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Distribution of underwater irradiances and estimated light

attenuation by oil slick in the ROPME Sea area

Tsutomu MORINAGA ", and Hisayuki ARAKAWA”®

Abstract : Classifying seawater in the ROPME Sea area by optical water type (JERLOV, 1964),
the water masses of Oceanic Types II and Il were distributed at its centre, and those of Coastal
Types 1 and 3, in the coast of UAE and the Arabian side in the vicinity of lat. 27°30’ N, respec-
tively. The depths of water at which PAR attenuated to 1% of its surface value were 26 m and
37 m in the former, and 18 m and more and approximately 18 m in the latter. At the centre of
the sea area, the diffuse attenuation coefficients for ultraviolet light A and B were 0.26~0.33
m ™' and 0.39~0.53 m !, respectively. They are several times greater than those of PAR. Based on
the experiment about an oil slick on sea surface, the ratio of penetrated light into water became
to be smaller as the wavelength was shorter. When the thickness of an oil slick was 0.2 mm, the
value of PAR just below that decreased to approximately 19 of the sea surface. The relation-
ship between the thickness of an oil slick and the ratio of PAR attenuation can be expressed by
a following formula : EpPaAR=100exp(—23.3 h) r*=0.989, where EpPaRr, h, and r are relative
irradiance (%), thickness of oil slick (mm), and correlation coefficient, respectively. The slicks
of crude oil spilled into this Sea area are considered to have an impact on the optical environ-

ment underwater.
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1. Inyroduction

The ROPME Sea area (hereinafter abbrevi-
ated as “RSA”) is bounded by seven countries-
United Arab Emirates, Qatar, Bahrain, Saudi
Arabia, Kuwait, Iraq and Iran, and it has tradi-
tionally been called the Persian Gulf or the
Arabian Gulf. This sea area is connected to the
Arabian Sea through the Strait of Hormuz and
the outer Gulf of Oman. The mean depth of
water is approximately 35 m with the utter ab-
sence of water depths over 100 m. The shape of
this sea area is rectangular with a length of ap-
proximately 960 km and a width of approxi-
mately 250 km, and the total area is 240,000
km* which is nearly equal to the area of Hon-
shu Island, Japan.

During the Gulf War in 1990, 1.08 X 107 barrels
of crude oil spilled into the RSA, and there
were enormous impacts upon diverse marine
animals and plants (FAYAD and OVERTON, 1995;
READMAN et al., 1996). QOils spilled into oceans
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are considered to have impacts on not only
aquatic animals and plants but also their habi-
tat conditions. Detailed studies are available on
physiology and ecology of fish and algae ; e. g.
HoLT et al, 1978; PROFFITTE et al., 1995 ;

WATANABE et al., 1998. Also, studies on water
quality, sea bottom sediments and the effects
upon sand shoals are conducted ; OTSUKI et al.,
1998 ; I. ALAM et al., 1998. We anticipate that oil
slicks hamper the penetration of sun light, with
consequential degradation of the optical envi-
ronment underwater.

Historical studies were more papers, e.g.
ScoTT, 1908; ScHULY, 1914; BLEGVAD, 1944;
EMERY, 1956. For example, EMERY (1956) pro-
vided the first detailed map of the surface sa-
linity distribution, together with some vertical
profiles, from data obtained on board the RV
Meteor. After that, a joint research by Tokyo
University of Fisheries and Kuwait Oceano-
graphic Institute was conducted on board the
RT/V Umitaka-Maru in 1968 (Tokyo Univ. of
Fish, 1974). OsuitE (1974), one of investiga-
tors on board, reported that the values of
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Fig. 1. Map showing the observation Stations in Dec. 1994. The numerals are Station numbers

from 1 to 11.

transparency and SS in the Gulf ranged from 8
to 16 m and 0.2 to 1.8 mg/l, respectively. From
a recent survey by the RV Mt. Mitchell of
NOAA, USA, ReynNoLDs (1993) found out that
the low salinity water near the mouth of the
Gulf might be associated with an inflow of
water from the Gulf of Oman through the
Strait of Hormuz. However, none made the op-
tical oceanographic study.

This study was conducted as an integral part
of the International Scientific Research Pro-
gramme “An Integrated Study on the Effects of
Crude Oil Spills in the ROPME Sea Area” In the
study, relative irradiance of visible light by
wavelength, photosynthetically available ra-
diation (PAR) and ultraviolet light in lat. 28° N
and further south of the RSA was observed
concurrently, assessing how far light in what
wavelength penetrates sea water, whereby the
effects of slicks caused by crude oil spills in
this sea area on light attenuation were investi-
gated.

2. Observation Method
Oceanographic observations were carried
out aboard the RT/V Umitaka-Maru (1,828 G

/T) of Tokyo University of Fisheries from 15 to
17 December, 1994. A total of eleven observa-
tion stations were arranged in the RSA on lat.
28°N and further south (Fig. 1). Conventional
oceanographic observation elements such as
visible light, PAR, and ultraviolet light (A and
B) were taken up in this study. Observations of
visible light were made at all stations, PAR at
Stations 1, 3,5, 6, 7, 8,9, 10 and 11, and ultravio-
let (A and B) at Stations 5, 7, 8, and 10, respec-
tively. An irradiance meter, PRR-600 (Biosphe-
rical Instruments Inc.) provided with a depth
sensor was used to measure the relative
irradiance of visible light by wavelength 412,
443, 490, 510, 555, 665 nm and PAR, 400-700 nm.
An another meter, IL-1700 (International Light
Inc.) was also used with the ultraviolet light A,
326-380 nm (the maximum transmittance: 355
nm, hereinafter called “UV-A"), and B, 270-306
nm (the maximum transmittance : 288 nm,
hereinafter called “UV-B”). The observation
method was such that the each instrument was
lowered from the ship’s sunny side, whereby
observations were carried out on the sea sur-
face and the bottom or continueously down to
the limit of observations by pre-set water
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Fig. 2. Depth profiles of downward irradiance at Stn. 6 (upper) and at Stn. 9 (lower).
The numerals in the figures indicate wavelength (nm) of visible light.

depth.

The effects of oil slicks on submarine
irradiance distribution were experimentally in-
vestigated in the following method. At culmi-
nation on a fine day, measurements were taken
with an instrument, PRR-600, which was used
in field observations, soaked near the surface of
distilled water contained in a cylindrical tank
coated black inside (70cm both in dia. and
depth) placed on the rooftop of our laboratory.
The Iranian heavy crude oil was used with a
specific gravity of 0.87 g/cm?

3. Results and Discussions
3-1 Irradiance distribution of visible light by
wavelength
Figure 2 shows measurements of irradiance
of visible light by wavelength taken at Station
6 in the central region of the Sea area and at
Station 9 on the coast of UAE. At Station 6, the
wavelengths in descending order of light pene-
tration were 490, 510, 555, 443, and 412 nm, and
the reading of 665 nm was assumed to be below

the measuring limit at the depth of 256 m. On
each the wavelengths given, the inclination of
attenuation was approximately the same from
the sea surface down to the vicinity of bottom.
It follows that the water mass under investiga-
tion is optically uniform. At Station 9, it was
observed that the irradiance decreased as a
function of water depth tended to be steeper
than that at Station 6. However, the sequential
order of wavelengths with good light penetra-
tion was identical. Light attenuation of each
wavelength is approximately linear, indicating
that the water mass is optically homogeneous,
even in the coastal waters, except at the bot-
tom layer.

Figure 3 illustrates the relative irradiance
distribution of visible light by wavelength at
the depth of 10 m at all stations. It could be
seen from the figure that the value of relative
irradiance was lower on the shorter wave-
length side, with peaks at 490 or 510 nm, and
registered sharp falls on the longer wavelength
side. This distribution pattern was commonly
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Fig. 3. Spectral distributions of downward irradiance at the depth of 10m.

seen at all stations within the Sea area. When
arranged in descending order, the magnitude
of light penetration took the following order:
Stations 3, 5, 10, 4, 6, 8, 11,7, 2,9, and 1. The rela-
tive values of irradiance at Station 1 to that at
Station 3 for the range of wavelength from 412
to 665 nm are within 10 to 40%6. In other words,
there are optically different water masses in
this Sea area. According to JERLOV's optical
water mass classification (1964), the Oceanic
Types @I and Il are widely distributed in wa-
ters at the central part of the Sea area from the
Strait of Hormuz to off Qatar Peninsula. The
coast of UAE (Station 9) corresponds to
Coastal Type 1, and water area in the vicinity
of 27°30" N correspond to the Coastal Types 1
to 3.

ARAKAWA et al. (1998) carried out the obser-
vations of irradiance and turbidity concur-
rently in this Sea area, and they clarified that
there was a clean water mass at the central
part of RSA with increasing turbidity in waters
closer to the coasts ; and consistent turbidity
from the surface to the bottom layer. There re-
sults are in good agreement with the results of
the present study on relative irradiance distri-
bution.

3-2 Distribution of PAR

Figure 4 shows the depth profile of relative
irradiance of PAR at each station. PAR on the
sea surface at Station 10 (17 December, 1994,
noon, fine) was approximately 1.8X10* ¢ mol -
m % - s~ The attenuation trends of PAR were
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Fig. 4. Depth profiles of PAR at each station.

approximately linear at all stations from the
sea surface to the vicinity of bottom. The sta-
tions in descending order of good irradiance of
PAR were Stations 10, 11, 5, 3, 6, 8, 7, 9 and 1.
The relative values at the depth of 10 m were
169% at Station 10, and 8% at Station 1, and the
latter was approximately half of the former.
The water depth at which PAR assumed 1% of
the sea surface was in the range from 26 to 37
m for generous areas of waters, except for ap-
proximately 18 m in the Gulf water at Station
1, and greater in other areas of Gulf water. Fur-
thermore, the diffuse attenuation coefficient
for PAR was between 0.20 and 0.29 m !, which
was smaller at the center of the Gulf water and
greater in the coasts and peripheral waters.
This is in close agreement with the results of
the distribution of optical water mass types.

3-3 Distribution of Ultraviolet Light (A, B)

When PAR on the sea surface at Station 10
was approximately 1.8 X 10° g mol - m™ - s7/,
irradiance of UV-A and UV-B were about 1.4 X
10*W - m™?, and 1.3 X 10™*W - m™2, respec-
tively.

Figure 5 shows the relative irradiance of UV-
A and UV-B. Supposing that UV-A just beneath
the sea surface is 100%, UV-A at Station 10 as-
sumed 24.3% at the depth of 5 m, 7.6% at 10 m,
and it reached the limit of measurement at the
depth of 20 m. The trend for the attenuation of
UV-A at each station was linear. The diffuse at-
tenuation coefficients for UV-A ranged from
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Fig. 5. Depth profiles of UV-A (upper) and UV-
B (lower) at each station.

0.26 to 0.33 m', and there were slight disper-
sions.
The attenuation trends of UV-B were also
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Table 1. Each value of the diffuse attenuation coefficients for visible light, PAR and ultraviolet light
under different optical water types. Unit is indicated as m ™.

Stn. 1| 2 [ 3 | 4 5 6 7 8 9 10 11
Water Type 31 5 m ; m I I o m 1 m I
Kwmax. TRANS [ 0.19 \ 0.12 | 0.11 ] 0.11 0.06 0.11 0.11 0.11 0.12 0.11 0.11
Kpar ( 0.290 ] - \ 0.208 \ — 0.234 0.224 0.252 0.239 - 0.207 0.226
Kyv-a J - - \ - \ - 0.310 - 0.332 0.333 — 0.258 —
Kuv-5 | - - | -1 - 0.406 ~ 1 0531 - ~ | 0389 -

Irradiance (%)

0.01

Unit: mm
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Fig. 6.

Spectral distributions of relative downward irradiance just under oil slick.

The numerals are thickness of oil slick on water surface.

linear. Due to significant attenuation, the limit
of measurement was ranged from 7 to 15 m.
The diffuse attenuation coefficients for UV-B
were between 0.39 and 0.53 m ™', which were
greater than those for UV-A. It follows that
UV-A at the central part of the Gulf featuring
clear water is such that approximately 1% or
more of the ultraviolet light on the sea surface
penetrates 15 m or more.

3-4 Relationships between Optical Water
Type, PAR and Ultraviolet Light (A, B)
Table 1 shows the relationships between the

optical water mass type at each station and the
diffuse attenuation coefficients for PAR and ul-
traviolet light (A, B). Kuaxrans. in the table in-
dicates the diffuse attenuation coefficient for
the wavelength at which light penetration is
highest. Concerning the relationship between
the optical water mass type and the diffuse at-
tenuation coefficient for PAR (Kear), to begin
with, Kpar of 0.21-0.25 m™* corresponds to the
Oceanic Types I and M (Kgs: 0.06 m™', Ksw:
0.11 m™Y) and Kear of 0.29m ! corresponds to the
Coastal Type 3 (Kso: 0.19m™), respectively.
Therefore, values of Kpar correspond to
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Fig. 7. Correlation between the thickness of oil slick and the ratio of PAR attenuation.

approximately 1.5 to 4.0 times the diffuse at-
tenuation coefficients (Kus, Ksw, Kso) of each
water mass, which are slightly larger than the
theoretical results of Okamr (1978) ; i. e, 1.6 to
2.1. In the next attempt to obtain similar rela-
tionships as those above on the relation be-
tween the diffuse attenuation coefficients for
UV (Kuv-a and Kuv-8) and Kpar, we found that
Kuv-a was approximately 2.5 to 5.0 times Kpag,
and Kyv-s was approximately 4.0 to 6.0 times
Kpar. From the discussion above, it can be
found that the ultraviolet lights (A, B) attenu-
ate most violently.

3-5 Effects of Oil Slicks on Underwater

Irradiance Distribution

Crude oil spilled into the sea immediately
propagetes over wide areas of water under the
effects of wind and waves, and forms oil slicks.
Fig.6 shows the relative irradiance distribution
of visible light just below oil slicks by thick-
ness. Relative irradiance is shown taking the
value in the absence of oil slicks as 100. When
the thickness of an oil slick is 0.02 mm, subma-
rine irradiance just below that is 6.3, 37.5 and
71.1% at wavelengths of 412, 510 and 665 nm.

When the thickness of an oil slick is 0.1 mm,
0.10% at 412 nm, 1.22 9% at 510 nm and 24.1 % at
655 nm, respectively. Namely, greater attenua-
tion of irradiance is caused by oil slicks on the
sea surface at shorter wavelengths. Besides, the
diffuse attenuation coefficients due to slicks
were 6.9X10° m™' at a wavelength of 412 nm,
and 1.4X10° m™* at a wavelength of 665 nm.

Figure 7 shows the relationship between
PAR just below the sea surface and the thick-
ness of an oil slick. If the irradiance in the ab-
sence of oil slicks is taken as 100, irradiance
was 47.8% when the thickness of an oil slick is
0.02 mm, 9.62% to 0.1 mm, and 0.91% to 0.2 mm.
The relationship between the thickness of an
oil slick and the ratio of PAR attenuation is ex-
pressed by the formula below.

Epr=100 - exp (—23.3 - h), r?=0989

where,
Epar : relative value of PAR,
h : thickness of crude oil slick (mm)
r : correlation coefficient
From the above discussion, we can see that
the value of PAR sharply drops as the thick-
ness of an oil slick increases, and the irradiance
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just below that when the thickness of slick is
even with only 0.2 mm assuming approxi-
mately 19 of the case without slick. At this
time, the value of diffuse attenuation coeffi-
cient for PAR is 2.3 X10°m ™.

Concerning with UV, the attenuation of
irradiance due to oil slick is quite violent at
shorter wavelengths, thus penetration of UV
into sea water is considered to become almost
nil if there are oil slicks.

On the basis of the investigation stated
above, the effects of crude oil spills in the RSA
on submarine irradiance are examined. The
quantities of crude oil spilled as a consequence
of the Gulf War were reported to be 1.08 X107
barrels (1.7X10° k1). The spilled crude oil ran
along the coast of Saudi Arabia, reaching near
the Abu Ali Peninsula, fouling 640 km of the
coasts (HAYES et al., 1993). The scope of crude
oil propageted at this time was reportedly 35
linear miles (64.8 km), with a width of 10 miles
(185km) (Peter, 1991), and the area was ap-
proximately 1,200km? Assuming that the crude
oil propageted at an uniform thickness, the
thickness of an oil slick is calculated to be 0.14
mm or more. This suggests that the submarine
space at the time of the crude oil spills is a
black world.

In this study, the effects of crude oil slicks on
the submarine optical environment were inves-
tigated. Several tens percent of the spilled oil is
said to solve into the sea. In future, it is there-
fore necessary to investigate the effects of
emulsified oil in the sea for assessing precisely
the influences of spilled oil on the changes of
underwater irradiance.

Acknowledgments

The authors are pleased to acknowledge the
considerable assistance of Prof. and Dr. A.
OTsUKI who was a representative of Interna-
tional Scientific Research Programme, and also
would like to thank Prof. K. KASUGA, captain of
the RT/V Umitaka-Maru of Tokyo Univ. of
Fish., and their staff. Besides, we wish to thank
Mr. T. Touma of “MITSU UROKO” company
for offering us experimental sample of crude
oil.

References

ARAKAWA, H., T. HIRAWAKE and T. MORINAGA (1998) :
Distribution of Turbidity in the ROPME Sea
Area. In Offshore environment of the ROPME
Sea Area after the war-related oil spill-Results of
the 1993-94 Umitaka-Maru Cruises. A. OTSUKI et
al. (eds.), p. 49-63, Tokyo.

BLEGVAD, H. (1944) : Fishes of the Iranian Gulf. In :
Danish Scientific Expedition in Iran (1935-1938),
Part 3, 247pp.

EMERY, K. O. (1956) : Sediments and water pollution
of Persian Gulf. Bull. Amer. Ass. Petrol. Geol,, 40,
2354-2383.

Favap,N. M. and E. OverToN (1995) : A unique biode
gradation pattern of the oil spilled during the
1991 Gulf War. Mar. Pollut. Bull, 30, 239-246.

Haves, M.O, A.M. AL-Mans, J.R. JENSEN, S.
NARUMALANI, D. AURAND, A. AL-MoMEN and G. W.
THAYER (1993) : Distribution of oil from the Gulf
War spill within intertidal habitats—one year
later. Proceedings of the 1993 International Oil
Spill Conf,, pp. 373-381. Amer. Petrol. Inst.,, Wc. D.
C., USA.

HoLr, S., S. RaBALAIS, NO. RABALAIS, S. CORNELIUS and
J. S. HoLLaND (1978) : Effects of an oil spill on
salt marshes at Harbor Island, Texas, Biology, In
the Proceedings of the Conference on Assess-
ment of Ecological Impacts of Qil Spills, pp.
344-352. Amer. Inst. Biol. Sci,, We. D. C,, USA.

1. ALam, A, A. AL-ARFAJ and M. SapiQ (1998) : Metal
concentrations in sediment samples collected
during Umitaka~Maru cruises in 1993-1994. In
Offshore environment of the ROPME Sea Area
after the war-related oil spill-Results of the 1993~
94 Umitaka-Maru Cruises. A. OTSUKI et al. (eds.),
p. 149-159, Tokyo.

JErLOV, N. G. (1964) : Optical classification of ocean
water. In Physical aspects of light in the sea.
Univ. Hawaii Press Honolulu, pp. 45-49.

OsHITE, K. (1974) : Suspension collected in the Ara-
bian Gulf. Trans. Tokyo Univ. Fish., No.1, 72-81.

Oxawmy, N. (1978) : Optical environment in the sea. I'm
“Biological and chemical utilization for solar en-
ergy” SHIBATA, K. et al. (eds.), Gakkaishi Kanko
Center in Tokyo, pp. 75-84.

OTsUKL A, K. NAGAOKA, S. HasHiMOTO, T. SENJU and Y.
Kolke (1998) : Concentration of bromide and
chloride ions and their relationships with salin-
ity in the central region of the ROPME Sea Area.
In Offshore environment of the ROPME Sea Area
after the war-related oil spill-Results of the 1993
94 Umitaka-Maru Cruises. A. OTsUKI et al. (eds.),
p. 89-98, Tokyo.

PETER, J. (1991) : Gulf War oil slick. Mar. Pollut. Bull,
22, 102.



Underwater irradiance in the ROPME Sea area 181

PROFFITTE, C. E,, D. J. DEVIN and M. LINsy (1995) :
Effects of oil on mangrove seedings grown under
different environmental conditions, Mar. Pollut.
Bull, 30, 788-793.

READMAN, J. W, J. BarTOCCH, 1. TOLOSA, S. W. FOWLER,
B. OrREGIONI and M.Y. ABDULRAHEEM (1996) : Re-
covery of the coastal marine environment in the
Gulf following the 1991 War-Related oil spills.
Mar. Pollut. Bull,, 32, 493-498.

REYNOLDS, R. M. (1993) : Physical Oceanography of
the Gulf, Strait of Hormuz, and the Gulf of Oman
Results from the Mt. Mitchell Expedition. Mar.
Pollut. Bull,, 27, 35-59.

ScorT, G. (1908) : Der salzgeholt des Persian Gulfes
und der angrenzenden Gewasser. Annalen Hyd-
rographie und Maritimen Metiorology, 36, 296
—299.

ScuuLy, B. (1914) : Beitrage zur keuntnis der ober
flas chenuerhaltmisse der Ozeans. Annalen

Hydro-graphie und Maritimen Metiorology, 42,
392-405.

Tokyo University of Fisheries (1974) : Arabian Gulf
Fishery — Oceanography Survey by Umitaka-
maru, Training-Research Vessel, Tokyo Univer-
sity of Fisheries with Collaboration of Kuwait
Institute for Scientific Research, December 1968.
Trans. Tokyo Univ. Fish., No.1, 1-118.

WATANABE, M., S. HasHIMOTO, K. FujiTa, and A. OTSUKI
(1998) : Distribution of organotin compounds in
fish and the ratio of phenyl-tin to total organic-
tin in the ROPME Sea Area. In Offshore environ-
ment of the ROPME Sea Area after the war
related oil spill-Results of the 1993-94 Umitaka
Maru Cruises. A. OTSUKI et al. (eds.), p. 231-244,
Tokyo.

Recieved December 9. 1998
Accepted February 8. 2000



