(a+bb) * (atb ) = atb, 1.3
a = absorption coefficient; bb = Dbackward scattering co-

efficienty D = downward distribution function (TYLER and
PREISENDORFER, 1962).

a and bb are inherent optical properties and are in-
dependent of the light conditions. D, however, and con-
sequently K, are functions of the radiance distribution,

If the radiance distribution in the sea has a strong

maximum in the direction of the solar radiance, the function



D may be approximated by sec j, where J 1is the zenith
angle of the refracted sunrays. sec J 1s given as a function
of the solar elevation h from SNELL's law of refraction

in the form

=

sec j = (1 - & . cosgh) ) » 1.4

2
n
where n 1is the refractive index of sea water (n = 4/3).

It has been tested whether the secans relation
K(h) = Ko. sec jJ 15

was valid during the day of the measurement, KO is the
vertical attenuation coefficient with a zenith sun. The
result has been compared with the findiﬁgs of other authors,
Finally the best estimateé of K(h) 1in Oslofjorden is

discussed,

2., INSTRUMENTS AND BOAT

The irradiance meter

The 1lrradiance meter was a simple instrument con-
sisting of a selenium cell, protected by a brass housing
and a glass window. The window was covered by exterior filters
of different colours with an opal glass at the top. The photo-
current from the selenium cell was recorded on deck by means
of a cable and a microampere meter,

The irradiance meter was calibrated against an instru-
ment. calibrated earlier by AAS (1969, 1971),

A deck photometer with opal glass and neutral glass-

filter, placed on the roof of the cabin to avoid shadows and



light reflections from the boat, was used as a reference

for the light conditions in air.

The Tyndall meter

Fluorescence F and scatterance g(U45°) were measured
with a Tyndall meter, in valués relatlive to a plexiglass
standard (JERLOV, 1953, H@JERSLEV, 1971). The instrument
consisted of a water sample section between a Hg-lamp section
and a photo multiplier section. The receiver was able to
measure in two different directlons, 45° and 90° from the
incoming rays of the lamp,

The scattered light from the water sample was measured
at 450 angle, A calibration of the standard at the Institute
of Physical Oceanography in Copenhagen, makes it possible to
relate the 6(450) values in relative units to the scattering
coefficient b 1in absolute units, The scatterance data
presented in Table 3 represent red light (640 nm),

The fluoregcence (Table 3) was measured at an angle
of 900, The water sample was irradiated by light of wavelength
366 nm, and the light from the fluorescent matter was separated
from the former light by means of a V9 filter in front of the

photo multiplier,

The water sampling bottles

The water samples were collected with NIVO bottles of

plastic to avoid particle contamination from the bottles,

The galinity-temperature bridge

This instrument was manufactured by Electronic

Switchgear Ltd., type M.C.5.



The boat

The boat had a lenght of 9 meter. The ilrradiance

meter was kept on a 3 meter long bar outside the boat,

3. THE STATION

The measurements were carried out between two small
groups of islands, Ildjernet and Stellene,in the inner
Oslofjord (Fig. 1). The place was chosen partly because of
its relatively high transparency compared to the rest of the
fjord at that time. The Secchi depth was 6 m on the day of
the basic irradiance measurements, July 19, 1973, The depth
to the bottom was 60 m, The irradiance was measured down to

30 m,

y, THE OPTICAL AND HYDROGRAPHICAL CONDITIONS

The submarine irradiance at a certailn wavelength and
at a certain depth 1s a function of cloudiness, solar elevation,
turbidity of the alr, state of the sea surface and inherent
optical properties of the water,

It was therefore desirable to choose a day and a
station where all these factors, except the solar elevation,
changed as little as possible., Such ideal conditions were
not easy to find, and the day of measurement was a bit cloudy
(Table 1). During the summers of 1973 and 1974, however, few
days had so many hours of sunshine as July 19, 1973.

The wind speed and the waves were highest when the
solar elevation was 21° (at 1800 hrs).Some foam also drifted
on the surface, which may have caused a decrease in the sub-

marine irradiance and perhaps also influenced the vertical



attenuation coefficlent, due to a more diffuse radiance
distribution,

Observations of clouds together with wind speed
and direction, made at Fornebu, ca. 7 km north of the station
(Fig. 1) are presented in Table 1, At 1400 hrs, local time
the cloudiness was 3/8 while from 1500 hrs., to 2200 hrs. 1t
was 2/8., The dominating clouds were of Cumulus type. It was
always taken great care to make the measurements when no clouds
were 1in front of the sun., It 1s therefore assumed that the
clouds on this day had no vital influence on the secans relation,
but the clouds may slightly have caused an increase in the

irradlance,

The water masses at the station were strongly
stratified both hydrographically and optically as seen in
Flgs, 2 and 3 and Tables 2 and 3,

The 1sohalines and isoterms, shown in Fig. 2 as
functions of time, indicate no essential change of the waters
in the surface layer during the day. But the small vertical
movements of the transition layer, where the optical propertiles
changed quickly with depth, may have influenced the irradiance
attenuation,

However, since we are not able to estimate the
Influence of the above-mentioned factors on the vertical
attenuation coefficient, all variation will be attributed to

the effect of solar elevation,
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5. OBSERVATION AND CALCULATION OF THE SPECTRAL IRRADIANCE

Irradiance was measured with the filter comblnations
Uul+Bl2, B12+G5, V9, Rl and R5, together with measurements of
salinity, temperature, scatterance and fluorescence, The
photocurrent from the selenium cell, p, from this date are
plotted as a functlon of the deck photocurrent Pgo at each
depth in Fig, 4~8, p and Py are also given in Table 5,

p was corrected for "dark current", which was of order 0,001 uA,

The photocurrent just below the surface was determined
by measuring p with wet fillters in air, and multiplying p by a
coefflcient including the effect of wet filters, the immersion
coefficient (AAS 1969) and the surface transmlttance, The values
in Table 4 refer to the instrument of the Institute of Marin
Research, Bergen,

At 18° solar elevation p was unfortunately not measured
in air with the filter combination V9 and Rl, Approximated
values were found by extrapolation; the dotted lines in Figs. 6
and T.

The instrument had to be lowered five times for each
series of measurements, which then might last 40 minutes., During
this time both p and Pg could change, especially for low solar
elevations, In order to calculate the irradiance at a fixed
solar elevation, it was therefore necessary to correct the photo-
currents to the same solar elevation or to the same deck photo-

meter reading, Thls was done by drawing stralght lines between
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the points in Figs, 4-8, and then reading off the values on
this line corresponding to the chosen value of Pge

From Figs, U4-~8 it is seen that there are few
observations at the lowest values of Pgs that is at the lowest
solar elevations which change fast. In order to get a better
view of the relationship between p and Pj in this region, new
sets were measured (wlth a different irradiance meter) on June 16
and September 12, 1974 (Figs. 9-11), The results show that
the linear interpolation is a reasonable method also at low
solar élevations. The interpolated photocurrents were then
used to calculate the spectral irradiance distribution EA(A)
in the different depth (AAS, 1971). The results, presented in
Figs., 12-16,show that some of the spectral irradiance distribu-
tions are more irregular than others. This may be due to
irregular changes in the light conditions in air, or changes
in the optical properties of the water, but most probably to
the uncertainty of tne photocurrent readings, The distributions

are also glven in Table 6,

6. THE INTEGRATED IRRADIANCE

E 1s the irradiance integrated in the visible part
of the spectrum:

750 nm
E = S EA(A)dA 6.1

350 nm
E was calculated at each depth as a function of solar eleva-
tion or time, as shown in Figs. 18 and 19 and Table 7. It 1is
notable that E decreases rapildly as the solar elevation

decreases from 7O irle —20.
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Fig., 17 shows the solar elevation as a function of

local time in Oslo at summer and winter solstice and at the
vernal and autumnal equinox (BRAHDE 1970)., On the basis

.of this figure and Fig. 18, E 1is then calculated for these
days in the depths 0 m, 4 m, 10 m and 20 m, assuming the
optical conditilions to be only a function of solar elevation,
The results are presented in rigs., 20-22 and Table 8,

The total diurnal energy per unit area, S E dt,
for the mentioned five days has been calculated too, and the

results are given in Table 9,

7. OPTICAL CLASSIFICATION

Table 6 shows that the maximum irradlance transmittance
is 1.5% at 550 nm between 0 and 10 m depth. From 10 to 20 m
the maximum transmittance is 11% at 535 nm, According to JERLOV's
classification of coastal waters (e.g. 1976 tab. XXVI), these
values suggest that the waters are of coastal type 6-7 and 3-4
in the upper and lower layer respectively. JERLOV's classifi-
cations refers to a solar elevatlon of M5O and the upper 10 meters,
We have assumed that the classification values may also be used
at L48° elevation and below 10 m depth.

If the irradiance transmittance of blue light (465 nm)
is considered, we obtain similarly coastal waters of type 6-7
above 10 m, and type U4-5 below.

It is assumed that the visible irradiance integrated
between 350 and 750 nm, at O meter depth represents approximately
50% of the total spectrum from 300 to 3000 nm, Also it is

assumed that only wavelengths between 350 and 750 nm contribute



to E at 10 and 20 m depth, From Table 7 1t can be seen

that at 48° solar elevation, only 0.20% of the total irradiance
has reached down to 10 m, while 6.5% of the 10 m irradiance

has reached down to 20 m, According to JERLOV (1976 tab,XXVIII),
with the same assumptions as before, the water on the statilon
should then be coastal water of type 7 between 0 and 10 m,

and type U4 below. The results of the three different methods

of classifying waters agree falrly well with each other, and

we conclude that we have coastal water of type 7 above 10 m,

and coastal water type 4 below,

8. CALCULATION OF THE VERTICAL ATTENUATION COEFFICIENT

If K were constant in a layer, the points ob-
tained by plotting the irradiance in a logarithmic scale as a
function of depth in a linear scale, should lie on a straight line,

In Figs. 23-26 straight lines with the best fit are
drawn between the points (z, E,(1)). Values of E,(380 nm),
E1(470 nm) , EA(520 nm) and EA(62O nm) are only used at depths
where the photocurrents of Ul+Bl2, Bl2+G5, V9 and R1-R5
respectively have been observed. The coefficient K seems to
attaln one value in the layer from 0 to 10 m, other values below.
The hydrographical and optical stratification confirms this
division intc two layers as already seen in Fig, 3.

The relative standard deviation of K 1n a

layer was calculated from the expression:

E% _ |1log E,(z) - log EAF(Z>'max -
(Log B max~ to€ Ekmin)° {g

(RASMUSSEN, 1964, p.92). The numerator in 8.1 expresses the

maximum distance from the calculated irradiance EA to the
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point on the straight line, EAF’ in the same depth,

Ex —_— and EA min 2re the greatest and smallest calculated
irradiance values in the layer, N 1s the number of observa-
tions in the layer.

K 1s calculated from the straight line by eq. l.l.
The value of KX, together with 1ts standard deviation and
1ts mean value through the day, X, is plotted as a function
of the solar elevation in Fig, 27. K and SK are also
presented in Table 10,

KO is calculated from equation 1,5, and the standard

deviation of KO is calculated from the assumption

S
Ko _ SK 8,2
XK -~ X .
e}
KO with standard deviation and the mean value of Ko

through the day, KO, are plotted in Fig. 28,

9., EARLIER INVESTIGATIONS

According to KOZLYANINOV and PELEVIN the secans
relation should be valid down to an optical depth =
given by

T = ¢z < 2.5 9.

l_.l

¢ 1is the (beam) attenuation coefficient.

From equation 1,3 we get

x + +p =
KO a bb < atb c 9.2

b 1is the total scattering coefficient,
Ege 9.1 combined with G.2 glves

2.5 245 _
== <= Re3

o)

N
HA
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The inequality 9.3 shows that a necessary, but not
sufficient condition, is that the depth must be less than
2.5/KO for the secans relation to be valid. With Table 11
the depths 2.5/1’O become 1, 4, 7 and 5 m at the wavelengbhs
380, 470, 520 and 620 nm respectively. This means that K
should not follow the secans relation entirely at any wave-
length in the layer 0-10 m, The deviation, however, should
be smallest at 520 nm. In the layer below 10 m depth the relation
definitely should not be applicable,
JERLOV and NYGARD (1969) found the secans relation

valld down to an optical depth
Tt = czg U 9.4

for blue light in the Sargasso Sea as well as for green
light in the Baltic Sea, When appllied to our K5 datsa
the lower limit of validlty should then be less than 7
and 11 m at the wavelength 470 and 520 nm respectively.
An attempt to estimate ¢ from the Ko values, and thus
to make better use of the inequalities 9.1 and 9.4, is
made 1n the next chapter.

It should be noted that regardless of depth
HAJERSLEV found little dependence of K upon the solar ele-
vation for green light in the Baltlc Sea when the sun was
lower than 40° (1974a), and for blue light in the Mediterranean
when the sun was lower than 50° (1974b),

It may be added that AAS (1976) has proposed a formula
for the vertical attenuation coefficient of blue light in the
ocean, When applied to the turbld waters of Oslofjorden, this

formula will give a constant K 1n the upper 10 meter layer.
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10, ESTIMATES OF ¢ FROM Ko

The attenuation coefficient ¢ may be divided

into
c = ¢ +c¢ + ¢ 10,1
W y p
where cw = attenuation coefficient due to
pure water

c.. = attenuation coefficient due to yellow

y substance

¢ = attenuation coefficlent due to

b particles,

The attenuation coefficient may again be divided
into the absorption and scattering coefficients

= a_ +a_+a_ +D = a__ + + a (1+ 10,2
¢ y % T Pp w eyt (dty)

Since b << a _and b_ << a_, they are omitted
w w y v
here, y 1s defined as

According to JERLOV (1976, table IX) the backward
scattering coefficient in surface ocean waters is about 2%
of the total scattering coefficient. Since bw << bp and

consequently b = bp, eq. 1.3 may be written

KO ® ath, = aw+ay+ap+0002 B = aw+ay+ap(l+0.02y) 10,4

When ay 1s assumed zero in the red part of the

spectrum, and the definition

8o
) = ..__L_._ 10.5

%p 655
is introduced, eqs., 10.2-5 may be solved to give ap,

b a_and c¢ as functions of K :

p’ Ty o



(K -a_)
a = 8 ° 655 10,6
“pA A T#0,02 vgg5 "
(X _=-a_)
b § ° 655 16.7
pA Y2%x T¥0.02 Y655 :
¥ o
a., = (K -a) = 6 (140,02 y.) o aW)655 10,8
yA o %’ A Ve Yy 170,02 v *
655
K
c = K + 0,98 § | ( > aW)GES 10,9
A oA . A YA T#0.02 Y655 .
From the results of JERLOV (1974, 1976 table XV)
and H¢JERSLEV (1974a) the following mean relations have
been adapted

bp 655 = 2.2 2, 655 10,10
bp 380 © 1.1 bp 655 10,11
bp 505 % 1.2 bp 655 10,12
(ap i bp)380 = 1,8 (ap+ bp)655 10,13
(ap+ bp)525 = 1,3 (ap+ bp)655 10,14

These equations can be solved for Y and & at the
different wavelengths. The results are listed in Table 12,
The values for blue light (470'nm) are interpolated,
K_  has been calculated from observations (Table 11),

(@)

and ¢ or a,  are known from tables (e.g. JERLOV 1976,

table XIITI), The values of y and § at 655 nm have

been assumed valid also at 620 nm. All the terms in
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eq, 10,2 are then known, and the resulting values of ¢ are
presented in Table 12.

An interesting result of these very rough estimates,
is that the mean value of b 1in the layer 0-10 m should be
0,36 m'1 for red light, which agrees well with the observed

value at 5 m depth (Table 3), - 0.29 m™T.

11, DISCUSSION

With the values of ¢ found in the last chapter,
the secans relatlion should not be valid below 1, 2, 3 and
3 m at 380, 470, 520 and 620 nm respectively according to
KOZLYANINOV and PELEVIN, while the result 6f JERLOV and
NYGARD says that it should not be valid below 4 and 5 m at
470 and 520 nm respectively, provided the results of these
authors can be applied to the turbld waters of Oslofjorden.
This agrees well with the results shown in Fig, 28, If a
necessary condition for the secans relation to be valid is

that all K ¢ S shall touch the line K_, then the re-

K
o

lation definitely is not valld in the layer 0-10 m for any
wavelength, (At 380 nm the standard deviation is too large
and the data too scarce to test the validity, but since the
relation is not valid at 470 nm, it is most probably not
valid at 380 nm either).

However, from Fig., 27 it 1s seen that the assumption
N
b}

K = constant = X = = K 11,1

N

would give better results than the secans relation

N

K= X _ sec ] = (% %

5 ——l&-—) sec J iy B

sec J
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in Fig, 28, Table 13 shows the ratios K/K and K/(Kosec i),
and 1t is seen that the former ratio has the smallest devia-
tion from 1,

We then conclude that in waters with as high vertical
attenuation coefficients as those in Oslofjorden, a good
assumption 1s that the coefficient 1s independent of the solar
elevation,

From the discussion in Chapter 4, however, 1t may
be argued that a weak point of this and all other similar in-
vestigations so far, 1s that the conclusion 1s based on only
one day's measurements,which makes 1t difficult to separate
the effect of solar elevation from that of other varying

factors,
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TABLE 1,

CONDITIONS AT FORNEBU AND THE STATION

The Station Fornebu
Date hr. | Secchi Max. Clouds
depth wave- Vel. Dir. Cloudi- Main Relative |Air.
height ness cloud humidity |temperature
type
m m knots degr, % 0C
19/7 13 0.5 3 21 3 Cumulus yy 21.5
1973 19 6.0 0.5 9 19 2 " 56 21T
22 0.+5 3 19 2 " 65 18.5
17/6 13 0.5 9 09 2 W 27 275
1974 19 8.5 0.5 8 16 1 " 30 2346
23 0.5 4 14 1 Str.Cumd 37 21,6
12/9 13 0.5 5 22 1 Cumulus b7 18.0
1974 19 540 0.5 1 22 1 Str.Cumd 54 15.0
23 0.5 . 0 00 1 " 80 9.8
TABLE 2A. SALINITY AND TEMPERATURE
JULY 19, 1973
Time 1300 1500 1700 1900 2300
Depth S S S T S P S T
g %/00 ©/00 °/00 °/c %/00 °c %/00 °¢
0 21.6 22,2 21.5 21.3 22.2 21.2 2).5 21 1 2047
1 21.5 21.4 21.5 21.3 21.5 21,2 21.4 214 20.8
2 21.5 21.2 21.4 21.2 21.3 22 21.4 21.1 20.9
4 21.5 20.9 21:4 21.3 20.9 21.2 21.4 21,1 20.9
6 21.5 20.8 21.4 21. 4 20.9 21.2 20.8 217 20.8
T 215 207 21.5 21.4 20.8 2143 20.8 21:1 20.8
8 21.5 20.8 217 21.6 20.5 211 20.6 21.1 20.8
10 22,8 19,1 25.5 25.2 13.:6 23.4 17.4 23.8 15.5
11 25.4 14,0 26.1 26.0 12.6 2542 13.5 24,5 14.6
12 26.5 12.5 26.8 26.8 11.8 25.9 127 257 13,1
14 27.T 11.6 27.8 28.2 11.0 27.5 11..3 27 +0 11.6
16 28.4 10.6 28.7 28.7 10.4 28.5 10.4 28.0 10.4
20 29.8 6 30.0 29.9 9,2 29.9 9.2 29.8 9.0
25 30.7 .1 31:5 312 7.6 30.9 Tal 30.9 7.6
30 31.9 Y 31.8 31.6 T3 31.5 T2 31.5 Ts2
35 32.0 2 32.1 3149 T 31.8 Tal 31:5 Tl
b0 32.0 Ts1 Ay 7.0 BdaT 7.0
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TABLE 2B, SALINITY AND TEMPERATURE
June 16, 1974 September 12, 1974
Time 1700 18 4o 21 35 14 55 17 10 18 55
Depth S T S T S T S S T ] T
» %00 °c 0/00 Pp %00 °C ®/00 ®/00 °c °/00 ©c
0 24.8 17.1/25.1 16.0(25.0 16.3|24.8 16.6(25.0 15.3/25.0 15.2
| 24.8 16.6]25.1 16.2|25.0 16.4|25.0 15.5/25.0 15.2/25.0 15.2
2 24,9 14.8/25.1 16.1(25.0 16.4{24.9 15.3}25.0 15.1|25.0 15.2
by 24.9 14.3]25.1 14.6/25.0 15.8{25.0 15.0/25.0 15.0{25.0 15.0
6 25.3 13.5}25.2 13.8|{25.1 14.4]25.0 14.9{25.1 14.8{25.0 15.0
7 25.5 13.2|25.1 14.2[25.1 15.0{25.1 14.8{25.0 14.8
8 25.7 13.0|25.7 12.9/25.1 13.7/25.2 15.0{25.1 14.8{25.1 14.8
10 26.6 12.3]|26.8 12.2|25.8 12.9/25.2 14.9|25.2 1b4.9{/25.2 14.8
13 27.9 11.4{27.4 11.8|26.8 12.2|25.2 15.0/25.2 14.8/25.3 14.9
12 28.5 11.0{27.9 11.4f27.5 11.8{25.3 15.0|25.4 14.9|25.4 1b4.9
14 30.0 9.8/29.5 10.2|29.1 10.5(25.8 15.1{25.6 15.0(25.8 15.0
16 30.9 9.0(30.6 9.3]31.2 9.7/ 26.5 15.0{26.3 15.0/26.8 14.8
20 32.2 8.0/32.2 8.2|32.0 8.2[28.9 12.6(29.2 12.2[28.9 12.7
25 33.1 T«3133.1 T.4[{32.6 T.4]131.6 8.5/31.1 9.0{31.1 9.2
30 33.3 7.0133.3 T7.0]33.2 7.0]32.5 7.4132.5 T+5
4o 33.9 6.6 33.1 5.4133.4 5.4]133.5 6.4
TABLE 3. SCATTERANCE AND FLUORESCENCE
o .
DEPTH g(ls5 )red brfd F
m rel.values m rel.values
"5 5.8 0.29 1.1
11 3.4 0.17 1.1
18 1.5 0.077 0.57
4o 2.3 0.12 0.64
TABLE 4, RATIO BETWEEN CALCULATED PHOTOCURRENT BENEATH THE
SURFACE, Py AND MEASURED PHOTOCURRENT WITH WET INSTRUMENT
IN AIR, Dy
Fllter Immersion coefficlent o)
sensitivity in water =
sensitivity in alr (dry instr.) Pa
U1l+B12 0,76 0,91
B1l2 + G 5 0.72 0.85
Vo 0,71 0,83
R 1 0.66 0.75
R 5 0,60 0,68




TABLE 5. PHOTOCURRENTS

JULY 19, 1973.

Time ca. 14z h = 48° Time ca. 18; h = 21°
P Pa P P P Pg |P Paf Pq P Py P Pq | P Py |P Py |P Py
L Rl B PR - Y I vieBlz  [Bl2scu v9 a1 RS
pA uA uA uA | pA uA uA uA uA vA
o | 26.5 46 0 45 L o 0Tz . 15 25 8155 20 [170 7319 T
1 0.55 45} 23 {20 48 1150 -°51] 10 54 1]0.125 15 5.4 18] 58 20 | s0 23 | 3.4 24
2 0.094 45} 11 45|145, 48 ) 89  5015.2 53 2 | 0.0034 14 1.85 18] 33 21 | 21 24 |1 24
4 0.0035 44| 2.25 45 48 4B |26.7 50]1.05 53 y 0.37 17| 10.7 20 |6.4 23 |0.135 24
6 0.46 L6} 17 47 7.2 k9 0.21 53 6 0.079 17| 4.3 20 |1.3 23 |o.034 24
8 0.103  46f 7 47 |2.25 K9} 0.105 53 8 0.0145 17|1.6 20 |o.41 22 |o0.0055 24
10 0.03  k46[2.9 47 0.65 49]0.03 53 10 0.0042 16| 0.65 19 [0.11 22 |o0.0015 24
12 1.65 47 [0.27 A9 12 0.38 19 |0.039 22
1k 0.91 47 |0.085 49 14 0.196 20 [0.0163 21
16 0.55 47 10.031 4o 16 0.13 20 |0.0061 21
20 0.239 47 | 0.0048 k9 20 0.056 19 |0.0026 21
30 0.03 47 30 0.0075 20
35 0.01 47 35 0.0039 19
Time ca. 16; h = 36° Time ca. 20; h = 7°
0 17.5 35) 51 33300 34 | 2u8 31| 27 30 0 |1.8 5.3 6.5 4,81 39 4.3 |17 3.2 | 1.65 2.5
1 |o.51 35 17.5 330120 38| 87 31]3.8 3 1 {0.038 5.2 |[1.9 4.5 13 5.0 | 8.2 3.1]0.28 2.4
2 0.073 35} 9.5 341 86 34 45 31| 1.8 32 2 |0.0028 5.0 1.2 4.518.7 3.8 {3.6 3.0 |0.112 2.5
v | o0.0015 35| 1.7 34| 32.6 38| 11 31| 0.27 3 4 0.28  4.4]3.1 3.8|0.98 3.0 |0.02 2.6
6 0.35 34| 12.2 33/3.1 31| 0.049 30 6 0.045 4.6]|1.1 - 3.8|0.25 2.9 |0.003% 2.5
8 0.066 33| 4.4 30 0.9 30| 0.013 29 8 0.01  4.5]|0.36 3.7 [0.064 2.9 |0.0005 2.4
10 0.0235 33| 1.9 31 ]0.28 32| 0.0062 29 10 0.0035 4.4]0.138 3.7 |0.017 2.9
12 1.05 29 |0.102 32 12 0.06 3.6 |0.0046 2.9
14 0.6 29 |0.036 33 14 0.033 3.6 | 0.0018 2.8
16 0.36 30 |0.015 35 16 0.0178 3.5
20 0.165 29 | 0.006 36 20 0.007h 3.6
30 0.022 29 30 0.0015 3.5
35 0.0085 30
Time ca. 22; h =—2°
o l0.0015 0.003 |0.028 0.009 0.15 0.015/0.17 0.027|0.066 0.046
1 : 0.012 0.008 0.056 0.013}0.054 0.025|0.0085 ©0.043
2 0.0024 0.007 0.036 0.013]/0.03 0.0230.0031 0.038
y 0.0006 0.005 0.0125 0.013|0.005 0.022
6 0.005 0.011[0.0005 0.021

-~ 2¢



TABLE 6A

E, () in mW m™2 o', Time 1400, h = 48°%.
nm Om im 2m ) 4m 6m Bm 10m 12m 16m 20 50m
153 | wal, c. 70 322
260 | 492, .87 2957
370 | S44. 1€.9 Z.61 L0420
380 | 651, 9.2 5,47 2210
330 | 683. 4G .9 9,53 L7107
339G | T1%. 79.6 15.2 1 +:5i
4140 Ta2. 114, 25.8 3.28 +133
420 | 774, 15« 39.9 €.lb .30l 20291
430 69, 29S8 58,9 YA .T703 0722 20131
440 | BOH. 2493, 8t.5S 13,5 137 161 0341
450 | 827. 309. 120, 19.1 2.87 .338 .0787
460 | 822, 361, 184, 27 42 4,82 .768 .187 . 0600
470 | R36. 4né, 156, 40.5 7.9 1.58 .dle « 153 0200
460 | B4O. 450, 233 5€.5 11.9 3,04 .965 =359 sUaT3 »0175 00244
439 | es3. 76, 283. 79.5 19.9 6,13 1.92 .798 .129 0494 200791
500 | 871. 515, 346, 167, 29.5 10.1 3,45 1.70 .336 ol .0259
510 | @A, 556, 403, 1324 42,1 165 6.07 3.07 .867 0316 «0719
520 | B94. 566, 437, 149, 54,5 22.0 B.44 4,83 1.77° « 764 136
530 | =9, s97, 451, 154. 59.7 25.8 13 ©.59 2.56 1.23 <169
540 | BTze 588, 4660. 157. 62.7 28.0 12,6 - 7.69 2.99 1,43 «156
5530 | 855. 572, 45¢, 154, 63.5 28,9 12.6 7.76 2.82 1.28 BT
560 | Buk. 533, 432, 146, 56.7 26.8 11.4 6.74 2,09 o764 20626
570 | 823, 512, 390, 137 55,2 22.8 9,92 4,97 1.26 370 20331
560 | 79b. 450, 3581, 126 47,9 177 7.47 3.59 793 <179 01358
593 | 773, 4S2, 326, 112. 39.2 14.2 5.36 .49 0447 . 0858 0079}
650 | 74t 429, 276, 10¢. 31.3 10.7 3.64 1.81 2236 00414 2 0033]
£10 | 701, 387, 243, Al.8 2457 7.48 2.49 1.13 o140 + 1236 20C131
620 | e37. %4, 212+ 65,0 18.9 5,75 1.66 .682 2 U813 20120
630 | 57, 313, 184, 84,5 14,9 4422 led} 0 k32 20450 « 00651
646 | 514, 265, 156, 432 11.4 2.87 686 .276 .0221 .00355
650 | 455. 241, 138, 35.0 8.79 1.91 %31 -155 20118 200177
660 | «p7. 196, 118, 2t.1 6.25 143 276 0950 00672 000587
670 | 74, 168. 9.6 2z.2 4,43 <901 186
680 | 337, 144, 63.9 17.2 3.26
699 | 30l. 12%. 67.8 13.8 2.21
700 | 2660 106, 56,1 10.5 1.49
719 | 239. 91.7 46,1 8.34
720 | 210. 78,3 375 5.95
730 | 182, 30.2

_Ea_



TABLE 6B

- - . - O

E,(A) in mW m™% nn™'. Time 1600, h = 36°.
nm Om im 2m 4m ] 8m 10m 12 6o 20m ch
259 | 533, 4,89 217
360 | 563. LY ] 0651
370 § S83. 14.5 1.75 0124
35890 | 606, 2540 3.73 « 0634
3350 | 627, L2.8 5051 2214
400 | 660, 6806 104 s 451
410 | €37, 95.2 18.5 1.10 20971
420 | €33, 126, 301 2,43 219 00177
%30 | €18, 161, 46,6 be 67 «541 -0639 00937
Lol | 802 20bo Ti.b 7.98 1.00 0982 «0243
450 | 582, 267, 103. 13.1 2.09 «205 +0562
L60 | 573 2Tk, 132. 19.5 3.51 o 67 « 130 =« 0453
470 | 577, 300, 171, 29.1 5,78 2963 0294 «1186 2 01&6
B0 | S78. 31k, i94, 40,6 B.68 1.85 0675 0271 2 0346 «0138 «80195
«3p | S79. 319, 2120 $6.5 ike5S 3,88 1.36 602 0944 «0380 « 00633
500 | 580, 324 2316 75.7 21.6 671 2045 1.28 2246 -0882 « G207
510 | 580. 3306 2LS, 92,1 30.9 11.3 4,31 2032 + 636 o 2L2 « 0575
520 | S81. 232, 248, 103, 40,1 1601 5.98 3.65 1.38 2588 «109
933 | 581, 235, 250, 106, [N 18,4 7.87 6,97 1.87 <951 «135
543 | 578, 334, 252, 108. L6e2 20.0 B.96 5.80 2.19 1,40 «123
550 | 568. 3260 250, 105 46,7 207 8496 5,86 . 2006 2985 . 0892
5aC | 562, 313, 236, 100. Lh,0 19,1 8045 5.08 1.53 <583 «0500°
570 | 555 305, 220, 8B.3 37.8 i5.1 Bolols 3.33 <842 + 294 026y
580 | Skt 305, 205, 75.7 30.3 11.0 Lokh 2.13 ob?78 <147 20126
590 | 532. 295, 19¢&, 63.1 2207 B.38 2.99 1.30 o222 «0726 «+ 0063
60C | S1k. 286 173, 52.9 1645 5.98 1.91 2832 «11.3 20363 - 00264
610 | 488 2EL, 152, 43.3 13.1 b.16 1.30 2519 - 0674 0207 »00120
620 | 443, 26b, 133, bl 10.0 3.20 « 8B4 + 313 «0390 «0105
©30 | 08 223, 115, 28.0 7.9% 2.35 2586 198 0246 - 0057¢C
560 | 363, 19%. 99.6 220 6.0 1.60 360 0126 -0106 00311
€50 | 319 1€9, A7.1 18,5 4bo66 1. 06 <226 <0713 - 00568 - 00155
660 | 28bL. 169, Tbod 16,9 3.31 -804 oldlbl « 0636 200323 «000RGS
6790 | 257. 132, 62ob 11,8 2.36 0502 0977
680 | 237. 115. 52.6 3,15 1.72
690 | 213, 93.6 42.5 736 1.17
/00 | 183, 8hobl 35.2 5.57 oT79%&
716 | 163. 73.2 2R,.9 bobl
720 | 409, 63,0 23.5 3,45
730 | 128, $3.9 19.0




TABLE 6C

-1

0

EA(A) in mW m e nm ~, Time 1800,:.h 21" .
nm Om 1m 2m ) du 6m 8m 10m 12m 16m 20m 20m
350 | 229, 2.07 .0330
360 | 232. 3.59 o114
370 || 233, 6e1? . 304
380 | 250. 10.6 . 655
30 | 259, 17.8 1.1¢4 .
6ol | 26u. 26.5 1.9% .136 .
L1l | 276, 35.9 3.62 .337 <0364
y20 | 288. 4.2 B39 JThb . 0R22 <00537
20 | 295, S8.9 10.5 1,43 205 20133 <00281
yug | 301, 71.8 17.0 2447 °374 «0297 =00734
L50 | 06. 85.6 2ok 4,09 +785 - 0622 -0168
460 | 2os. 97.8 31.9 5.09 1.30 o151 00402 00163
470 | 2. 1144 42.8 9.07 2.16 2291 <0883 0 0L17 00468
o | 3ces 122, 9.8 12.86 3.26 2560 .202 .0975 .0110 . 0CL71 .000612
493 | 305, 135, 6lol 176 5036 1.19 o&31 0216 20301 .0129 200157
soo | 3os. 145 7504 23.9 7.76 2.09 .812 2053 .0786 .0300 200647
<10 | 306, 157, 89.0 29.3 10.8 3,59 1,49 +835 .202 082 20173
520 | 306. 170, 100. 33.0 13.8 5.18 2.16 131 o415 <200 20301
530 | 308 171. 109. W2 15.1 5,91 2.85 1.79 599 °323 0422
540 | 305, 171, 101, 34,9 15.8 6.42 324 2.08 «699 <376 o G386
ss0 | 300, 167, 100. 3u.2 16,0 6.63 3.24 2010 2659 .335 20278
550 | 291. 158, 6.7 32.3 15.1 6o13 2.95 1,83 o488 2200 201556
570 | 275. 151, B4,.1 31.0 12,5 .90 2.26 1,16 . 281 100 .C0527
580 | 269, 1646, 76.6 28,7 9.89 3.61 1.53 0718 2168 . 65100 200335
530 | 2ub. 1e, €9.2 25.7 7434 2077 2994 2420 . 0907 00247 263197
£00 § 230, 134, “61l.b 23.0 5,61 1.99 . 616 025k 00656 .0123 .020827
610 | 211, 120. 52,5 18.8 belb 1.38 e b21 2158 <0270 .00706 L06037Y
6520 | 192, 103, 462 14,9 3.12 1.06 +285 20956 01567 « 00359 B
€30 | 171, 96.0 39.5 12,5 20Uk o783 2189 « 0605 .00869 00136
660 | 156. 86.5 34.0 9,94 L.76 534 2116 0387 00427 «00136
es0 | 139, 753 28,3 8.06 1.31 + 356 «0729 00217 .00228 .600530
260 | 123. 67.5 24.8 6o ltf 2977 267 < 0%6k 20133 200129 203029
570 | 111, 59,3 19.9 5.12 o717 2167 <0315
€80 99.9 52.0 16.8 3.97 +530
630 89.3 84,7 13.8 3.20 364
709 79,3 38.8 12.0 2,42 026k
710 71.9 32.9 9.89 1.92
720 62.3 28,2 8.05 1.37
730 56,0 24,1 Y

Ge



TABLE - 6D

E)‘(A) in mW m~% nm~

Time 2000, h

nm Oa 12 2m 4m ém 8m 10m 12m 16m 20m 30m
58 43,6 <282 -008L9

360 LB.4. 0490 2 0265

3790 7.8, +863. +0652

380 «9.8 labb «+139

330 51.3 2.43 «256

G0 52.4% 3.61 <493 <0705

410 G52.6 S.77 +996 «173 00119

L20 52,8 8,73 2.00 «382 «0270 -00271

430 S51.7 12.3 3.59 o738 « 0676 .00672 + 00166

460 S0.6 16.8 6,01 1.26 0122 <0150 « 00437

LS g L9,.1 22.3 SekB 2.09 «250 « 03106 .0100

460 4B.7 25.5 1bob 3.13 %30 2071% +0239 » 00250

w7 69,9 2809 19.7 b.6H <710 o147 + 0521 200542 « 00074

w30 S53.1 3t.8 23.% 6e2% 1.086 <283 o106 00169 «00167 2000620 «002138
433 S8.6 33.8 25.2 759 1.66 «508 «16& «0333 +00656 «30170 «CO0LLS
Ea0 h5.3 36,5 25.8 3.71 2422 o738 «2L8 20742 00120 «33355 + 00145
€18 71.4% 35.6 25.1 e Ul 2.90 1,02 339 «128 0307 0108 eD0GLT
€20 75e7 36.6 262 3.60 Jolad 1.16 « 426 0201 +0633 «+0263 « 02774
530 77.3 36.9 2607 10.0 3o 74 1.32 2518 2275 . 0912 20626 .00958
5k Q 78,0 26,8 26.5 10.1 3.93 1okl +530 .321 102 .C496 .0N876
5580 78.0 35.9 25.8 10.0 3.97 1.48 «5720 « 3204 «100 ¥ «006832
56¢ 76.3 3bed 2hely 9,22 3.74 1.37 «536 2281 .0838 «0263 20035
€70 65,8 33.5 22.3 8.23 3.21 1.41 438 <186 . 0643 «013: o U0 187
Sa0 6.3 33.2 19.9 7«20 2.62 28206 310 «118 « 0455 «00659 «000897
530 . PR 32.6 17.6 6.09 2001 «638 <246 <0723 .0306 . 00325 «GO00wLB
30 Lib 31.7 156.0 5.19 1.59 LB3 «1bk2 o U462 «021C «00162 «C00187
610 37,9 2846 13.9 bo2h 1.17 «323 « 0973 «0238 20126 .000931 20300856
£20 Ju,. S 25.9 11.9 3.37 <884 2248 « 0655 20173 «00725 « 000673

230 30.7 22.7 10.0 2.82 «692 «182 «JL33 «0110 .00399

L0 27.7 20.5 350 2o 24 «501 0124 «0264% 200704 «00199

650 26.5 18,1 7.19 i.81 « 371 -0828 20169 «00396 20010S

(XX] 22.4 16.0 6.08 1. 46 «277 0621 .0105 200242

670 20.0 16,0 5.09 1.15 2203 +0389 «00730

580 17.9 12.3 ho2b <893 150

€s4a 16,8 10.6 3.59 «T725 «103

790 16,2 9,21 2.99 0546 20692

710 12.9 7.81 2.49 o341

728 11.2 6e71 2006 030k

730 13.0 5,73 1.67

az
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TABLE 6E
5 =2 -1 ‘ (e}

E,(2) in mW m © nm . Time 2200, h = -2".
nm Om m 2m 4m bm
350 2165
360 219 ,00732
370 .281 ,0159 :
380 «391 .0319 .001346
390 425 0648 .00268
400 «510 .122 .00492
610 570 2219 .00823 200105
4520 611 311 .0138 00225
430 .651 380 ,0232 .00631
4.0 .558 409 0384 .00735 000589
450 .647 L6l8 0590 .0133 «00167
L60 .629 .409 ,0850 ,0211 200314
4L70 + 993 .389 .118 0321 . 00628
&80 . 548 .367 .153 0670 20103
490 2510 .305 .172 0561 20186
Sp0 .81 2265 .178 L0611 20260
510 o441 o234 180 0632 00314
€29 2400 204 o174 .0623 <0334
530 2371 .186 161 .0605 «0331
sS40 +343 .170 +148 .0558. 20299
550 316 .158 o136 ,0493 20250
560 .285 146 .123 0428 0186
570 263 o143 o114 . 0385 «0137
581 249 o101 « 105 20328, .00982
590 .229 .136 0962 L0277 00687
609 214 +:4:30 .0861 .0222 +00651
F10 « 1191 .119 0747 0169 200314
€20 175 109 ,0653 0126 - 00196
630 . 156 0993 .0570 200973, 00117
640 161 0894 ,0477 .00708 2000785
650 .126 L0865 .0389 .0ua76 .000392
660 .112 0717 .0311 .00359
670 2101 0629 .0256 .00253
680 .0887 0540 .6202 00169
€90 0763 .0463 .0160 200116
700 .0678 L0397 ,0129 000749
7410 U595 ,0362 ,00954 ,000423
720 | L0511 .0292 .00788
730 s 0449 0248 .00622
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TABLE 7. IRRADIANCE IN THE REGION 350 - 750 nm
E in W/m°
Depth solar elevation
m 148° 36° 21® 78 W
0 252 188 88.5 17.7 0.124
1 112 5.7 33.9 7.76 0.062
2 70,4 4h, 15.2 b4l 0.026
4 81,2 13.6 b.74 1.49 0.008
6 6.93 .69 1.59 0.422 | 0.003
8 2.62 1.75 0.561 0.137
10 1.03 0.687 0.241 0.050
12 0.555 0.389 0.138 0.022
16 0.167 0.118 0.038 0.007
20 0.067 0.052 0.018 0.002
30 0.008 0.006 0.002 0.0005
TABLE 8, IRRADIANCE IN THE REGION 350 - 750 nm
E 4in W/m°
Depth
Date m Time 12 14 16 18 20 5
0 265 250 190 96 23 0.25
June 4 25 22 14 5.5 1.6
21 10 1.2 1.1 .68 .28 .060
20 .080 .075 .054  .,021 .0030
Wanighs 0 135 115 514 2.5
20 Y 8.5 6.8 3.2 .32
Sept. | 10 A6 .36 .13
23 20 034 028 .0085
Dec. 0 15 Tl
2 4 1.2 .70
TABLE 9. TOTAL DIURNAL ENERGY
p)
E in J
Depth BETEY dm /o
m June 29 July 19 March & Sept. 23 Dec. 22
0 9.5.10° | 8.8-10° 3.4-10° 1.8+10°
I 7.510° 6.7+10° 2.1+10° 1.6°10"
10 3.6+10" 3.3.10" 1.0.10"
20 2.6°103 | 2.3-103 7.7.10°
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TABLE 10, K {m'l) I} TEE LAYER 0-10 m,
% | iime] 15 TG — 1% ™) )
nm K s | ¥ Se | K Se | K S | K Sg
380 2,15 ,16 12,30 .4
470 77 L01 | .79 .01 |.83 .02 .74 .01 {.84 .07
520 a7 o,01 | L46 .01 |.50 .02} .51 .01 |.u1 02
620 .60 ,01 | ,62 ,01 [,66° 01| .65 ,03 [.65 ,04
TABLE 11, K_ (%) IN THE LAYFR 0-10 m
A .
nm | Time| 14 16 18 20 22
X 3 X S 4 S, g 5, X X
o KO <) Ko o Ko o Ko o So
380 1.86 ,14| 1,83 .11
470 .67 .01 .63 .01 .59 .01} .45 .01 .56 ,0L
520 .41 ,01f .37 .01| .36 ,01|.34% .01 |.27 .02
620 .52 ,01f .h9 ,01) .47 .01 (.43 .02 |[.,42 ,03
TABLE 12, ESTIMATES OF c¢ FROM K_
X Ko a, Y § ap bp ay c
nm m"l m-l ml | w3t m'1 m-1
380 1,85| o.04f 0,7]3.310.56]0,39|1.25] 2,24
470 | 0,59 o,02| 1,3 2.2|0.37]| 0,48 0,19 1,06
520 | 0,35| o,04}) 1,7}1.,5|0,25|0,43]0,05](0,77
620 | o,47]| 0,29| 2,2} 1 |0,17] 0,37 © 0,83
TABLE 13. THFE RATIOS B, X amp R,z k AND THFIR DEVIATION ®ROM 1 1IN %,
g ' K .sec
0
A 380 nm 470 nm 520 nm 620 'nm
TIE By 5 R, ARy %R, 5| Ry 3R, %] Ry 5 R, 2
1 ,96 y 1,00 1 ,97 3 1,14 14f1,00 0 1,17 17 .94 6 1,11 11
16 | 1,03 3 ,99 11,00 o 1,07 7| .98 2 1,06 G| .97 3 1,04
18 1,05 5 1,00 0f1,06 6 1,03 31,03 3 1,00 O
20 294 6 .83 17( 1,090 9 97 3]11.02 2 «91 9
22 1,06 6 95 5 87 13 w17 23}1,02 2 .89 11
MFAN /]
DEVI-
ATTION i 1 h 9 6 10 3 i
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Fig. 3.

Vertical distribution
of temperature, T,
salinity, S, scattering
coefficient, b, and
fluorescence, F, at

23 hrs, July 19, 1973.

10

15

3o

s

Yo

,»—"————\\31\_________

e

A 30
P 4 s g " 31
b 2 T e e e e e
td
(
-1
0.0 0.1 0.2 0.3 rad M
T T i T
0.0 0.5 1.0 u F:
| ¥ T T T T | | 1 T 1 rel,
5.0 10.0 15.0 20.0 15.0 o Jluorescence
f T T T 1
11.0 15.0 30.0 4.0
= L] S alo.




- 32 -

Fig. 4. b = r
Pyi1+ Bl2 as a func- |}

U1+B12

10,
tion of py July 19,

1973,
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> Fig. 8.

pRS as a funetion of

Pge July 19, 1973.
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Pp12 as a function of Pge

September 12, 1974,




Fig. 10,
Pyg as a function of Pge

1&1 September 12, 1974,
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