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Observations from August 1991 and 1993 of downward UV-B, blue and quanta irradiances, and of colour
indices and Secchi disc depths in the Greenland Sea and the northern part of the Barents Sea, are presented.
The UV-B irradiance (306 nm) is on average reduced to 10% of its surface value at 5 metres depth, and to
1% at 10 m. Blue irradiance (465 nm) is reduced to 10% at 21 m, and to 1% at 41 m. The integrated quanta
irradiance obtains the same reductions at 16 m and 35 m, respectively. These penetration depths correspond
to Ocean Water Type HI in Jerlov’s classification. They are about twice the values of May—June 1973
observed by Aas & Berge, but they are half the values observed in September 1979 by Hgjerslev. This
variability may partly be seasonal, caused by the hydrological and light-climate cycles. The UV-B
transparency of the Svalbard waters seems to be influenced by yellow substance from different freshwater
run-offs, and there is probably no single relation between salinity and yellow substance content in this
region. Statistical relations between the quanta irradiance and the colour index, the Secchi disc depth and
the blue irradiance differ from one region to another, and from year to year.
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Solar ultraviolet radiation is generally divided into
three spectral ranges: (1) the extremely harmful
UV-C radiation (200-280 nm) which is absorbed
almost entirely by the Earth’s atmosphere, (2) the
DNA-damaging UV-B radiation (280-315 nm)
which is strongly absorbed by the atmospheric
ozone, and (3) the both damaging and repairing
UV-A radiation (315-400nm) which is only
weakly absorbed by the ozone. The observed
depletion of polar ozone in the Southern and
Northern hemispheres (Fahey 1995) is assumed to
lead to increased doses of UV-B radiation at the
Earth’s surface (McKenzie 1995; Taalas et al.
1995; Zerefos 1995), and this has brought new
focus on the impact of UV-B radiation on aquatic
life. The amounts of ultraviolet radiation at
different depths in the sea may be estimated if
the corresponding vertical attennation coefficient
for the surface layer is known (Zeng et al. 1993).
Unfortunately very little systematic mapping of
such optical properties has been made. Jerlov
(1976) has published a figure which shows the
regional distribution of optical water types for the
world oceans between 70°S and 70°N. A similar
map has been presented for the Secchi disc depth
by Shifrin (1988), while Simonot & Le Treut
(1986) combine several types of optical observa-

tions to produce regional distributions of optical
water types, Secchi disc depths, and vertical
attenuation coefficients for blue light (465 nm).
None of these maps are suited to predicting the
penetration of ultraviolet radiation into the sea,
except perhaps for the clearest ocean waters, and
none of them extend beyond 70°N.

For the Svalbard area north of 75°N some
irradiance observations in the sea have been
published (Aas & Berge 1976; Hgjerslev 1980;
Hgjerslev & Aas 1991), and a few observations
have been made in Svalbard fjords (Halldal &
Halldal 1973; Hgkedal 1993).

Hgjerslev & Aas (1991) found that for North
Atlantic surface waters with a salinity above
35.0 psu, the best fit between the vertical
attenuation coefficients K at 310 and 465 nm
was obtained by the line

K(310) = [0.078 m™"] + 1.04 K(465). (1)

It was also found that in the waters around
Svalbard with salinities below 35.0 psu, the
optical observations deviated from this relation.
Although it could be presumed that the deviations
were due to yellow substance brought into the sea
by freshwater run-off, evidence for this hypothesis
was lacking.
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In 1991 different optical measurements were
made in the Greenland and northem Barents seas
in collaboration with the Norwegian Polar In-
stitute and the Norwegian Institute for Water
Research (Hgkedal 1993). The main purposes of
the project were to survey the vertical attenuation
of UV-B and blue irradiance in this region and to
study the influence of the freshwater content on
the UV-B attenuation.

This paper presents the results of the project.
Additional measurements made in 1993 have been
included. As a useful by-product, relations
between the integrated quanta irradiance and the
blue irradiance, the colour index and the Secchi
disc depth were obtained and are compared with
similar results from the surrounding areas.

Instruments

One integrating and two single-channel irradiance
meters were applied: a quanta irradiance meter
manufactured by LI-COR, Inc., Nebraska, a UV-B
meter from Dansk Havteknik a/s, Copenhagen,
and a blue irradiance meter from the Department
of Physical Oceanography at the Niels Bohr
Institute, University of Copenhagen.

The underwater sensor LI-192S(B) measures
integrated quanta irradiance in the range 400-
700 nm (photosynthetically active or available
radiation, PAR). The properties of this instrument
have been described by Roemer & Hoagland
(1981).

The sensor of the UV-B meter consists of a
quartz diffusor and window, an interference filter,
and a photomultiplier. Its spectral sensitivity peak
lies at 306 nm and the band width at haif peak
value is 10 nm.

The blue irradiance meter has an opal glass, the
standard filter combination BG12 + GG5 from
Schott, a glass window and a photovoltaic cell.
The sensitivity peak lies at about 465 nm, and the
band width is 30 nm.

Details of the construction of the two single-
channel instruments and of their calibrations with
regard to linearity, cosine and immersion effects
and spectral sensitivity have been presented
elsewhere (Hgkedal & Aas 1994). All three
irradiance meters were calibrated against certified
standard lamps.

The colour index meter, manufactured by
Dansk Havteknik a/s, Copenhagen, consists of a
sensor that “looks” down into the sea and

measures the ratio between the upward scattered
blue (446 nm) and bluegreen (514 nm) radiances
(Jerlov 1974a). The spectral band widths at the
two wavelengths are about 17 nm. The method of
calibration has been described by Aas (1993,
1994).

A standard white Secchi disc with a diameter of
about 30 cm was applied. Salinity and temperature
were measured with a CTD Mark III sensor from
Neil Brown.

Methods and errors of measurement

A deck model of the quanta meter served as a
reference during all the irradiance measurements.
It has been observed for green irradiance in
coastal waters (Aas 1969) that the deviations from
a linear relation between irradiance in air and
irradiance at 2m depth normally are less than
20%, but that in special cases (low sun and
uneven cloudiness) they may amount to 70%.
From observations during clear sky conditions in
the Mediterranean Sea, it was concluded that blue
irradiance at 10 m depth varied in the range from
48% to 66% of the surface value for solar
elevations in the range 10°-70° (Hgjerslev
1974a). This corresponds to a relative variation
of *16% from the mean value. At 50 m depth the
relative variation became *20%. Similarly the
relative variation of blue irradiance at 60 m depth
below sea ice in the Arctic Ocean was observed to
be only 2% for irradiance fluctuations in air of
about 70% (Smith 1973).

From the 60 m long ship R/V Lance, mecasure-
ments were made using a bar to keep the
irradiance meters at a distance of 5Sm from the
shipside, 10 m aft of the bow. The side of the ship
nearest to the instrument bar reached about 4 m
above sea level and 5m below. The resulting
influence of the ship on the calculated vertical
attenuation coefficient of downward irradiance, K,
was estimated to be of magnitude 0.01-0.025 m™*
(Hgkedal 1993). Because most of the values
obtained for K were greater than 0.1 m™', it was
then assumed that the ship’s influence could be
ignored.

Joseph (1949) and Aas & Berge (1976) have
demonstrated earlier that the signal from the blue
irradiance meter is proportional to the downward
irradiance at 465 nm (Fig. 1).

Unfortunately it is far more difficult to measure
irradiance in the UV-B range. If the ratio between
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Fig. 1. Narrow band irradiance E(465) at 465 nm as a function
of the broad band irradiance E(blue) recorded with Schott filter
BG12 + GG5, based on eight optical stations from the
Norwegian Sea between the surface and a depth of 50 m. Both
irradiances are normalised against their surface vatues (Aas &
Berge 1976).
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Fig. 2. Irradiance at 465 nm (right curve) and uncorrected
irradiance at 306 nm (left curve) as functions of depth, at a
station in the central Greenland Sea (75.0°N, 10.0°W, 1720
GMT, solar altitude 9°, 1S August 1991) (Hgkedal & Aas
1994).

the blue and UV-B irradiances increases strangly
with increasing depth, even a very small sensitiv-
ity to blue light in the UV-B instrument may make
significant or dominating contributions to the
signal (Hgjerslev 1978). For example the ob-
served irradiance curves at 306 and 465 nm in Fig.
2 tend to become parallel from a certain depth on.
The obvious explanation is that the UV-B
instrument has a “light leakage” in the blue part
of the spectrum. The leakage is quantified by the
almost constant ratio 7 between the irradiances E
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in the depth range where the two curves are
approximately parallel:

_E(306)
T ¥ E(465) @

At all depths z the “true” UV-B irradiance may
then be calculated from the observed irradiances
by

E(306,2),,, ~ E(306,2),, — TE(465),2)

obs*

(3)
The observations were rejected when the correc-
tion given by the last term of eq. (3) amounted to
50% or more of the observed value. This is
demonstrated in Fig. 3 which presents the UV-B
irradiance of Fig. 2 after the corrections have been
made. The ratio 7, which depends on the shape of
the spectral irradiance distribution, varied from
one station to another (Hpkedal & Aas 1994).

The colour index was recorded by lowering the
instrument over the rail. It was observed that the
distance between ship and instrument had no
significant effect on the colour index. The
measurements were restricted to solar altitudes
above 15°, where the index is practically inde-
pendent of the sun’s position (Hgjerslev 1974b;
Jerlov 1974a). Overcast conditions will increase
the index by about 10% (Jerlov 1974a). Most of
the observations of the colour index were made
with an overcast sky and have been suitably
adjusted.

Results

Observations of the vertical irradiance
attenuation

During August 1991 irradiance was measured at
29 stations in the Greenland Sea and in the
northern part of the Barents Sea, and in August
1993 at 23 stations in the same area. The solar
altitude was less than 30° at all stations, and often
less than 20°. The positions were chosen for
hydrographical rather than optical reasons.

At most of the stations the upper layer acted
both as a thermo- and a halocline, from the
surface or from a few metres depth down to the
lower boundary at 10-20 m. Many stations also
featured a dicotherm at this boundary (Fig. 3),
which is a characteristic of vertical temperature
profiles at high latitudes. The observed salinities
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at the depths where the irradiance was measured
varied in the range from 25.4 to 34.6 psu. At a
typical station the vertical attenuation decreased
with increasing depth (Fig. 3). At some stations,
however, a distinct two-layer structure was
observed in the vertical attenuation, with the
boundary at 2040 m depth (Fig. 4). The charac-
teristic feature of the lower layer was a larger
attenuation than in the layer above. Most probably
this was caused by an internal maximum in
particle concentration. Such maxima have been
observed in Svalbard waters for the scattering
coefficient (Kullenberg 1984; Kullenberg & Xu
1986) and the mass concentration of suspended
particles (Forsberg 1983).

The present observations demonstrate that the

solar altitude 13°, 2 August

Salinity [psu] 1991).

irradiance will penetrate deeper in the central part
of the Greenland Sea than in the more peripheral
areas (Figs. 5-8). No clear pattern can be
distinguished in the northern Barents Sea.

The statistical mean values * the standard
deviations for the depths Zj345(10%) and
Z306(1%) (Figs. 5-6), where the UV-B irradiance
is reduced to 10% and 1% of its surface value, are
5+ 2m and 10 * 3 m, respectively.

The corresponding depths for the blue irradi-
ance, Z45(10%) (Fig. 7) and Z,5(1%), are
21 + 7m and 41 * 20 m. The last depth is partly
based on extrapolated values.

The mean value and standard deviation of the
10% depths of integrated quanta irradiance,
Z(10%) (Fig. 8), become 16 + 5m. The depth
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Fig. 5. Distribution in August
1991 and 1993 of the depths

Z 306(10%) where the downward
UV-B irradiance is reduced to
10% of its surface value. The
depths represent one single
station or the average of two or
three closely situated stations.

Fig. 6. Distribution in August
1991 and 1993 of the depths
Z305(1%) where the downward
UV-B irradiance is reduced to
1% of its surface value.

Z(1%) was not measured at all of our stations,
but linear correlation based on 12 stations in 1991
gives for this quantity the approximation

Zo(1%) ~ [3 m] + 2Zp(10%) (4)

with correlation coefficient r = 0.74. The mean
value of Z(1%) may then in our case be
estimated to be about 35 m. The mean values of
Z465(1%) and Z(1%) both correspond to Water
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Type I in Jerlov’s optical classification of ocean
water (e.g. Jerlov 1976).

The Z(0.1%) depths were usually not measured
for the UV-B, blue and quanta irradiances, either
because the signals became too small or because
the underwater cables were too short. However,
Z306(0.1%) may be obtained as a crude estimate
from the presented values of Z3p(10%) and
Z306(1%) by the assumption that semilogarithmic
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plots of E(306) versus z become straight lines
below Z505(10%):

Z306(0.1%) = Z306(10%) + 2(Z306(1%)
— Z306(10%)) = 2Z395(1%) — Z306(10%).

This estimate works best in optically homogene-
ous water.

(5)

Fig. 7. Distribution in August
1991 and 1993 of the 10%
depth for downward blue
irradiance, Z455(10%).

Fig. 8 Distribution in August
1991 and 1993 of the 10%
depth for downward integrated
quanta irradiance, Z(10%).

Influence of freshwater on the UV-B attenuation

If we plot our observed values of K(306) from the
Svalbard area as a function of the corresponding
K{(465) values, the points will not lic on the line
described by eq. (1), but they will form a diffuse
cloud, situated above the line. This means that
Svalbard waters contain optical components
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Fig. 9. Calculated values of 4K as a function of salinity § for
the 38 optical stations where S was available. Explanation:
O = Greenland Sea, 1991; @ = northern Barents Sea, 1991;
A\ = Greenland Sea, 1993; A = northern Barents Sea, 1993.
The dashed line is the best fit to the observations from the
Greenland Sea in 1991.
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Fig. 10. The 10% depth of integrated quanta irradiance,
ZA{10%), as a function of the colour index at O m (symbols as
in Fig. 9). The dashed line gives the best fit to the observations
from 1993.

which produce significantly larger vertical atten-
uation coefficients at 306 nm than at 465 nm. The
most likely component in the ocean with such a
property is yellow substance (Aas & Hgkedal
1996). Probably eq. (1) applies to conditions
where the content of yellow substance is low, and
where the variation in K is due mainly to a
varying amount of phytoplankton particles and
associated debris.

The yellow substance content can be deter-
mined by spectrophotometric analysis of filtered
water samples. Because the necessary equipment
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was not available during our cruises, samples
were taken and stored for later analysis, but
unfortunately they had by then become contami-
nated and had to be rejected. This restricts our
discussion of the yellow substance to a compar-
ison with the observed salinity. Linear relations
between yellow substance and salinity, where the
content of yellow substance decreases with
increasing salinity, have been observed in the
Baltic Sea by Kalle (1949) and Jerlov (1955), in
the Kattegat and Skagerrak by Hgjerslev (1971),
and in a section between Iceland and Nova Scotia
by Walsh et al. (1992). More complex patterns
will occur when more than two water types are
mixed, as demonstrated by Hgjerslev (1980, 1994)
and Hgjerslev et al. (1996).

The difference between the observed value of
K(306) and the value estimated from the observed
value of K(465) by eq. (1) will be termed 4K:

AK = K(306),,, — K(306)
~ K(306)

est
—[0.078 m™'] — 1.04 K(465),,,.
(6)
If the difference 4K is caused by yellow
substance, it can then be expected to decrease
with increasing salinity.
The quantity 4K was calculated for the 38
optical stations where data for the salinity S were
available. Linear correlation restricted to the

observations from the Greenland Sea in 1991
produces the line

obs

-1 S
AK=[337m ](1 35.43) (7)
with the correlation coefficient r = —0.81 (Fig. 9).
Since yellow substance in Svalbard waters may
originate from local river sources as well as from
different run-offs into the Arctic Ocean and other
areas, it is not surprising that observations from
other years and other regions deviate from the
relation given by eq. (7) in Fig. 9.
If AK is assumed to be entirely due to yellow
substance, it may be approximated by the
expression

AK = a,(306)/11(306) (8)

where a,(306) is the absorption coefficient of
yellow substance, and p(306) is the mean cosine
of the zenith angle for the downwelling UV-B
radiance. A crude estimate of the last quantity can
be obtained by assuming that the downward UV-B
radiance is constant within the Snell circle, that is
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for zenith angles 6 in the range 0 —48°, and zero
outside this range:

ag°
J siné cosé df
1(306) ~ L ——-
J sind dé
0

=083 (9)

Consequently the mean value 0.27 m™" of 4K in
Fig. 9 may correspond to a mean absorption
coefficient a,(306) ~ 0.22m™" for yellow sub-
stance.

Relations between Zo(10%) and other optical
quantities

The euphotic zone may be defined as “that region
in which light is sufficient to support the growth
and reproduction of plants” (Lalli & Parsons
1993). From this definition it follows that the
lower boundary will vary geographically and for
different species. However, as a rule of thumb
Z(1%) is often taken as a measure of the lower
boundary for phytoplankton (Kirk 1983), and in
certain regions and for certain species this may be
permitted. The euphotic zone for benthic algae
seems to extend to deeper layers than for phyto-
plankton, and in extremely clear tropical water it
even reaches below the 0.001% level (Littler et al.
1985). The quantities Z(10%), Zy(1%) and
Z(0.1%) discussed in this paper are then
primarely optical (and not biological) properties
of the vertical water column.

If the quanta irradiance has not been observed,
it will be useful to have relations between Z(1%)
and the other optical quantities. In our case the
length of the underwater cable did not allow
Zo(1%) to be observed directly at all stations, so
instead relations based on Zg(10%) have been
studied. When Z(10%) is determined, Z(1%)
can be estimated from eq. (4).

Jerlov (1974b) was the first to point out that a
strong correlation usually exists between the
transmittances of blue and integrated quanta
irradiance in ocean waters with a low content of
yellow substance. The present observations from
the Svalbard waters result in

Zo(10%) = [6 m)] + 0.44Z.455(10%).

with r = 0.81.
QOur observations of the ratio between the 10%
depths of quanta irradiance and the Secchi disc

(10)

depth D result in the mean value and the standard
deviation

Zp(10%)/D ~ 1.2+ 0.3. (11)

The colour index F is defined as the ratio
L (446)/L (514), where L, is the radiance from
nadir on the wavelengths 446 and 514 nm. It is
usually measured at 1 m depth or just beneath the
surface. If the correlation analysis between the
colour index F, extrapolated to the surface, and
Z10%) is restricted to the observations from
1993, the result becomes

Z5(10%) ~ [-2.0 m) + [17.4 m) FO m) (12)

with » = 0.92. The observations from 1991 are not
evenly distributed around the line given by eq.
(12), as illustrated by Fig. 10, and they seem to
have a smaller slope.

By applying the colour index at 1 m depth the
1993 observations produce

Zo(10%) =~ [-0.4 m] + [16.4 m] F(1 m)
with r = 0.93.

(13)

Discussion

Comparison with earlier investigations

During late May to early June in 1973 blue
irradiance was recorded at six stations in the
Svalbard area by Aas & Berge (1976). On this
occasion Atlantic surface water (salinity above
35.0 psu) was observed as far north as 76.5°N.
The observations gave Z5(10%) = 7.5 +3m in
waters with salinities below 35.0 psu, and
Z4510%) = 16.5 + 7Tm in the Atlantic water.
Similarly Z45(1%) became 16 = 7m for the
non-Atlantic and 40 * 17m for the Atlantic
water. The non-Atlantic mean values in 1973
were then less than half of the present observa-
tions (21 and 41m, respectively), while the
Atlantic values were of the same magnitude.
The mean values of Z(10%) and Z(1%) could
be estimated to be about 8 and 19 m, respectively,
for the non-Atlantic waters, which again are only
about half the present results (16 and 35 m).

In September 1979 Hgjerslev (1980, 1982a)
obtained the value 0.20-0.25m™! for K(310) in
the Svalbard area, and this corresponds to a
Z330(10%) of 9-12m and a Z3;(1%) of 18-23 m.
The observed value of Z{1%) was in the range
50-56 m. These results are all greater than any of



Penetration of ultraviolet B, blue and quanta irradiance into Svalbard waters

our observations, and about twice our mean
values. The values of the absorption coefficient
of yellow substance 375 nm, a(375), were in the
range 0.01-0.02m™'. The variation of this
coefficient with wavelength 4 may be approxi-
mated by an exponential function (Jerlov 1968;
Lundgren 1976):

ay(N) = a,(A,)e 7). (14)

The quantity y varies only slightly with wave-
length but has a more significant variation in
space. In the Baltic Sea and in the Gulf of Mexico
y has been observed to vary in the range 0.011-
0.017 nm ™" (Lundgren 1976; Carder et al. 1989)
and elsewhere in the range 0.010-0.020 nm™’
(Bricaud et al. 1981; Hgjerslev 1988). If we apply
the value 0.014nm™" for y, the ratio a,/306)
a,(375) becomes 2.6. The 1979 observations will
then correspond to @,(306) ~ 0.03-0.05m™",
which is an order of magnitude less than our
estimated mean value of 0.22m™".

Nyquist (1979) found for Baltic waters that a
yellow substance concentration of 1mg/l corre-
sponded to 2,(450) = 0.212 m™*, while the obser-
vations of Carder et al. (1989) in the Gulf of
Mexico indicated that a,(450) = 0.007-0.13m™"
with the mean value 0.022m™' for the same
concentration. The last value is a factor 10 less
than the result of Nyquist, and due to this
uncertainty we have abstained from estimates of
the yellow substance concentration.

No significant differences in our observations
of Z3gs, Zus5 and Zg were found between the
years 1991 and 1993. This might lead to the
premature conclusion that the results in Figs. 5-8
represent the average conditions for the area, but
the observations in 1973 (Aas & Berge 1976) and
in 1979 (Hgjerslev 1980) demonstrate that large
changes in the optical conditions may occur. The
1973 observations were made from late May to
early June, and some of the stations were visibly
influenced by plankton blooms. The 1979 ob-
servations were made in late September, one
month later than our observations, and represented
a sitvation with a significantly lower content of
yellow substance than in our case, probably due to
a stronger influence from Atlantic waters. The
freshwater run-off from Svalbard will normally
start in June, obtain its maximum in July—August,
and fade away in September (Repp 1988); this
cycle is likely to influence the biological and
optical conditions in the surrounding surface
waters. Seasonal changes in available daylight
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may also induce changes in phytoplankton pro-
duction and thus in the optical conditions.

In general the vertical attenuation coefficients
may be influenced by the solar altitude. However,
because this altitude usually is less than 35° in the
Svalbard area, the diffuse sky irradiance will
always be much larger than the direct solar
irradiance in the UV-B and blue parts of the
spectrum (Baker & Smith 1990). As a conse-
quence the solar influence on the vertical
attenuation coefficient in these waters will also
be small, and the observed large differences
between the three investigations can then hardly
be attributed to seasonal changes in the mean solar
altitude, but must mainly be due to differences in
the absorption coefficient.

Comparison with adjacent oceanic regions

In the Atlantic waters of the Norwegian Sea,
Hgjerslev & Aas (1991) found the average value
of Z3,0(1%) to be at a depth of 23 m or more, and
the maximum depth of 33 m was found north of
the Faroe Islands. This is more than twice the
values in the present results from Svalbard waters.
Calkins & Thordardottir (1982) have presented
values of K;v.p measured in the areas west of
Iceland. Their observations lead to values of
Zyy.5(10%) in the range 13 + 6 m, which also are
greater than our result.

It may be added the UV radiation seems to
penetrate to greater depths in the Antarctic than in
the Arctic. Gieskes & Kraay (1990) reported
values of Z34¢(1%) up to 60 m in the Weddel Sea,
and Smith et al. (1992) have presented an
irradiance observation from the Bellinghausen
Sea where Z3,0(1%) and Z3;(1%) were about 35
and 30 m, respectively. By applying eq. (14) the
result of Gieskes & Kraay may be converted to
Z31(1%) =~ 39 m, which is 17% less than the
corresponding depth of 47 m observed in the Gulf
of Mexico by Hgjerslev (1985). The last value
corresponds to clearer water at 310 nm than the
clearest natural waters estimated by Smith &
Baker (1981). The smallest observed values of
Z3;(1%) in natural waters seem to range from
35 cm in a Baltic coastal lagoon (Piazena & Hader
1994) to 17 cm in Lake Cromwell, Québec (Scully
& Lean 1994).

Observations from the Norwegian Sea and the
southern part of the Barents Sea, including coastal
waters (Aas 1980), gave the mean value and the
standard deviation of Z455(10%) as 17 + 9m, and
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the corresponding values for Z4s(1%) as
40 + 20 m. Similarly the results for Z(10%)
and Z(1%) became 14 + 6m and 36 * 14 m,
respectively. These values are rather close to the
present observations. The relation between the
10% depths of quanta and blue irradiance for the
same area was obtained as

Zp(10%) ~ [3 m) + 0.63Z465(10%)  (15)

with the correlation coefficient r = 0.98 (Aas
(1980). The values of Zy(10%) estimated by eq.
(10) and (15), respectively, will only differ by 1-
2 m for Svalbard waters.

Dallgkken et al. (1994, 1995) found for their
stations, mainly between 15°W-25°E and 70°-
75°N in the southern Greenland Sea, that pre-
bloom, bloom and post-bloom conditions were
quite different. Z44;(1%) had the pre-bloom mean
value 72 m and the post-bloom value 35 m, and
the corresponding values for Zo(1%) were 53 and
38 m, respectively. The total range of Z(1%)
extended from 16 m (bloom) to 66 m (pre-bloom),
and the similar range of Z,s5(1%) seems to have
been 17-116 m. The post-bloom values resemble
the present observations which are classified as
Jerlov’s Ocean Water Type /1], but the pre-bloom
penetration depths are 50-75% greater than our
mean valoes and belong to Ocean Water Type I1.

In May 1972 under the ice in the Arctic Ocean
north of Ellesmere Island, Smith (1973) measured
the vertical irradiance coefficient at 490 nm to be
0.0444 m™". The value of Z 404(1%) would then be
about 100 m, which corresponds to the very clear
Ocean Water Type IB in Jerlov’s classification, in
contrast to the present mean Type I/I. It should be
noted that also the observations Z(1%) = 66 m
and Z55(1%) = 116 m by Dallgkken et al. (1995)
classify as Type IB.

From observations at the Fladen Ground in the
northern part of the North Sea, Hgjerslev (1982b)
obtained a relation between the colour index at the
surface, F(Om), and the 10% depth of quanta
irradiance, Z(10%), which for our purposes may
be more conveniently rewritten as

Zp(10%) = [22.0 m]

+[38.9 m] [F(0 m) +0.07]%° 1e)

When F(0 m) fluctuates in the range from 0.7 to
1.6, the difference between the estimates of
Z(10%) from eqs. (12) and (16) will lie in the
range 2-3 m.

An equation between F(1m) and Zy(10%),

based on data which also includes observations
from the North Sea, the Baltic Sea and the Belts
(Hgjerslev & Jerlov 1977), coincides better with
the present observations:

Zo(10%) = [4 m) + [122 mF(1 m).  (17)

For a variation of F(1 m) in the range from 0.6 to
1.6, the difference between eqs. (13) and (17)
becomes 0-2 m.

The colour index is closely related to the
methods employed in remote sensing. The
differences which result from the expressions
(12)-(16) and (13)-(17) demonstrate that an
algorithm obtained for one area in the Norwegian
Sea cannot always be transferred to another
without problems. Fig. 10 also indicates that the
algorithms may vary from one year to another. It
may then become far more complicated to
estimate the depth of the euphotic zone in these
waters by remote sensing than in ocean areas with
a low yellow substance content.

In the Norwegian Sea and the southern part of
the Barents Sea the mean value and the standard
deviation of the ratio between the 10% depth of
quanta irradiance and the Secchi disc depth D has
been found to be (Aas 1980)

Zp(10%)/D ~ 1.5+ 0.3 (18)

The mean value of D around Svalbard in the
present investigation is 12.5 m, which means that
eq. (18) on average will estimate Z(10%) about
4 m too deep, as compared with eq. (11). Here it
should be pointed out that although the Secchi
disc depth is mainly a function of the inherent
optical properties, it is also influenced by the
conditions at the surface and by the daylight level.
The wave height reduces the observed depth
(Hgjerslev 1986), and the reflection of atmos-
pheric light at the air—water interface has a similar
effect. The daylight level decreases with increas-
ing latitude, and this will increase the liminal
contrast threshold of the human eye (Blackwell
1946), which again leads to a reduced Secchi disc
depth. All these effects may have contributed to
the difference between egs. (11) and (18).

Conclusions

The present investigation, together with the earlier
works by Aas & Berge (1976) and Hgjerslev
(1980), demonstrate clearly the complexity of the
optical conditions in Svalbard waters. The mean
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1% depths of the UV-B, blue and quanta
irradiances have been observed to vary in the
ranges 10-21m, 1641 m, and 19-53 m, respec-
tively. Observations by Dallgkken et al. (1994,
1995) south of 75°N suggest that these ranges
may be extended. It is possible that the observed
variability is partly or entirely caused by seasonal
changes in river run-off and available daylight.
For the moment we must conclude that, although
we know something of the variability, we do not
have sufficient information to estimate the
average conditions and the seasonal variations
with satisfactory accuracy.

Studies of the relations between the vertical
attenuation coefficients and the surface salinity
indicate that yellow substance in the Svalbard area
originates from different freshwater run-offs.

Similarities as well as differences in the optical
properties between Svalbard waters and the
adjacent regions have been observed. Compar-
isons of statistical relations between the quanta
irradiance and the colour index, the Secchi disc
depth, and the blue irradiance demonstrate that
algorithms obtained for one area in the Norwegian
Sea may result in significant errors in other areas.
Our results also indicate that such algorithms may
vary from one year to another.
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