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Light conditions in the Antarctic waters
of the Drake Passage and the South
Shetland Islands region during sum-

mer 1981%)

ABSTRACT: Optical studies were carried out in waters of the Drake Passage
and the South Shetland Islands region from February 14 to March 12, 1981. The total
energy of solar radiation reaching the sea surface was continuously recorded over
daytime hours. Spectral and energetic characteristics of natural light field in the sea
were determined basing on underwater measurements of downwelling irradiance attenuation.
The thickness of the euphotic zone and other characteristic optical depths were also
evaluated. The investigated waters were conventionally classified into three groups of
different - optical water types as follows: a) Clear oceanic water, b) Oceanic water
of intermediate type and water affected by coastal water, c¢) Coastal water and water
with high biological productivity. The clearest waters were found in the Drake Passage
where the average thickness of the euphotic zone was about 100 m. The turbid waters of
coastal types were encountered in some areas around the South Shetland Islands. The
relatively thin euphotic zone of about 30 m was observed in waters with high biological
productivity west of Elephant Island and southwest of Anvers Island.
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1. Introduction

The paper presents the results of hydrooptical investigations carried out
on board of the r/v “Profesor Siedlecki” during the “FIBEX” between February
14th and March 12th, 1981. The optical measurements were made simultaneously

*) FIBEX-1981 (First International Biological Experiment) — the first stage of an interna-
tional programme “BIOMASS’ the aim of which is the estimation of krill biomass in waters
around the Antarctic continent.

The Polish expedition on r/v “Profesor Siedlecki” was sponsored by Polish Academy
of Sciences, Institute of Ecology, and was managed by Dr. Stanislaw Rakusa-Suszczewski.
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Fig. 1. The locations of oceanographic stations where underwater optical measurements
were made

with other biological and oceanographic studies in waters o‘ the investigated
Antarctic region (Rakusa-Suszczewski 1982). The locations of the stations
where the underwater optical measurements were made are shown in Fig. 1.

The paper contains also description of the research methods and analysis
of basic optical quantities characterizing the natural light field in the sea.

The main aim of optical investigations was a determination of light con-
ditions in the sea during hydroacoustic observations of krill occurrence
and other biological studies. For this purpose, continuous actinometric measu-
rements of the total energy of solar radiation reaching the sea surface
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over the whole period of the experiment were made. Underwater spectral
measurements of attenuation of downwelling irradiance with the increasing
depth were made once a day at noon. The light conditions in the sea were
determined basing on experimental data and numerical calculations according
to specially prepared programmes.’)

2. Material and methods

2.1. Measurements

The following optical quantities were measured directly:

— Total energy of solar radiation reaching the sea surface (downwelling
irradiance E).?) This was practically achieved by a pyranometer of uniform
spectral sensitivity from 300 nm to 2800 nm calibrated in absolute units.
The energy E, was recorded continuously over all daytime hours from
sunrise to sunset. The signal from the pyranometer was integrated over each
10-minute period and these totals were recorded on a digital counter.
This time — integrating technique of radiation measurements was described
by Dera et al. (1972).

—— Underwater downwelling irradiance E, (4, z) in relative units at various
depths (z) in the sea, namely 0, 10, 20, 30, 50, 75, 100 meters (sometimes
additionally 125 m). The E, (4, z) values were measured at the following
eight light wavelengths (1) of the visible spectral range between 400 nm
and 700 nm: 400 nm, 425 nm, 465 nm, 525 nm, 535 nm, 580 nm, 620 nm
and 680 nm. This range practically covers the whole radiant energy spec-
trum which is active in photosynthesis of organic matter in the sea.

The measurements of irradiance E| (4, z) were made using an irradiance
meter constructed in the Institute of Oceanology, Polish Academy of Scien-
cies in Sopot. The irradiance meter is fitted with a flat Lambert collector,
a photomultiplier and a spectral attachment with eight interference filters
changed automatically. The signal from each channel of the spectrophoto-
meter was integrated over 10 or 50 seconds and recorded on a digital
counter.

During the underwater measurements the time variations of external
irradiance at the sea surface were controlled at two light wavelengths,
viz. 425 nm and 525 nm. For this purpose two irradiance meters appropriately
installed on board the vessell were used.

2.2. Analysis and calculations

Basing on experimental data, the optical values were determined using
the following procedures.

') All the numerical calculations were made on board of the r/v “Profesor Siedlecki”
using an ELLIOT-905 computer.

%) Definitions of all optical quantities mentioned in this paper are given in the mono-
graphs by Dera (1971) and Jerlov (1968)
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The values of total irradiance at the sea surface E; (see Table I, Chapter 3)
were averaged over each 30-minute period during daytime. For instance,
the E; value at 1200 ZT denotes the average one between 1145 ZT and
1215 ZT.

The daily dose of the total energy reaching the sea surface n, (see
Table I, Chapter 3) is defined by:

t2 .
n,= | Egdt- 1)
t

where t; is approximately the time of sunrise and ¢, is that of sunset.
The integration was realized automatically by measuring system of irradiance
E,.

The attenuation coefficients of downwelling irradiance K| (4, z) were deter-
mined basing on the underwater measurements of relative irradiance. The
values of underwater irradiance were at first related to the variable incident
irradiance measured above the sea surface and appropriately corrected. The

Table IL

Spectral distributions of the attenuation coefficient of downwelling irradiance
K| (4) [m™'] in the euphotic zone in the sea.*)

Station Dat Wavelength of light [nm]
ate
No . 400 425 465 525 535 580 620 680,

1 14 Feb. 81 0.064 0.056 0.047 0.075 0.083 0.162 0.481 0.652
4 15 Feb. 81 0.076 0.067 0.054 0.082 0.095 0.176 0.310 0.611
8 16 Feb. 81 0.166 0.145 0.115 0.105 0.105 0.162 0270 0.605
14 17 Feb. 81 0.298 0.243 0.230 0.158 0.172 0.215 0.328 0.689
17 18 Feb. 81 0.122 0.111 0.098 0.100 0.103 0.172 0.268 0.599
22 19 Feb. 81 0.073 0.065 0.050 0.074 0.078 0.149 0.336 0.595
27 20 Feb. 81 0.116 0.105 0.077 0.079 0.080 0.141 0.308 0.608
32 21 Feb. 81 0.168 0.167 0.156 0.130 0.128 0.179 0.356 0.616 °
36 22 Feb. 81 0056 0.049 0.040 0059 0.069 0.139 0250 0.568
40 23 Feb. 81 0.175 0.160 0.126 0.121 0.123 0.177 0.330 0.602
46 24 Feb. 81 0.240 0227 0.199 0.153 0.153 0.201 0.334 0.745
49 25 Feb. 81 0.102 0.092 0.072 0.078 0.084 0.168 0.329 0.623
55 26 Feb. 81 0.100 0.093 0.063 0.078 0.082 0.138 0.304 0.661
60 27 Feb. 81 0.062 0.055 0.044 0065 0072 0.131 0287 0.594

65 28 Feb. 81 0.231 0.220 0.190 0.152 0.148 0.195 0.338 0.608
68 4 Mar. 81 0.310 0.300 0.248 0.175 0.171 0.202 0.347 0.673
43 5 Mar. 81 0.091 0.076 0.051 0.070 0.075 0.135 0.290 0.577
81 6 Mar. 81 0.139 0.121 0.094 0.072 0.084 0.134 0.286 0.707
87 7 Mar. 81 0.184 0.168 0.118 0.127 0.130 0.211 0.389 0.653
88 8 Mar. 81 0.153 0.139 0.106 0.109 0.113 0.142 0.316 0.716
90 9 Mar. 81 0.088 0.079 0.057 0.079 0.086 0.153 0.311 0.577

97 10 Mar. 81 0.174 0.165 0.141 0.124 0.130 0.184 0.318 0.757
104 11 Mar. 81 0.183 0.179 0.151 0.134 0.145 0.202 0.350 0.684
108 12 Mar. 81 0.142 0.122 0.094 0.098 0.101 0.164 <0.292 0.583

*) The K (1) coefficients are given as mean values in the oceanic upper layer which is approximately
equal to the euphotic zone.



Total energy of solar radiation at the sea surface

Table .

Downwelling irradiance at the sea surface E, [mW-cm 2]

Date 14Feb. 15Feb. 16Feb. 17Feb. 18Feb. 19 Feb. 20Feb. 21Feb. 22Feb. 23Feb. 24Feb. 25Feb. 26Feb. 27Feb. 28Feb. 4Mar. SMar. 6Mar. 7Mar. 8Mar. 9Mar. 10Mar. 11 Mar. 12 Mar.
Zone Time 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981 1981
0430 — — 0.1541 0.2891 — — — —_ — — — — — — — — — — s - —_ cos s -
0500 04695 0.1771  0.8316 0.6075 0.0563 0.5789  0.0579 — 0.1663  0.8984  0.4066 — ‘112983 05816 10119  0.5766 — — — - — — — —
0530 20280 05363 22631  1.7097 0.5929 10045 10045 02933 07711 3.0459 35114 0.7669 39475 24421 20400 34173 — 0.2467  0.2337 - 03922 02620 00473 00407
0600 3.1964 0.8806 4.5255 28476 10880 3.0684 29123 08240 36611 4.6942 6.1569 62068 53321 41656 19613 9.7146  0.5088  1.1022 1.1014 01375 1.8362 22738 12478  0.5606
0630 54507 1.5751 80589 47039 19958 82009 3.1113  1.5674 2.8218 65191 57177 80074  6.5635 9.3792 29050 158825 14009 32042 31939 04366 39959 69371 32913 34262
0700 6.3704 53790 274839  6.0607 2.5736 139890 57071 28161  7.0617 11.6949  9.1899 10.8712 79980 242738  7.8700 23.7451 23383 62615 6.8945 14458 11.8914 64126 6.5959 7.0054
0730 77435 49317 11.6838  6.9848  3.8459 226210 82405 39045 104001 252521 14.8855 23.0415 13.1845 26.6093 12.5989 33.8018 42698 83379  9.3559 4.5597 20.1714  8.1237 88972 12.1220
0800 109282 36993 31.8578  7.2811 50226 303151 51.5768  6.0989 134910 347028 16.5494 26.7382 17.8859 294967 119686 17.0468 50040  6.5019 222929  6.6385 153607 53515 124140 14.0849
0830 181895 34573 31.5766  8.6961 50354 52.1480 27.9416 10.7783 185991 409117 17.1951 46.5248 259473 424972 22.0266 158958 6.3612 14.8083 386038  6.2022 186101 102123 16.1744 21.8270
0900 20.7331 5.8817 77.7108 10.7652 72672 71.3161 65.6777 120876 164493 37.2320 123215 51.7385 43.6128 51.9025 29.2303 272060 182428 142358 31.3356° 7.3868 13.6274 219038 162990 36.7406
0930 322823  7.0475 350754 11.5829  6.1331 763697 30.2063 17.5638 19.0179 504878 129584 44.4632 46.1030 549698 287564 230139 19.3647 119318 386081 65204 186402 384959 159008 45.1553
1000 37.7241  6.5019 59.8769 246017  9.7607 759635 259953 257088 253517 59.3394 20.0268 59.4852 56.1077 56.6429 39.9909 244059 25.8231 11.5768 451555 7.3758 204760 37.5670 28.6699 50.2158
1030 344910 99175 287300 203265 157442 527774 11.7859 47.2768 26.1579 59.0652 239713 51.8748 383171 654563 456789 24.2955 253172 19.1295 494851 79323 336591 398298 26.3324 55.8196
1100 44.5170  6.7114 423318 17.3667 22.7120 24.3623 10.4834 288372 46.5158 684033 17.6032 57.9426 33.8774 64.2921 53.5839 33.1711 12.6464 31.5419 67.5002 7.1996 29.0553 353413 28.8944 56.2209
1130 443087  7.5455 456339 14.5955 247770 219422 - 9.8607 26.6299 38.8271 66.8553 184974 57.1609 29.2831 53.9464 57.9244 319348 17.4222 256999 612402  7.6931 482128 435898 325430 42.4309
1200 499958 81594 64257 11.3481 23.1303 15.8558 124486 309448 37.8724 60.5209 20.7155 559031 249617 65.7336 574018 247972 203603 180331 275299 94184 438371 338560 27.7365 56.5191
1230 51.1786 10.8923 26.5503 129986 19.5852 16.5467  8.8308 21.0232 46.2925 224147 24.1608 62.0897 20.8110 653166 52.1854 21.8626 20.7810 17.6028 319703  9.1176 464960 132441 414216 59.3358
1300 382754 134852 272864 130879 20.4887 22.8231 7.1722 230861 36.5182 38.1682 27.8650 60.4566 22.5357 65.1233 49.7601 284182 19.6994 194603 41.1386 6.8144 497376 180676 22.3198 57.4353
1330 454952 89925 30.6682 12.8784 23.7868 26.0993  4.5650 213518 37.7607 34.1516 27.5938 524060 24.5101 60.1889 489872 256029 10.1131 21.1207 479312 48152 21.3051 43.1356 157927 46.6230
1400 50.6896 122314 39.5304 10.8307 22.1432 184348  4.6251 242162 39.1619 286617 267187 33.7235 20.7301 60.6288 464296 24.1039 11.8268 169586 41.8272 75360 227945 46.3554 144297 52.5630
1430 35.8217 17.6470 37.1214 10.9694 26.7322 18.1532 34602 140869 27.5755 329501 22.8104 31.3293 12.8750 58.7949 38.1375 243785 12.0869 12.0644 89617 96352 347079 390117 132604 46.4709
1500 414981 127519 452119 '10.6607 31.1332 18.0027 2.1168 16.8353 17.5170. 24.1110 13.8477 32.6225 64120 48.0924 33.8909 198364 94438 89595  9.1062 142709 21.1081 39.4647 8.5449 426777
1530 30.2487 169056 23.6848 '12.0249 350105 15.1267 1.5361 9.6727 12.8073 18.6204 16.1489 44.2133 74206  34.6759 279998 144860 79000 9.8128 97824 11.2482 151204 37.0028 80556 37.7461
1600 286789 129254 114307 99141 487109 98006 33300 6.6982 23.8499 232537 136024 30.3911  8.8814 293576 23.5144 125202 89707 86940 128216 81748 62553 317585 80726 30.5352
1630 21.3733 97008 13.0661 8.3681 234418  9.5509 3.1334  4.5073 8.0684 29.6449 13.5997 279865 6.1264 283392 12.8456 10.2314  9.1156 60491 13.6722 7.3565  6.3004 257194 52590 23.1319
1700 153477 60710 10.6100 74140 18.1626 5.2693 3.5313 35111 80313 304297 114392 227365 11.1476 @S55718 10.8295 119196  6.7281 26078 45625 83138 87476 164063 24342 157003
1730 10.8064  6.3783  8.8389 57448 24.0526 49739 22771 23717 81522 215567 114039 149164 91228 84636 114602 86607 36961 15129 44608 54903 6.5419 64050 12844 10.1070
1800 11.7880 53575 72012 40845 27.8890 50998 13906 23470 49302 145551 86766 6.8410 7.0256  7.1898  3.5885 3.7303 09262 32582 1.5568 1.7989  1.5483 30144 04502  5.2942
1830 120636  4.0823 39776 3.0367 45261 32877 09387 15301 39410 112784 43422 25301 4.0453 45955 1.5355 1.7365 03165 0.6887 0.4923 08591 08552 0.8269 - 1.0125
1900 32302  3.1750 3.9494 1.8696 20.1778  0.7873 0.6346  0.5694 34434 49108 12929  0.9696 24843 1.1886  0.5627  0.0273 — e 0.1393 00062 00680 0.0157 — —
1930 42224 15778 19320 0.8544 13.0693 04540 04117 — 03271  1.1403 — 0.1274 03751  0.0818  0.0041 — — — — P - — - —
2000 0.5594 05549 12644 03260 1.0618 00139 00226 — — 0.0123 — — = — — — — — _— e — = -
2030 0.1028 0.1160 02080  0.0252 s — = = = == — = — — — = — == e = — — — —
Daily
dose 129510  467.89  1272.15 494.79 87422 115995 61141 660.85 98197 155787 76178 1663.34 93406 1872.00 132603 929.55 505.19 54252 113572 30309 93843 109905 65946 1491.69

N, [-em~?)
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attenuation coefficients K| (4,z,+z,) in a water layer between z; and z,
were obtained using the operational definition:
1 E (4,z,)

K @z 2) = 272y n E| (4, 2))

@)

where E|(4,z;) and E (4,z;) denote the downwelling irradiance at the
wavelength A at the depths z; and z,, respectively. Thus, the K| (4, z; +z,)
coefficient is the adequate value for describing the light transmittance in
the arbitrary water layer between the depth z; and z,. To represent the
whole euphotic zone, the K| (4) coefficients as mean values in appropriate
thick upper layer of the oean were determined (see Table II, Chapter 3).

The spectral downwelling irradiance E, (4, z) (see Table III, Chapter 3)
at seven different wavelengths in the visible spectral range at various
depths was calculated using the formula:

E (A4,2)=E (A, z=0)exp[—K| (4,0+2) 2] (3)

where E (A,z=0) is the downwelling irradiance at the wavelength 4
just under sea surface. The K| (4,0+z) values for the appropriate light
wavelength A4 were interpolated from discrete spectral measurements.

The spectral distribution of irradiance E (4,z =0) was derived by the
following way. At first, the total energy just under the sea surface was
determined by substracting the reflected and emergent radiation from the
incident radiation E,. The albedo of the sea surface for the total range
of solar spectrum at the sea surface was taken after Payne (1972). The
sun altitude and the atmospheric transmittance were used as parameters
versus which the albedo was expressed.

Just below the sea surface the energy of visible light E{” (z = 0) was assumed
as equal to 509, of the total energy (Czyszek, Wens1erski and Dera
1979, Rusin 1979). Such coefficient of transition from total radiation to
photosynthetically active radiation is often used in biological studies. Basing
on the experimental data obtained under marine conditions the 509, value
is very close to average one though it may change from bout 30% to
over 609 in extreme cases (Rutkovskaja 1972). Moreover, since the cloud
coverage is usually considerable in investigated Antarctic region such assump-
tion is the more motivated. It results from the fact that under cloudy
weather the mentioned value is slightly variable in the vicinity of 509
(Rutkovskaja and Pelevin 1975).

Using the E,"* (z = 0) values the spectral distribution E| (4, z = 0) was estimated
according to theoretical model elaborated by Wensierski (private communica-
tion). Here, the sun altitude was used as the parameter by which the
spectral distribution E, (4, z = 0) was expressed. The E, (4, z = 0) values were
assumed for the moderate wind velocities and were averaged over atmosphere

turbidities represented by the horizontal v1snb111ty Such assumptions do not
introduce significant errors.



Chosen optical values of undewater lightfield in the sea

Table IIL

Part. L

Downwelling irradiance E; (4,z)*) [uW-cm ™ ?-nam™']

Depth Wavelength of light A [nm] & (Z)*)') P""O(z)*) Ea (f)*) (4 (Z)z
z [m] 412.5 450 500 550 600 650 687.5 W-cm 7] L] (kW -em ] U-em ™
Station number: 1 Date: 14 Feb. 81 Zone time: 1254
0 561497 70.0210 74.1568 75.1782 729553 669974 626736 20936.0310 100.00 — 601.52
10 250848 31.5833 28.8491 14.1419 20187 0.2315 0.0922 4470.6529 21.33 4.7485 126.67
20 14.7026  20.7634  15.8522 4.8624 0.0559 0.0008 0.0001 2444.3046 11.68 1.8221 69.94
30 9.0072 15.1620 11.0362 24095 0.0015 0.0001 <0.0001 1655.6396 791 09811 51.69
50 2.7955 5.7477 3.5120 0.2431 <0.0001 <0.0001 s 545.0285 2.60 0.3065 17.09
75 0.6238 1.6467 0.7643 0.0138 - 5 - 136.8357 0.65 0.0768 4.51
100 0.1392 04718 0.1663 0.0008 » 354275 0.17 0.0201 1.22
150 0.0069 0.0387 0.0079 <0.0001 5 5 25013 0.01 0.0015 0.09
Station number: 4 Date: 15 Feb. 81 Zone time: 1238
0 119033 14.7690 15.5874 157785 152936 140318 13.1207 4398.6130 100.00 — 181.76
10 5.9677 7.5726 6.7311 43793 1.1898 0.1243 0.0291 1149.7803 26.11 1.1049 46.35
20 3.0138 4.1875 3.6699 1.4461 0.1197 0.0011 0.0001 546.5596 12.41 04176 2191
30 1.5230 2.5072 2.0440 0.4378 0.0106 <0.0001 <0.0001 288.0520 6.54 0.1968 11.52
50 0.2839 0.6135 0.3564 0.0401 0.0001 . 57.6029 1.31 0.0407 2.30
75 0.0567 0.1811 0.1045 0.0020 <0.0001 % 157974 0.36 0.0099 0.63
100 0.0095 0.0418 0.0197 0.0001 ' " , 3.3165 0.08 0.0020 0.13
150 0.0003 0.0022 0.0007 <0.0001 5 5 0.1528 <0.01 0.00009 0.01
Station number: 8 Date: 16 Feb. 81 Zone time: 11'°
0 34,1254 45.0432 489539 50.1743  49.1203 454037 42.6024 13867.9710 100.00 — 586.84 .
10 6.9945 110174 137423 12.2606 51773 0.5427 0.1001 2314.3767 16.69 3.5103 97.50
20 1.1521 2.6438 42929 3.5582 0.5961 0.0065 0.0002 583.6825 421 0.8003 24.59
30 0.3271 0.9142 1.7423 1.2224 0.0768 0.0001 <0.0001 205.9667 1.49 0.2529 8.68
50 0.0146 0.0680 0.2467 0.1027 0.0010 <0.0001 i 21.2875 0.15 0.0245 0.90
75 0.0003 0.0027 0.0175 0.0046 <0.0001 . 1.2478 <0.01 0.0014 0.05
100 <0.0001 0.0001 0.0008 0.0002 5 5 - 0.0780 s 0.0001 <0.01
150 i <0.0001 <0.0001 <0.0001 . " " <0.0001 i <0.0001 -
Station number: 14 v Date: 17 Feb. 81 Zone time: 1338
0 139164 180513 19.6186 20.1077 19.6853 18.1958 17.0732 5557.6742 100.00 — 232.22
10 0.7017 1.1824 2.2261 2.8786 1.3296 0.1520 0.0316 406.7659 7.32 0.9560 16.96
20 0.0627 0.1780 0.3954 04481 0.0898 0.0013 0.0001 57.1912 1.03 0.1184 2.38
30 0.0042 0.0177 0.0698 0.0759 0.0061 <0.0001 <0.0001 8.5732 0.15 0.0168 0.36
50 <0.0001 0.0002 0.0016 0.0018 <0.0001 0.1837 <0.01 0.0003 0.01
75 » <0.0001 <0.0001 <0.0001 " 0.0016 " <0.0001 <0.01
100 » " - - . . <0.0001 - " .
150 5 5 % 5 5 <0.0001
Station number: 17 Date: 18 Feb. 81 Zone time: 114°
0 26.0545 337959 36.7302 37.6458 36.8550 34.0665 31.9646 10405.1480 100.00 S 391.14
10 57162 94510 10.3818 8.6637 3.5194 0.4054 0.0801 1765.9749 16.97 2.6263 65.86
20 1.9448 36120 44287 2.8200 0.4486 0.0048 0.0002 6143317 5.90 0.7325 22.87
30 0.6570 1.2942 1.5277 0.7718 0.0495 0.0001 <0.0001 198.5892 191 0.2270 7.38
50 0.0767 0.1939 0.2756 0.0578 0.0006 <0.0001 N 28.3156 0.27 0.0295 1.05
75 0.0042 0.0147 0.0239 0.0023 <0.0001 5 ” 2.1457 0.02 0.0022 0.08
100 0.0002 0.0011 0.0021 0.0001 " 0.1691 <0.01 0.0002 0.01
150 <0.0001 <0.0001 <0.0001 <0.0001 % 5 0.0011 % <0.0001 <0.01
Station number: 22 Date: 19 Fgb. 81 Zone time: 11'¢
0 23.8977 309983 33.6897 34.5295 338043 31.2465 29.3186 9543.8242 100.00 — 538.85
10 12.1605 17.5323 15.6068 9.8026 2.3956 0.2627 0.0764 2585.6214 27.09 2.3138 145.16
20 6.2610 10.1676 8.5760 36184 0.2490 0.0022 0.0002 1287.1914 13.49 09167 72.19
30 3.3198 6.1269 47402 1.2431 00214 <0.0001 <0.0001 689.5725 7.23 0.4466 38.65
50 0.7659 1.8197 14278 0.1985 0.0002 - » 191.4601 2.01 0.1202 10.73
75 0.1503 0.4553 0.3338 0.0151 <0.0001 % 439664 0.46 0.0264 2.46
100 0.0246 0.1217 0.0828 0.0011 10.8985 0.11 0.0063 0.61
150 0.0008 0.0086 0.0041 <0.0001 . 0.6067 <0.01 0.0003 0.03
Station number: 27 Date: 20 Feb. 81 Zone time: 11°2
0 114852 14.8978 16.1912 16.5949 162463 150170 14.0905 4586.7562 100.00 — 26043
10 2.6443 4.2482 54842 4.7849 1.6523 C 1839 0.0321 883.1158 19.25 1.1870 49 81
20 0.8361 1.5329 2.2090 1.7841 0.1682 00010 0.0001 305.6934 6.66 0.3436 17:23
30 0.3080 0.7383 1.2264 0.6893 GOi7t <G.0001 <0.0001 141.2507 3.08 0.1375 7.96
50 0.0459 0.1840 0.3833 0.0827 0.0002 33.6583 0.73 0.0281 1.89
75 0.0029 0.0205 0.0590 0.0088 <0 000! 43361 0.09 0.0035 0.24
100 0.0002 0.0023 0.0091 0.0004 0.5926 0.01 0.0005 0.03
150 <0.0001 <0.0001 0.0002 <0.000] - - 0.0123 <001 <0.0001 <0.01
Station number: 32 Date: 21 Feb. 81 Zone time: 12°°
0 320722 41.6017 452137 463408 453674 419347 39.3474 12808.4010 100.00 — 311.38
10 59645 7.9099 96655 10.3348 3.3883 0.3559 0.0828 1733.8982 13.54 2.9655 42.06
20 1.1074 '1.6650 2.4634 22328 0.2122 0.0030 0.0002 356.5089 2.78 0.5583 8.65
30 0.2090 0.3626 0.6548 0.5873 0.0145 <0.0001 <0.0001 86.1848 0.67 0.1284 2.09
50 0.0073 0.0154 0.0400 0.0319 0.0001 5 % 4.5480 0.04 0.0067 0.11
75 0.0001 0.0003 0.0012 0.0008 <0.0001 5 5 0.1188 <0.01 0.0002 <0.01
100 <0.0001 <0.0001 <0.0001 <0.0001 " 0.0032 <0.0001 .
150 5 # % 5 5 0.0001 <0.0001

”»
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Table HI

Part IL
Depth Downwelling irradiance E, (4, 2)*) [uW-cm”*-nm '] Ef*(2)%) PUis (2)%) EZi (2)%) ™ (2)
Wavelength of light 4 [nm]- i 5 i abs 2_3 . 5
2 ml —3553 450 500 550 600 650 687.5 Ll l GeW o3~ e
Station number: 36 Date: 22 Feb. 81 Zone time: 10°2
0 50.1306 63.6232 68.1779 69.4650 67.6849 62.3452 584037 19278.1670 100.00 — 457.29
10 245469 31.3823 29.7664 19.0148 7.2624 0.9378 0.1995 5036.8512 26.12 5.0480 118.12
20 158700 221905 20.4478 8.9542 1.3392 0.0141 0.0007 304_4‘0559 15.79 2.0211 71.19
30 9.8381 14.5258 119948 3.2554 0.1884 0.0002 <0.0001 1744.1827 9.05 1.0230 40.71
50 39146 6.4526 4.5707 0.6670 0.0037 <0.0001 - 682.5647 3.54 0.3525 15.90
75 1.2674 2.5720  1.6311 0.0653 <0.0001 " " 245.1035 1.27 0.1142 5.1
100 0.2654 0.8520 0.5387 0.0064 5 - 5 76.4882 0.40 0.0352 1.78
150 0.0193 0.0986 0.0479 <0.0001 " " " 7.8096 0.04 0.0035 0.18
Station number: 40 . Date: 23 Feb. 81 Zone time: 12°°
0 64.5288 837020 909692 93.2370 91.2784 843720 79.1664 25770.3080 100.00 — 706.51
10 10.7268 16.6664 194280 16.6943 5.4458 0.6630 0.191'6 3217.8306 12.49 5.7186 87.59
20 19883 . 4.1041 59006 - 4.2898 0.4992 0.0052 0.0005 789.6586 3.06 1.1959 21.49
30 0.4208 0.9882 1.6410 1.3175 0.0369 0.0001 < 0.0001 200.2991 0.78 0.2885 545
50 0.0147 0.0512 0.1911  .0.0596 0.0002 <0.0001 5 15.4704 0.06 0.0206 0.42
75 0.0002 0.0013 - 0.0088 0.0025 < 0._0001 o, o 0.5820 <0.01 0.0008 0.02
100 © <0.0001 <0.0001 0.0004 <0.0001 % - i 0.0237 " <0.0001 <0.01
150 - 5 <0.0001 " " " 5 0.0001 - - 5
Station number: 46 Date: 24 Feb. 81 Zone time: 11°!
0 238250 309040 335872 344245 337014 311514 27.3445  9514.7907 100.00 — 352.93
10 . 1.9626 30994 4.5001 4.3393 19026  0.1414 0.0171 748.6289 7.87 1.6952 27.62
20 0.2200 04146 0.8073 1.0050 0.1074 0.0007 < 0.0001 122.2506 1.28 0.2372 4.51
30 0.0218 0.0578 0.1910 0.2147 0.0060 <0.0001 - 24.0190 0.25 0.0428 0.89
50 0.0002 0.0009 0.0061 0.0072 <0.0001 " . 0.7178 <0.01 0.0012 0.03
75 <0.0001 <0:0001 <0.0001 0.0001 - 55 5 0.0096 . <0.0001 <0.01
100 . . <0000l <00001 . . 0.0001 , ., R
150 % 5 5 - " 5% <0.0001 " " .
Station number: 49 Date: 25 Feb. 81 Zone time: 113¢
0 69.2333  89.8042 97.6013 100.0344 979331 90.5231 849380 27649.0890 100.00 — 764.47
0 714608 31.1201 364713 28.7918 6.5706 0.6237 0.1667 5719.5612 20.69 6.9342 157.35
20 9.5772° 157021 17.8552 10.1195 0.7899 0.0043 0.0003 2462.9878 891 2.3555 67.68
30 3.6868 6.7820 7.9375 2.6859 0.0709 <0.0001 <0.0001 965.9904 349 0.8846 26.53
50 0.5356 1.3872 1.5629 0.2372 0.0006 " " 173.0154 0.63 0.1501 475
73 0.0490 0.2362 0.4349 00119 <0.0001 - 5 35.3702 0.13 0:0169 0.97
([0} 0.0044 0.0326 0.0716 0.0006 " 2 - 5.3460 0.02 0.0040 0.15
150 <0.0001 0.0006 0.0019 <0.0001 - 5 " 0.1289 <0.01 0.0001 <0.02
Station number: 55 ' Date: 26 Feb. 81 Zone time: 10*°
0 30.8819 400577 43.5356 44.6209 436836 40.3783 37.8871 12333.0240 100.00 = 429.72
1o 96960 148728 16.8796 10.8544 3.8698 0.3307 0.0511 2583.6131 2095 3.1343 89.34
20 34237 6.6131 83988 . 39713 0.3821 0.0027 0.0001 1053.9990 8.55 1.0235 36.41
30 1.4023 3.1060 4.0585 1.5856 0.0357 <0.0001 <0.0001 474.3529 385 04214 16.38
50 0.2959 0.7758 1.1377 0.1714 0.0003 " ” 111.6590 091 0.0885 3.85
75 - 0.0290 0.1080 0.2035 00106 <0.0001 - . 16.8274 0.14 0.0128 0.58
100 0.0028 0.0150 0.0340 0.0006 5 % - 2.5561 0.02 0.0019 0.09
150 <0.0001 0.0003 0.0010 <0.0001 . . » 0.0629 <0.01 <0.0001 <0.0t
Station number: 60 Date: 27 Feb. 81 Zone time: 11°*
0 744155 © 96.5261 104.9068 107.5220 105.2634 97.2957 91.2957 29718.0390 100.00 — 860.87
10 382325 529726 504158 45.1546 9.1530 0.954? 0.2407 8894.3438 2993 7.4059 256.06
20 222130 334680 29.0271 12.8367 1.3842 0.0094 0.0006 43916114 14.78 29885 126.14
30 12.5303 20.2582 16.7256 52415 0.1587 0.0001 <0.0001 24324635 818 1.5061 69.82
50 3.8183 1.6577 54760 0.8594 0.0021 <0.0001 " 795.2160 2.68 0.4542 22.81
75 0.8416 2,1375 1.5002 0.0769 <0.0001 - 206.7645 0.70 0.1131 593
100 0.2172 - 0.7856 0.5159 00069. -, " - 70.8486 0.24 . 0.0361 203
150 0.0117 0.0709 0.0362° <0.0001 5 5 5.6486 0.02 0.0028 " 0.16
Station number: 65 Date: 28 Feb. 81° Zone time: 11'*
0 63.5496 824318 89.5888 91.8221 89.8933 ' 83.0916 77.965! 25379.254 © 100.00 — 611.85
10 7.8426 13.6645 18.7793 17.5779 6.3396 0.7335 0.1780 3055.2531 12.04 5.5993 73.42
20 0.7200 1.5154 29595 2.6853 04471 0.0065 0.000« © 399.1084 1.57 0.7425 9.59
30 0,8000 0.2026 0.5943 0.6709 0.0309 0.0001 < 0.0001 76.9324 0.30 0.1336 1.85
S0 0.0008 0.0034 0.0208 0.0257 0.0002 <0.0001 " 2.5226 0.01 0.0426 0.06
75 <0.0001 <0.0001 0.0003 0.0004 <0.0001 5 5 0.0385 <0.01 0.0006 <0.0t
100 " <0.0001 <0.0001 . " . 0.0006 5 <0.0001 -
150 % 5 o - - z 5 . " »
Station number: 68 Date: 4 Mar. 81 Zone time: 11'*
0 328658 426310 46.3324 474874 46.4899 429723 40.3210 13125.3240 100.00 — 41845
10 19020 34627 - 6.0341 6.7996 2.7149 0.2624 0.0482 1012.4445 7.71 2.3065 3212
20 0.0738 0.2039 0.7418 1.2252 0.1585 0.0016 0.0001 118.3944 0.90 0.2445 3.77
30 0.0035 0.0141 0.0939 0.1968 0.0092 <0.0001 < 0.0001 15.7883 0.12 0.0312 0.50
S0 <0.0001 0.0001 0.0013 09051 <0,0001 . 0.3342 <0.01 0.0006 0.01
75 <0.0001 <0.0001 0.0001 - - 0.0031 . <0.0001 <0.01
100 . <0.0001 5 W <0.0001 5 »

”
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Table III

Part IIL
]z)e[rr)rt)}]l Downwelling irradiance E; (%, z) [u4W-cm™2.nm™!] Ef* (2)*) Pois (2)%) ESE (2)%) i (2)
Wavelength of light A [nm] [#W-cm~2] [%] [eW-cm 7] [J-ecm™ 2]
412.5 450 500 550 600 650 687.5
Station number: 73 Date: 5 Mar. 81 Zone time: 12°¢
0 209330 26.9903 29.5102 30.2865 29.6105 27.3701 25.6814 8359.8297 100.00 —_— 235.92
10 74490 11.0907 11.8354 8.2590 3.0726 0.3455 0.0803 1918.4045 2295 2.2008 53.71
20 32214 6.7298 7.2920 3.3454 0.3938 0.0043 0.0002 936.0632 11.52 0.8027 27.18
30 1.3253 3.4989 3.9806 1.3742 0.0512 0.0001 <0.0001 478.3885 572 0.3599 13.38
50 0.3119 1.2145 1.4953 0.1749 0.0007 <0.0001 - 152.0743 1.82 0.0980 425
75 0.0381 0.2853 0.4025 0.0133 <0.0001 ' . 36.0108 043 0.0217 1.01
100 0.0046 0.0625 0.0961 0.0010 5 - 5 8.1006 0.09 0.0048 0.23
150 0.0001 0.0030 0.0055 <0.0001 ’ ' ' 0.4240 <0.01 0.0002 0.01
Station number: 81 Date: 6 Mar. 81 Zone time: 10°8
0 263071 34.1236 37.0863 380108 37.2124 34.3967 32.2745 10506.0420 100.00 — 253.38
10 74707 _11.6890 16.1087 14.5143 4.6490 0:2412 0.0274 2547.5323 2425 2.8175 62.23
20 2.0251 4.1935 9.3006 5.3420 0.5151 0.0017 <0.0001 925.2651 8.81 0.9229 22.55
30 0.5263 1.4422 34755 23321 0.0683 <0.0001 5 379.0627 3.61 0.3509 9.17
50 0.0388 0.1750 0.6386 0.3628 0.0010 ' ' 59.8399 0.57 0.0536 1.44
75 0.0015 0.0125 0.0838 0.0355 <0.0001 5 55 6.6276 0.06 0.0058 0.16
100 <0.0001 0.0009 0.0110 0.0034 " ' » 0.7692 0.01 0.0007 0.02
150 s <0.0001 0.0002 <0.0001 % - 5 00113 <0.01 <0.0001 <0.01
Station number: 87 ’ ~ Date: 7 Mar. 81 Zone time: 10%%
0 552585 71.6772 779004 79.8424 78.1652 722509 67.7932 22068.1030 100.00 — 522.71
10 7.6906 13.5569 159021 11.9586 3.6728 0.3951 0.0990 2469.0256 11.19 4.7988 58.15
20 0.9819 2.6589 4.1749 20137 0.1725 0.0021 0.0002 475.6655 2.16 0.7861 11.20
30 0.2799 0.9209 1.4158 0.4912 0.0081 <0.0001 <0.0001 148.8060 0.67 0.2167 3.50
50 0.0083 0.0498 0.1136 0.0165 <0.0001 5 - 9.2411 0.04 0.0129 0.22
75 0.0001 0.0013 0.0043 0.0002 " ’ v 0.2985 <0.01 0.0004 0.01
100 <0.0001 <0.0001 0.0001 <0.0001 5 5 5 0.0102 ” <0.0001 <0.01
150 " " <0.0001 ' » . » <0.0001 . . "
Station number: 88 Date: 8 Mar. 81 Zone time: 10°°
0 9.8354 12.7577 13.8654 142110 139125 12.8598 12.066ﬂ 3927.8666 100.00 — 140.87
10 19214 3.0566 4.4788 3.9643 1.3445 0.0727 0.0090 704.4299 17.93 0.9848 24 98
20 0.5822 1.1665 1.7155 1.2149 0.1299 0.0004 <0.0001 164.3042 575 0.2699 7.99
30 0.1235 0.3842 0.7210 0.3982 0.0125 <0.0001 5 78.8886 201 0.0877 2.79
50 0.0066 0.0371 0.0635 0.0367 0.0001 5 5 7.0446 0.18 0.0080 0.25
75 0.0002 0.0020 0.0043 0.0018 <0.0001 ” ' . 04131 0.01 0.0005 0.01
100 <0.0001 0.0001 0.0003 0.0001 5 % ' 0.0248 <0.01 <0.0001 <0.01
150 N <0.0001 <0.0001 <0.0001 . ’ " 0.0001 ' ' .
Station number: 90 Date: 9 Mar. 81 Zone time: 1128
0 48.6043 63.0458 68.5196 70.2278 68.7526 63.5505 59.6296 19410.6680 100.00 — 430.23
10 17.6895 27.0679 27.8062 18.7778 4.7642 0.5883 0.1877 4397.1598 22.65 4.8843 96.55
20 7.6942 14.3555 15.4657 7.0811 0.6223 0.0054 0.0006 2068.8819 10.66 1.7646 45.36
30 3.6102 7.7474 8.2198 2.6643 0.0592 0.0001 <0.0001 1024.7994 5.28 0.7917 22.45
50 0.6776 22013 2.4700 0.2341 0.0006 <0.0001 » 262.3679 1.35 0.1839 5.75
75 0.0950 0.5154 0.6364 0.0135 <0.0001 5 5 60.6415 0.31 0.0391 1.33
100 0.0119 0.1038 0.0610 0.0008 - ' . 8.5837 0.04 0.0058 0.19
150 0.0002 0.0042 0.0018 <0.0001 5 5 - 0.3066 <0.01 0.0002 0.01
Station number: 97 Date: 10 Mar. 81 Zone time: 1142
0 36,5031 473491 514601 527430 51.6350 47.7281 44.7834 14577.9340 100.00 — 492.89
10 5.5469 87952 11.3318 8.6056 3.3523 0.2211 0.0231 1754.5593 12.04 31612 58.78
20 1.2100 2.2527 4.1401 2.7320 0.2176 0.0010 <0.0001 510.0620 3.50 0.7287 17.08
30 0.2257 0.6369 1.2771 0.6863 0.0141 <0.0001 % 136.370 0.94 0.1856 4.57
50 0.0076 0.0360 0.0747 0.0379 0.0001 . 7.6334 0.05 0.0105 0.26
75 0.0001 0.0010 0.0038 0.0010 <0.0001 % % 0.2470 <0.01 0.0003 0.01
100 <0.0001 <0.0001 0.0001 <0.0001 ' » " 0008% " <0.0001 <0.01
150 <0.0001 W 5 5 " <0.0001 - - .
Station number: 104 Date: 11 Mar. 81 Zone time: 10°®
0 377634 489838 532367 54.5639 534177 493759 46.3295 15081.2340 100.00 — 305.02
10 5.8447 90015 12.6148 9.2061 3.1649 0.2813 0.0496 1860.7934 12.34 3.2908 37.35
20 1.1562 2.1625 3.3791 1.6857 0.1875 0.0016 0.0002 399.7343 2.65 0.6255 8.01
30 0.2023 0.3858 0.8211 0.3949 00111 <0.0001 <0.0001 85.7070 0.57 0.1311 1.72
50 0.0062 0.0152 0.0508 0.0147 <0.0001 » W 4.2032 0.01 0.0063 0.08
75 0.0001 0.0002 0.0016 0.0002 ” . ' 0.1063 <0.01 0.0002 <0.01
100 <0.0001 <0.0001 <0.0001 <0.0001 5 % % 0.0029 " <0.001 -
150 " ' ’ ’ " ' <0.0001 » i .
Station number: 108 Date: 12 Mar. 81 Zone time: 12°°
0 60.5711 792979 86.5956 889747 87.2705 80.7530 75.8562 24555.2670 100.00 — 670.20
10 13.6967 20.5325 23.2218 16.3200 6.6793 0.9526 0.2218 3728.8963 15.19 5.7381 98.27
20 52216 10.0808 12.9109 7.2738 0.9109 0.0046 0.0006 1689.6049 6.88 1.8545 45.71
30 1.1067 34325 5.3521 2.1901 0.0931 <0.0001 <0.0001 581.0588 2.37 0.6107 15.73
50 0.0942 0.5541 1.4329 0.2300 0.0010 5 % 113.2555 0.46 0.1031 3.07
75 0.0037 0.0463 0.0639 0.0117 " ' " 0.1901 0.03 0.0062 0.17
100 0.0002 0.0038 "M u058 <0.0001 o 5 " 0.5158 <0.01 0.0005 0.01
150 <0.0001 <0.0001 <0.0001 <0.0001 " ' W 0.0038 <0.01 <0.0001 <0.01
*) The listec Ej (4, 2), Ej".s (z), P"*(z) and E.}; (z) values are averaged in time equal to that of oceanographic station activity, mostly from about 10*5 ZT to about 13°° ZT.
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The downwelling irradiance E;"(z) within the visible spectral range
(between 400 nm and 700 nm) is expressed by the formula:
) 4,=700nm
EFf(z2)= | E (4,2)dA @
A, =400nm
The E[” (z) values at various depths were calculated numerically by summing
the light energy over seven distinguished spectral bands (see Table III,
Chapter 3). It should be stressed that E}“(z) value is very close to the
daylight available for photosynthesis in the sea (H ¢jerslev 1978).
The function of visible light transmission p"*(z) into various depths
(see Table III, Chapter 3) were calculated according to the formula:

Efis (Z)
EP(z=0)
To obtain the power of visible light energy EYS (z) absorded in unit

water volume at various depths (see Table III, Chapter 3) the following
expression was used:

P (2) = - 1007, Q)

Eiii ()= K{* (0+2)- E[" (2) (©)

where K| (0+ z) is the average attenuation coefficient of downwelling irradiance
in the visible spectral range in a water layer between the sea surface and
the depth z.
It may be expressed as: _
A, =700nm
I E (4,2)-K (4,0+2)dA

4y =400nm

Kfis (0_ Z) = A,=700nm (7)
| E (4,z)dA
21 =400nm
Assuming the spectral distribution of the K, (4,0+z) coefficient to be
constant over all daytime hours, the daily irradiance dose in the visible

spectral range n"*(z) (see Table III, Chapter 3) at various depths was
estimated as:

(@)= | E{*(z)dt ®)

With a view to the biological interest the depth levels given in terms
of percentage of surface irradiance were determined.

The lower limit of the euphotic zone z, was presumed in this paper
as a depth at which downwelling irradiance is equal to 19 of the surface
irradiance (just below the sea surface) in the spectral band corresponding
to maximum light transmission. The depth z, (see Table IV, Chapter 3)
was calculated according to the following formula:

In100

K| (Anax, 0+2) ©)

Z,=
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Table IV.
Characteristic optical depths in the sea
Station Date Depth (m)
No. Z30 Zi0 Z3 Zy Ze
1 14 Feb.81 8 24 47 67 100 4577%)
4 15 Feb. 81 9 23 40 55 90 475)
8 16 Feb. 81 7 14 23 34 47 (530)
14 17 Feb. 81 5 9 15 20 29 (525)
17 18 Feb. 81 7 15 26 37 49 (490)
22 19 Feb. 81 9 25 44 62 98 475)
27 20 Feb. 81 7 16 30 46 65 (485)
32 21 Feb. 81 6 12 20 27 36 (535)
36 22 Feb. 81 9 28 54 80 121 475)
40 23 Feb. 81 6 12 20 28 38 . (525)
46 24 Feb. 81 5 9 15 22 39 (530)
49 25 Feb. 81 8 18 32 45 69 (485)
55 26 Feb. 81 8 18 33 49 74 475)
60 27 Feb. 81 10 27 48 68 107 (475)
65 28 Feb. 81 6 11 17 23 31 (535)
68 4 Mar. 81 S 9 14 20 27 (535)
73 5 Mar. 81 8 22 41 60 95 475)
81 6 Mar. 81 8 19 32 44 64 (525)
87 7 Mar. 81 6 11 18 27 40 (485)
88 8 Mar. 81 7 15 25 36 48 (485)
90 9 Mar. 81 8 20 38 55 87 (475)
97 10 Mar. 81 6 12 21 30 37 (525)
104 11 Mar. 81 6 11 19 26 34 (525)
108 12 Mar. 81 6 15 28 41 55 (485)

*) The values in brackets denote the wavelength Ap,,, [nm] corresponding to maximum light transmission.

where z~z, and A,.. is the most penetrating light wavelength obtained
from spectral measurements of the K, (4) coefficient.

It should be emphasized that the actual location of the compensation
depth can be determined only approximately. The different optical criteria
of the compensation depth are considered by marine investigators (Ste-
eman-Nielsen 1974). One of the often assumed is the depth level z; where
the 19 of photosynthetically active radiation occurs (Pelevin and Rut-
kovskaja 1978).

The optical depths as z;q, 244, z3 and z,;, at which the surface irradiance
E}* (z=0), ie. the light energy active in photosynthesis, is reduced to 307,
10%, 3°,, and 1%, respectively, were also evaluated (see Table IV, Chapter 3).

3. Results

All results are listed in Tables [+1IV. Explanatory information on the
tables are contained in Chapter 2.2.
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4. Discussion and conclusions

The intensity and quality of light energy avilable for marine organisms
depend on the optical properties of water and on the incident light
reaching the sea surface. Both the external light conditions and the optics of
the water must be considered in optical studies for biological purposes.

In the investigated Antarctic region great variations in the radiant
energy reaching the sea surface were observed from day to day and
during the daytime due to varying weather conditions (sunny, foggy or
completely overcast weather, intermittent clouds) (Table I).

The differing daily courses of the total irradiance E, at the sea surface
are illustrated in Fig. 2. One may expect that the maximum day —to —

c
D
(<]

T

H
o
T

Irradianc
w
S
T

S

-
(=]
T

haasseoel” 1 1 1 1 1 L 1 1 ! 1 ..."I"----. —~
05 06 07 08 09 10 11 12 13 14 15 14 17 18 19 20°
Zone Time (h)

Fig. 2. Diurnal courses of the tofal downwelling irradiance above the sea surface under
different meteorological conditions
1—28 Feb. 1981, 2—16 Feb. 1981, 3—8 Mar. 1981.

day differences in the E; values are of the one order of magnitude at the
same midday hours. The areas under the presented curves correspond to
daily doses n, of the incident solar energy. As can be easily noticed, the
ns values for bright days are several times higher than those for dark
days. Such variations of external irradiation must in turn influence the na-
tural light field in the sea and, consequently, the conditions of photosynthesis
occuring there. It should be emphasized that from a biological . point of
view the day — to — day variations of the light penetrating the sea surface
are especially important at higher latitudes. This relates mainly to winter
season when the maximum energy values are low.

However these variations may also play a significant role during summer
on dark days because the light saturation of photosynthesis in the
euphotic zone is not reached or occurs only during a short period of
these days. In addition, the irradiance fluctuations during the day, caused
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by changing atmospheric conditions, can affect marine organisms, especially
primary production in connection with the photoadaptation ability of
phytoplankton cells (Dera, Hapter and Malewicz 1975).

In spite of this, optical properties of water have a dominating influ-
ence on light conditions in the sea, i.e. on the amount and spectral
distribution of light energy. It is discussed below.

The attenuation coefficient of downwelling irradiance K, (4, z) is the basic
function determining the transmission of radiant energy into the water.
The K| (4, z) values depend on inherent scattering — absorbing properties
of the medium and also to the lower degree on the conditions of external
irradiation, ie. sun altitude, atmospheric state, dynamic state of the sea
surface. Thus, the K, (4, z) coefficient can be included among the apparent
optical properties of the sea (Preisendorfer 1961).

Results obtained from the underwater measurements indicate the distinct
spatial differentiation of the attenuation coefficient K| (1) in waters of the
investigated region (Table II). The spectral distributions of the K| (1)
values averaged in the relatively thick upper layer of he ocean (approxi-
mately equal to the euphotic zone) for different water masses are graphically
shown in Fig. 3.

0 n | s | N L L L
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 3. Spectral distributions of the downwelling irradiance attenuation coefficient K ()
for different water masses in the investigated region

1—22 Feb. 1981 station No. 36, K, (4) coefficient averaged in the water layer 0--100 m,

2-—12 Mar. 1981 station No. 108, the water layer 0+75 m, 3—4 Mar. 1981 station No.

68. the water layer 0+ 30 m.

The spectra for the other measurements lie between the extreme presented
curves. If water becomes more turbid, the shift of the minimum of the
K, (4) spectrum towards longer light waves, with a simultaneous increase
in the absolute K, (1) values, is observed. The discussed differentiation of
this optical parameter is caused by considerable qualitative and quantitative
changes in the concentration of dissolved organic substances as well as
suspended organic and inorganic particles in the water.



162 Dariusz Stramski and Krzysztof Montwitt

Inferring from the results of both the irradiance attenuation spectra
and the transmittance of visible light energy the following three main
groups of optical water types can be distinguished in the investigated
Antarctic region:

a. clear oceanic water,

b. oceanic water of intermediate type and oceanic water affected by coastal
water,

c. coastal water and water with high biological productivity.

These water types correspond approximately to TA=1II, II+1, 1+3,
respectively according to the Jerlov’s optical classification of sea waters
(Jerlov 1976, 1977).

Characteristic optical features for the distinguished water types are separa-

tely described below.
a. Clear oceanic water. This type of water was found in the northern part
of the investigated region mainly along 60°S latitude, i.e. in the areas not
influenced by land. These are open — ocean waters of the Drake Passage
where the West Winds Drift (Antarctic Circum — Polar Current) has a predo-
minant effect upon hydrological conditions prevailing in the Antarctic surface
water (Deacon 1963).

The lowest K, (4) values (Fig. 3 solid line) and the peak of the
energy spectral distribution (Fig. 4a) indicate that the maximum of light
transmission falls in the blue region in the vicinity of 475 nm. The somewhat
more turbid layer is situated between the sea surface and the 10 m depth. The
depth where the visible light energy is reduced to 19, of surface value is
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Fig. 4. Spectral distributions of downwelling irradiance E) (4, z) at various depths in optically
differentiated water masses of the investigated region

a—27 Feb. 1981, station No. 60, b — 12 Mar. 1981, station No. 108, c —4 Mar. 1981,

station No. 68.
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in the range between 55 m and 80 m (Table IV). It is in agreement with
results of other optical measurements made in this area. According to
Kullenberg (1980) the average 1% quanta (350 nm + 700 nm) depth in the
Drake Passage is equal to 75 meters. After Jerlov (1977) these waters
are of I B type.

The 19 level of surface irradiance in spectral band of maximum light
transmission (475 nm) was observed between 90 m and 121 m (Table IV).
Relatively low biological productivity can be expected in this area.

b. Oceanic water of intermediate type and oceanic water affected by coastal
water. These water types were most frequently observed in the investigated
region. They were encountered south of the above mentioned parallel belt
of clear oceanic water, i.e. northwest and west of South Shetland Islands and
in Bransfield Strait. In other words, from the optical point of view, the
area is located in the transitional zone from coastal water to oceanic one.
The South Shetland Islands area is situated in the contact zone of the
West Winds Drift waters and those flowing out from the Weddell Sea and
as a result the hydrological conditions are affected (Chtapowski and Gre-
lowski 1978). The optical parameters here are more changeable as compared
with those of the typical open — ocean waters. It is due to the action
of a complex group of environmental factors in this zone, ie. dynamic
processes, land effect, biological productivity. Thus, depending on the predo-
minating factors, waters closer to clear oceanic water types or coastal
types were there observed. '

The typical example of spectral distributions of the K| (4) coefficient
and E, (4) irradiance for the discussed waters are presented in Figs. 3
(dashed line) and 4b, respectively. As one can see the K| () spectrum shows
the relatively strong attenuation of violet light (as compared with clear
oceanic water) which should be ascribed to organic matter dissolved in
the water. The maximum of the energy spectral distribution lies in the
transitional blue — green region in the vicinity of 500 nm, and shifts slightly
towards the blue region with the increasing depth. )

The characteristic spatial differentiation of optical parameters was observed
in Bransfield Strait. The water showing a typical feature of the clear
oceanic one: the spectral energy peak occurrence at 475 nm, was found in the
middle part of the strait (Table II, stations Nos. 73, 90). A noticeable
difference between these waters and clear oceanic ones consists in somewhat
stronger attenuation of light in waters of the strait. It is particularly seen
in the violet — blue region of the spectrum. Going farther towards to
South Shetland Islands, a general tendency to increase turbidity of waters
in the strait is observed. In the areas close to the islands the optical
parameters are distinctly influenced by land material. The maximum of
light transmission shifts towards longer lightwaves and the increase in the
K, (4) values over the whole visible spectrum can be found (Table II
station No. 88). It results mainly from the non — selective scattering of
light due to increasing concentration of large suspended particles of mi-
neral origin. With coming nearer the coasts the mineral particles play
larger and larger role as compared with organic matter in modifying
underwater lightfield. In the extreme cases, the waters near the coasts
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reveal typical features of the optical coastal types which will be discussed
later.

One may suggest that such distribution of optical values in Bransfield
Strait during the summer season is mainly related to the circulation of
water masses. Moreover it seems to be obvious that other enviromental
factors and phenomena such as hydrometeorogical conditions, land effect
and biological productivity play also an important role in modification
of underwater lightfield in this area.

The 19, depth of surface irradiance (400 nm-+700 nm) was observed
between about 30 m in waters approximating coastal types and 60 m
in oceanic waters of intermediate type (Table IV). The 1%, depth level
for the most penetrating light wavelength was in a wide range from 40 m
to 96 m, respectively (Table 1V).

These optical data allow to suppose that medium values of the
oceanic biological productivity are, with some deviations, typical for the
mentioned areas.

c. Coastal water and water with high biological productivity. The con-
siderably turbid water was found in some coastal areas around the South
Shetland Islands (stations Nos. 40, 97, 104) and occasionally at greater
distances from the coasts (stations Nos. 32, 46).

The turbid water with large amounts of suspended particles originating
from processes of glacier ablation and rock material erosion spreads over
the coastal areas. Due to relatively high concentration of inorganic suspen-
sions in these waters the light scattering is a main phenomenon determining
water transparency for visible radiation as was earlier found in Ezcurra
Inlet (Dera 1980). The absorption of light due to organic compenents
seems to be of secondary importance in the resultant effect of light attenuation
(Table II stations Nos. 97, 104).

These features were not found in waters with high biological productivity
where the strong light absorption in the violet — blue region reflects the
great importance of organic matter. These waters were encountered in areas
west of Elephant Island (Table II stations Nos. 65, 68) and southwest of
Anvers Island (Table II station No. 14). Typical spectral distributions
of the attenuation coefficient K| (1) and irradiance E, (4, z) for these waters
are presented in Fig. 3 (dotted line) and 4c, respectively. The K| (4)
values are almost comparable with those for the Baltic Sea, although the
attenuation in the blue region in Baltic waters is still greater.

As can be seen from the K, (4) plots, the values of the -coefficients
in the violet region of the spectrum are of one order of magnitude
higher than those observed in clear oceanic waters. As a consequence,
the average (in euphotic zone) downwelling irradiance transmission in violet
band (425 nm) does not exceed 80%,/m in these productive waters when it
reaches the 95%/m in clear waters of the Drake Passage.

The maximum of the spectral irradiance distribution occurs at the
wavelength of about 540 nm, as a result of strong absorption in the
shortwave region of the spectrum due to both dissolved and particulate
organic matter. With the increasing depth, the availabe energy becomes
concentrated in the green spectral band in the vicinity of 540 nm.
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Fig. 5. Vertical distributions of the photosynthetically active radiation in the waters of
the investigated region

a — 4 Mar. 1981, station No. 68, b — 7 Mar. 1981, station No. 87, c — 26 Feb. 1981, station

No. 55, d —27 Feb. 1981, station No. 60.

The euphotic zone according to the assumed optical criterion was limited
to the relatively thin upper layer of about 30 m (Table IV). The 1%
depth level of the photosynthetically active radiation between 20 m and 30 m
was observed there (Table IV).

All the above discussed results are summarized in Figs. 5, 6 and 7.
Fig. 5 shows typical vertical distributions of photosynthetically active solar
energy in absolute values which were observed in optically differentiated
water masses during the experiment. All other unshown cases assume the
values between the extreme curves a and b.

Depth profiles of this energy in percent of surface value are illustrated
in Fig. 6. For comparison the plots which represent some optical water
types according to he Jerlov’s classification of sea waters are also shown
(Jerlov 1976). According to his classification five types of oceanic waters
can be distinguished: 1 (optically purest water), IA, IB, II, and III (least
transparent oceanic water). The classification comprises also coastal waters
which are divided into nine types from the clearest water of the type 1
to the highly turbid one of the type 9.

‘The dashed curves in Fig. 6 denote the extreme cases found during
the experiment. Thus, the dark area in the picture corresponds to the range
of he observed optical water types.

The similar function but for the wavelength of maximum light transmission
is presented in Fig. 7. The extreme cases noticed during the investigations
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Fig. 6. Extreme depth profiles of percentage of surface downwelling irradiance (400 nm -+ 700 nm)
found in the investigated waters (dashed lines). For comparison the profiles corresponding to
some optical water types after Jerlov (1976) are shown (solid lines)
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Fig. 7. Extreme depth profiles of percentage of surface irradiance for the most penetrating
light wavelength, found in the investigated waters
535 nm — 4 Mar. 1981, station No. 68, 475 nm — 22 Feb. 1981, station No. 36.
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are shown. In ‘connection with the optical criterion of determination of the
euphotic zone the range of the lower limit of this zone is also shown.
As seen, the euphotic zone thickness varies from 27 m in waters with
high biological productivity (west of Elephant Island) to 121 m in optically
clear waters in the Drake Passage. ,

Concluding, the discussed results reveal the general optical features of
waters in the investigated Antarctic region during the summer season. They
complete not numerous existing optical data from this region including those
found by Polish Antarctic Expeditions in 1975—1979 (Wensierski and
Wozniak 1978, Dera 1980).

It should be stressed that the data presented here are burdened with
measurement errors and errors connected with computational procedures
assumed.

The uncertainty in the values of solar radiation reaching the sea surface
(Table I) amounts a few percent and is in the first place a consequence of
instrumental errors.

The relatively high accuracy (the error from about one to a few
percent) can be expected in values of the irradiance attenuation coefficient
K, (2) (Table II). These values were obtained basing on relative underwater
irradiance measurements which are more accurate than absolute ones. The
slight nonlinearity of the measuring integrating system was taken into account.
The underwater observations were corrected with regard to changing light
conditions above the sea surface. The fluctuations of underwater lightfield
due to surface waves were eliminated by time — averaging of signals measured.
Owing to time — integrating technique of measurements the random errors
were reduced to negligible level. Thus, the main sources of experimental
errors are the imperfect instruments, the determination of measuring depth, and
disturbances from the ship either by shadowing or light reflection effect.

Considering the exponential decay with depth of downwelling irradiance
(Eq. 3) an accuracy of computed energetic values (Table III) is mainly
conditioned by the measurement efrors of attenuation coefficient K,. The
errors connected with the assumptions of computational procedures seem to
be less significant as compared with mentioned above.

Taking into account the investigating conditions of a complex experiment,
the optical measurements and computations were devised in order to obtain
a satisfactory approximation for many applications. Thus, the significant
aspect is that the optical data allow to describe the underwater lightfield
with an accuracy sufficient for many practical purposes. The presented data
can be applied to such practical problems as studies of primary production
and migration of krill swarms.

Due to a complex mechanism of formation of underwater lightfield, the
more detailed interpretation of optical results would be possible with taking
into account such phenomena as a system of water currents, inflow of
biogenic substances into the surface water, land effect, biological productivity
and others. In order to correlate the optical data with other processes
occurring in environment, the comprehensive oceanographic and hydrobiolo-
gical data obtained during the experiment are necessary.
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5. Pe3rome

IIpoBeneHs! HcCileOBaHHA CBETOBBIX YCJIIOBHI B aHTapKTHYECKHX Bojaax nposmsa [lpeiika
u B paiione }OxHo-IlleTiaHACKUX OCTPOBOB BO BPEMs JIETHETO ce30Ha (eBpaib—MapT 1981 roxa.
Jns cnekTpasibHBIX H3MEPEHHH MOKa3aTess BEPTHKAJIBHOTO ocabiieHuss 06JIy4YEeHHOCTH B MOpe
B BICUIMOM THana3oHe cnekTpa ot 400 HM jio 700 HM Hcmosib30BasICs W3MEPHTENb 06Iy-
actioc i csepxy npoussoctsa Mucrnryta Okeano.orin MAH 8 Conore. [liis HenepepbiBHOI
PEerucTpalui CyMMapHOH COJIHEYHOH paaualliH, MPUXOAALIECH K MOBEPXHOCTH MOPS, MCMOJIb30-
BaJica nupaHometp (tabmuuma I).

B tabaunax II u IIl momemieHsl cnexTpajbHble W JHEPreTHYECKHE XapAKTEPHCTHKH Ha-
TypaJbHOTO TMOJIsi CBETa B Mope, a B Tabaune IV xapakTepHbie OnTHYeCKHE IIIyOHHBI.

O6HapyXeHO 3HaYHTEJIbHYIO IPOCTPAHCTBEHHYIO H3MEHYUBOCTb ONTHYECKHX CBOMCTB HCCIle-
nyeMbix BoA. Ha ocHOBe NaHHBIX O BEpTHKAJIbHOM ociabieHuHn OOJYy4EHHOCTH BOABI 3TH
ObUIM YCJIOBHO MOAPA3/eJEHbl HA TPU CJEAYIOLIME TPYNINbl P@3JIUYHBIX ONTUYECKMX THUIIOB:
a. YUCTBIE OKEAHHYECKHE BOJIBI,

6. mocpeiHMe OKEAHHYECKHUE BOMABI MO] BIMSHHEM NPUOPEXHBIX BOI,
B. NPUOpEXHbIE BOAbI U BOABI C BBLICOKOH OHOJIOrHYECKOH NMPOAYKTHBHOCTBIO.

OTH THNBI BOX COOTBETCTBYIOT TumoM: lA-+1I, II+1, 1=-3, no onTtuueckoit kiaccudpu-
xauuu Box Epmosa (Jerlov 1976, 1977). [lns xaxno# M3 BBUICNEHHBIX TPYNN OTAEIBHO
PaccMOTPEHBI XapaKTEPHbIE ONTHYECKHE CBOWCTBA.

OnTuyecku HaubGosiee YHCTBIE BOIBI CO CpEIHEH TOJILHHOH 3yPOoTHYECKOH 30HBI OKOJIO
100 M 6L 0oOHapyXeHbI B CEBEPHOI YAaCTH MCCIIE[lyeMOro paiioHa To ecTh B npoJjuse Jlpeiika.
OcTtanbHble BOAHbIE akBaTOpuH BOKpYr FOxHo-IlleTnaHACKMX OCTPOBOB ONTHYECKH 6Goyee pas-
HOPOIHBI. B 3aBHCHMOCTH OT JOMHHHMPYIOLIHX (AaKTOPOB Cpelbl HabJIIONaauCh 3[€Ch HIH
MYTHBIE BOABI NPUOPEKHBIX THIIOB MJIH OTHOCHTEJIHO YHCTBIE BOJBI NMOCPEAHHX OKEAHHYECKHX
THNOB. B HekoTOpbIX paiioHax (k 3amagy oT ocTpoBa JjiepaHT, K IOro-3amaay OT OCTPOBa
AmBepc] perucTpHpOBaIMCh ONTHYECKHE CBOMCTBA BOM, B OCOGEHHOCTH CHJIBHOE MOIJIOLIECHHE
$uOJIETOBOrO U rojyboro cBeTa, CBUAETEIbCTBYIOLINE O BHICOKOHW OGHOJIOrHYECKOH NPOMYKTHB-
HocTH. HuxHss rpaHuua 3yQOTHYECKOH 30HBI JOCTHraja B 3THX Bodax okoiuo 30 m.

6. Streszczenie

Zbadano warunki $wietlne panujace w antarktycznych wodach Ciesniny Drake’a i w re-
jonie Wysp Poludniowych Szetlandow podczas sezonu letniego, w okresie luty — marzec
1981 r. Za pomoca miernika o$wietlenia skonstruowanego w Zaktadzie Oceanologii PAN w Sopo-
cie wykonywano spektralne pomiary ostabiania o$wietlenia odgérnego w morzu, w widzialnym
zakresie widma od 400 nm do 700 nm. W sposob ciagly rejestrowano calkowita energie
promieniowania stonecznego docierajaca do powierzchni morza wykorzystujac piranometr
(tabela I).

W tabelach II i III zamieszczono spektralne i energetyczne charakterystyki naturalnego
pola $§wiatla w morzu, a w tabeli IV — charakterystyczne glebokosci optyczne.

Stwierdzono znaczne przestrzenne zréznicowanie wlasciwosci optycznych badanych wod.
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Na podstawie danych o ostabianiu oswietlenia odgérnego, wody te zostaly umownie podzielone
na trzy nastgpujace grupy roéznych typow optycznych:
a. czyste wody oceaniczne,
b. oceaniczne wody typu posredniego i wody pod wplywem wod przybrzeznych,
c. wody przybrzezne i wody z wysoka produktywnoscia biologiczna.
Te typy wod odpowiadaja odpowiednio typom: IA=+II, II+1, 1+3, wedlug optycznej
klasyfikacji wod (Jerlov 1976, 1977). Omoéwiono oddzielnie charakterystyczne cechy optyczne
dla kazdej wyrdznionej grupy wod.

Optycznie najczystsze wody, ze $rednig gruboscia strefy eufotycznej okoto 100 m, stwierdzono
w poOlnocnej czgSci badanego rejonu, tj. w Cie$ninie Drake’a. Pozostale obszary wod wokot
Wysp Potudniowych Szetlandéw sa pod wzglgdem optycznym bardziej zréznicowane. W zalez-
nosci od dominujacych czynnikéw srodowiskowych obserwowano tu zmetnione wody typow
przybrzeznych badz stosunkowo czyste wody posrednich typéw oceanicznych. W niektorych
obszarach (na zach6éd od Wyspy Elephant, na potudniowy zachéd od Wyspy Anvers)
notowane wlasnoéci optyczne wody, a w szczegélnosci stosunkowo silne ostabianie $wiatta
fioletowoniebieskiego, $wiadcza o wysokiej produktywnosci biologicznej. Dolna granica strefy
eufotycznej siggala w tych wodach okoto 30 m.
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