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Abstract The influence of ship shadow on recorded upward radiance and irradiance 
when the instruments are lowered close to the ship side has been investigated. The resulting 
errors show no significant correlation with the solar altitude or the vertical attenuation 
coefficient, but they seem to vary in depth. Average ship-shading reductions of the radiance 
with a clear sky and the sun and instrument on the same side of the ship fall in the range 4-
18% , the reductions of the colour index ( 450 nm/520 nm) fall in the range 2-7 % , while the 
reductions in quanta irradiance are close to 11 %. 

1. Introduction 

The colour index, which was defined by Jerlov (1974) as the ratio between the upward 
scattered blue (450 nm) and green (520 nm) radiances in the sea, is usually measured just 
beneath the surface with the instrument close to the ship side. A general assumption has been 
that although the shadow of the ship may reduce the radiances, the relative reduction will be 
approximately equal for both of the applied wavelengths so that the error is cancelled out in 
the ratio between the radiances. The main purpose of the present investigation was to test this 
hypothesis . The ship-shading effects on upward radiance and quanta irradiance were also 
quantified. 

When a radiance meter is lowered close to the ship side on the same side as the sun, the 
instrument will not "see" the solar shadow of the ship in its field of view, but part of the 
diffuse sky radiance will be shaded directly by the ship and thus "seen" by the instrument. 
Against the aforementioned assumption it could then be argued that the shorter wavelengths 
might be expected to be more influenced by the ship than the longer wavelengths, because 
the diffuse sky contributes relatively more radiance at the shorter wavelengths. 

In general all field measurements of radiance and irradiance in the sea will be influenced by 
the presence of a ship. The ship will shade the direct solar rays as well as the diffuse sky 
light, while some parts of the ship, especially above water, may reflect more than it shades 
in certain parts of the spectrum. The combined effect of shading and reflection will vary with 
wavelength, depth and horizontal distance to the ship, but usually the result is a reduction 
in the amount of measured light. The common method to reduce this error is to lower the 
instruments from a long bar on the same side of the ship as the sun. A horizontal distance 
of 5 meters between instrument and ship rail will often reduce the errors to acceptable 
proportions. 

Most attention has been given to the effect of ship-shading on downward irradiance (Poole, 
1936; Aas, 1969; Gordon, 1985; Voss et al., 1986; Spinrad and Widder, 1992; Aas and 
H0kedal, 1996; Saruya et al. , 1996), and less attention to the effect on upward radiance and 
irradiance (Gordon, 1985; Voss et al. , 1986; Saruya et al., 1996). This paper is based on 
part of a university thesis by Korsb0 (1997). Another part, which described the self-shading 
effect of the radiance meter , has been presented elsewhere (Aas and Korsb0, 1997). 
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2. Instruments 

Radiance from nadir was measured with an instrument from Dansk Havteknik a/s , Denmark. 
It consists of a cylindrical housing 14 em high and 15 em in diameter, a signal cable and a 
deck unit. The bottom of the housing is a transparent window, and three optical channels, 
centered at 445, 514, and 546 nm, with a band width at the half peak value of 17 nm, 
receive the radiance within a solid angle in water of 0.0115 sr, or a half angle of 3.5°. A 
more detailed description of the instrument and its calibration has been given elsewhere (Aas, 
1993, 1994). 

The quanta irradiance meter is manufactured by LI-COR, Nebraska: model LI-192SA has 
a cylindrical instrument housing 4.6 em high and 3.2 em in diameter, and it records PAR 
(photosynthetically available radiation) in the wavelength range 400-700 nm. The diameter 
of the external cosine collector is 8 mm. The optical properties of the sensor have been 
described by Roemer and Hoagland (1981). 

A spectrophotometer from the English manufacturer EEL with a 10 em long sample cell was 
employed in the laboratory measurements of the beam attenuation coefficient. Nine glass 
filters represent approximately the wavelengths 430, 470, 490, 520, 550, 580, 600, 660, and 
680 nm (band widths -25-50 nm). The applied Secchi disk had a standard diameter of 
30 em. 

3. Calculated optical quantities 

3.1. Colour index 

The three colour indices F studied here are 

F = _L_u (_44_5_) 
1 Lu(514) ' 

F = _L_u (_4_45_) 
2 Lu(546) ' 

F = _L_u (_5_14_) 
3 Lu(546) 

(1) 

where Lu is the radiance from nadir at the wavelengths 445 , 514, and 546 nm. F is usually 
presented as the value at 0 or 1 meter depth. In our case the value at 0 meter was obtained 
from the measurements at 0.14 m and 1 m by assuming a constant vertical attenuation 
coefficient for the colour index. The surface value F(O m) is then found from the expression 

F(Om) = F(0.14m) ( F(0.14m))o.t63 
F(lm) 

3.2. Vertical attenuation coefficient 

(2) 

The vertical attenuation coefficient KL of the radiance Lu is obtained as the mean value for 
the depth range z r z2 by the expression 
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(3) 

The coefficients Ku and KF of upward quanta irradiance Eu and colour index F, respectively, 
are defined by similar expressions. 

3.3. Ship-shading effect 

The instruments were lowered into the sea from a bar which extends 5 m backwards from 
the stern of the research vessel "Trygve Braarud" (Figure 1) . The width of the stern is 7 m, 
its height above water 2 m, and the keel extends to a maximum of 3 m below the surface. 
When the instrument is close to the surface the solid angle from the instrument to the ship 
will then only constitute a few percent of the total solid angle 47r, and due to the attenuation 
of the rays from the hull to the instrument (see Tables 1 and 2) it may safely be concluded 
that the influence of the ship on the upward radiance and irradiance is negligible at this 
distance. By comparing the recordings made from the bar with corresponding recordings 
made close to the ship, the maximum influence of the ship will be found . The relative error 
E of the true upward radiance, L~rne, may be defined as 

L true _ L measured 
u u (4) e ~ ------------

where L ~asured is the measured radiance. 

The corresponding errors for the colour index F and the upward quanta irradiance Eu are 
defined similarly. 

0 1 2 3 4 S m 

Figure 1. Lowering of the instruments close to the stern and at 5 meters distance. 
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If a mean value € of the error is calculated, the uncertainty of € can be estimated by 

(5) 

where se is the ordinary standard deviation of E, and N is the number of observations. 

3.4. Beam attenuation coefficient 

Beam attenuation was measured on unfiltered samples as well as on samples filtered through 
a filter with a pore size of 0.2t-tm. In both cases a sample of "pure" water was used as 
reference. The total beam attenuation coefficient c consists of the contribution from pure sea 
water, cw, the contribution from particles larger than 0.2 t-tm, cp , and the contribution from 
dissolved material (yellow substance) and particles less than 0.2 t-tm, Cf 

(6) 

The attenuation coefficients at 446, 514, and 546 nm presented in this paper were obtained 
by interpolation. At these wavelengths cw was chosen as 0.02, 0.04 and 0.07 m-1, 

respectively (Aas, 1987). 

3.5. Absorption coefficient 

The absorption coefficient a is calculated from field observations of the vertical attenuation 
coefficient of nadir radiance, KL, by assuming a constant ratio between the coefficients. The 
average value of the ratio a/KL in coastal waters has earlier been calculated to be approxi
mately 0.71 +0.07 (Aas and Serensen, 1995). 

3.6. Single-scattering albedo 

The single-scattering albedo w0 is defined as w0 =b/c, where b is the scattering coefficient. 
The difference between c and b is the absorption coefficient a (c=a+b). Our estimates of 
w0 are based on field observations of KL and laboratory measurements of c, by 

cuo = .!!_ = 1- a :::: 1 - (__!!___) KL 
c c KL c 

(7) 

An average value for the ratio a/KL has been suggested above. 
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4. Results 

4.1. Optical conditions at the stations 

From April to September 1994 radiance and colour index observations were made at 13 
stations in the Oslofjord, at five different locations as shown in Figure 2 and listed in Tables 
1-2. Stations No. 11 and 13 were from the estuary of the River Glomma in the outer 
Oslofjord, the rest of the stations were located in the inner part of the fjord. The ship-shading 
effect on the upward irradiance was not measured as a part of the regular programme, but 
in August 1995 six series of observations were made with a clear sky (station 14). Additional 
irradiance observations with an overcast sky were made in October 1995 and January 1997 
(stations 15-16). The wind or sea conditions are not presented in Table 1, but at all stations 
the conditions were favourable with wave heights less than 10 em. 

The mean values of the colour index F1 at 1 m depth were smaller (that is, the water was 
greener) than observed by Andresen (1991) during the summers of 1988 and 1989. The 
Secchi disk depths had a mean value close to the average of the last ten years . The mean 
value of the single-scattering albedo w0 was approximately 0. 7 at both 514 and 546 nm. This 
is a common value in the sea. The mean value of w0 at 445 nm, however, was only 0.4, 
which is a lower value than usual , and it was undoubtedly caused by the high content of 
yellow substance in the fjord. The error of w0 in Table 1 was estimated to be in the range 
0.05-0.1. 

Table 1 demonstrates that the ratios between the standard deviations and mean values of F1 
were smaller than the corresponding ratios for the attenuation coefficients. The surface values 
of F1 show that the surface colour of the Inner Oslofjord was fairly constant during this 
investigation. 

Figure 2. Location 
of the stations in the 
Oslofjord. 
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The values of the vertical attenuation coefficients Kin Table 1 are averages of the values for 
the range 0-3 m depth, measured from the bar at the stern of the ship. When upward 
irradiance is measured, the spectrum will be narrowed due to the absorbing properties of the 
water. The upward irradiance at the present stations has a spectrum with a gravity center at 
approximately 550 nm (Figure 3). Unfortunately the band width varies from station to 
station, and it also varies with depth, as in Figure 3 where it is 150 nm at 0 m and 100 nm 
at a depth of 1 m. The vertical attenuation coefficient Ku based on this irradiance will then 
become greater than the coefficient for 550 nm. This means that the Ku of the upward quanta 
irradiance is not an ideal concept. 

Additional observations of the beam attenuation coefficients cp and c1 are presented in Tables 
3-4. The measurements were made several hours after the sea sampling, which means that 
optical changes may have occured. Also the technique itself was sensitive to environmental 
factors. If the water sample was significantly cooler than room temperature, condensation of 
water vapour could have occured on the outer walls of the sample cell and thus changed the 
recorded signal. The observations at stations 1,2, and 7 were rejected for such reasons. At 
stations 11 and 14-16 samples were not taken. The uncertainty of the coefficients in Tables 
3-4 is probably in the range 0.05-0.10 m-1. 
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Figure 3. Spectral distribution of upward irradiance at Station 1, recorded by aLI-COR 
spectroradiometer (data with courtesy from Jo Hekedal, formerly at the Norwegian Polar 
Institute). 
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4.2. Ship-shading effect 

The relative error E introduced by the ship shadow was calculated by the expression (4) , 
where the "true" value was assumed to be the recording made with the instrument at 5 meters 
horizontal distance from the stern. No significant correlation between the error and the solar 
altitude or vertical attenuation could be found from the present observations. The mean 
values of E for the upward radiances, irradiances and colour indices are presented in Table 
5 for different depths. 

5. Discussion 

Table 5 confirms that the shorter wavelengths are more influenced by the ship than the longer 
ones. An earlier estimate of a 12% reduction in the upward radiance due to the ship (Aas and 
Serensen, 1995) is within the range given by Table 5. 

Similar measurements by Voss et al. (1986) in coastal waters off San Diego show a radiance 
reduction of 4-8% at 1 m depth for the same wavelengths. This is less than our mean values 
at 1 m, but it is also within the estimated uncertainty range in Table 5. It may be noted that 
in the observations by Voss et al. K£(488) was close to 0.085 m-1 within the upper meters, 
which is an order of magnitude less than the corresponding coefficients of Table 1. 

Table 5 also confirms the assumption that the overall influence of the ship on the colour 
index is quite small. The average reduction of F1 seems to be about 4%. However, at 1 m 
depth the mean reduction of F1 and F2 is 7%, which may be less than the recording error 
in turbid waters, but if the reduction remains the same in clearer waters, it will become more 
significant. Consequently this effect should be given more attention in future measurements 
of the colour index. 

The ship-shading effect on upward quanta irradiance is approximately 11% (Table 5). A 
similar spectral observation by Voss et al. (1986) at 550 nm showed a reduction of 15%, 
while observations at 412 nm by Saruya et al. (1996) indicated a reduction of about 20%. 

Table 5 also demonstrates how the ship-shading may reduce the upward quanta irradiance to 
60-70% of its true value when the sky is overcast. The corresponding spectral value by Voss 
et al. (1986) at 550 nm was 82%. 
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Table 1. Optical conditions. h-solar altitude; C-cloudiness in parts of eight; F1-colour index; KL and Ku-mean vertical attenuation 
coefficients of upward radiance and quanta irradiance for the depth range 0-3 m. 

Stat. Location Date h c FiO m) Fi1 m) KL(445) KL(514) KL(546) Ku Secchi disk 
no. . (0) (m-1) (m-1) . (m-1) (m-1) depth (m) 

1 Steilene 94.04.25 34-39 3 0.39 0.28 0.73 0.33 0.30 0.43 7.0 
2 Bestumkilen 94.04.25 38-39 3 0.32 0.18 1.34 0.68 0.50 - 4.0 
3 Steilene 94.05 .05 30-40 5 0.41 0.28 0.99 0.51 0.35 0.44 4.0 
4 Huk 94.05.05 45-46 5 0.34 0.22 1.03 0.47 0.39 0.43 3.5 

5 Steilene 94.05 .19 33-40 6 0.43 0.24 1.06 0.53 0.42 0.37 4.3 
6 Huk 94.05.19 47-48 5 0.38 0.25 0.80 0.37 0.30 0.37 5.5 
7 Steilene 94.06.02 35-42 2 0.44 0.31 0.75 0.35 0.27 0.30 5.8 
8 Bestumkilen 94.06.02 50-52 3 0.43 0.28 0.75 0.28 0.20 0.29 4.8 

9 Steilene 94.06.09 40-46 1 0.43 0.30 0.93 0.51 0.40 0.40 5.8 
10 Bestumkilen 94.06.09 50-53 4 0.30 0.22 0.71 0.32 0.18 0.30 5.0 
11 0ra 94.09.19 31 3 0.36 0.15 1.56 0.93 0.73 0.90 1.6 
12 Bomya 94.09.22 28-30 3 0.44 0.23 1.31 0.70 0.64 0.70 4.2 

13 0ra 94.09.30 24-27 5 0.35 0.06 3.03 1.63 1.17 0.95 2.3 
14 Huk 95.08.01 41-43 6 - - - - - 0.47 2.5 
15 Huk 95.10.12 19-20 8 - - - - - 0.48 6.5 
16 Huk 97.01.21 6-8 8 - - - - - 0.22 13.0 

Mean value 36 4 0.39 0.23 1. 15 0.59 0.45 0.47 5.0 
Standard deviation 12 2 0.05 0.07 0.62 0.36 0.27 0.22 2.6 
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Table 2. Optical conditions. c and a-beam attenuation and absorption coefficients for surface samples; w0-single scattering albedo. 

Stat. Location c(445) c(514) c(546) a(445) a(514) a(546) w0(445) w0(514) w0(546) 
no. (m-1) (m-1) (m-1) (m-1) (m-1) (m-1) 

1 Steilene - - - 0.57 0.26 0.26 
2 Bestumkilen - - - 0.95 0.45 0.36 
3 Steilene 1.01 0.84 0.84 0.55 0.26 0.19 0.45 0.69 0.77 
4 Huk 1.39 1.12 1.12 0.58 0.28 0.20 0.58 0.75 0.82 

5 Steilene 1.06 0.83 0.75 0.71 0.46 0.29 0.33 0.45 0.61 
6 Huk 1.38 1.05 0.97 0.55 0.24 0.18 0.44 0.77 0.81 
7 Steilene - - - 0.55 0.28 0.22 
8 Bestumkilen 1.17 1.03 0.92 0.51 0.22 0.14 0.56 0.79 0.85 

9 Steilene 0.93 0.78 0.70 0.58 0.31 0.28 0.38 0.61 0.59 
10 Bestumkilen 1.13 0.89 0.76 0.42 0.11 0.16 0.63 0.88 0.79 
11 0ra - - - 1.53 0.74 0.66 
12 Bomya 1.37 1.22 1.13 1.08 0.58 0.54 0.21 0.53 0.52 

13 0ra 2.75 2.17 1.95 2.41 1.16 0.83 0.22 0.47 0.57 

Mean value 1.35 1.10 1.02 0.85 0.41 0.33 0.42 0.66 0.70 
Standard deviation 0.55 0.43 0.38 0.56 0.28 0.21 0.15 0.15 0.13 

........ 
........ 
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Table 3. Observations of the attenuation coefficient for suspended particles larger 
than 0.2 J.tffi, cP' in units of m-1. 

Stat. Wavelength (nm) 430 470 490 520 550 580 600 660 
no. Location 

3 Steilene 0.87 0.91 0.85 0.80 0.85 0.79 0.79 0.79 
4 Huk 0.90 0.79 0.77 0.72 0.81 0.87 0.70 0.64 

5 Steilene 0.43 0.43 0.38 0.32 0.32 0.37 0.37 0.32 
6 Huk 0.68 0.62 0.60 0.54 0.54 0.53 0.42 
8 Bestumkilen 0.77 0.77 0.71 0.75 0.64 0.64 0.64 0.58 

9 Steilene 0.60 0.54 0.54 0.53 0.53 0.48 0.48 0.37 
10 Bestuinkilen 0.66 0.72 0.66 0.59 0.54 0.53 0.48 0.47 
12 Bor0)'a 1.10 1.09 0.98 0.98 0.96 0.96 0.85 0.84 

13 0ra 1.73 1.69 1.54 1.50 1.36 1.23 1.21 1.09 

Mean value 0.86 0.84 0.78 0.75 0.73 0.71 0.69 0.61 
Standard deviation 0.38 0.37 0.33 0.34 0.31 0.27 0.27 0.25 

Table 4. Observations of the attenuation coefficient for dissolved matter and suspended 
particles less than 0.2 J.tffi , cf> in units of m-1. 

Stat. Wavelength (nm) 430 470 490 520 550 580 600 660 
no. Location 

3 Steilene 
4 Huk 0.52 0.52 0.42 0.36 0.24 0.15 0.18 0.13 

5 Steilene 0.63 0.58 0.52 0.47 0.36 0.26 0.26 0.20 
6 Huk 0.73 0.68 0.58 0.47 0.36 0.26 0.15 
8 Bestumkilen 0.39 0.36 0.36 0.24 0.21 0.15 0.15 0.10 

9 Steilene 0.34 0.34 0.31 0.21 0.10 0.10 0.10 0.05 
10 Bestumkilen 0.45 0.39 0.31 0.26 0.15 0.10 0.10 0.05 
12 Boreya 0.31 0.20 0.15 0.15 0.05 0.05 0.05 0 

13 0ra 1.13 0.95 0.84 0.63 0.52 0.41 0.31 0.20 

Mean value 0.56 0.50 0.45 0.35 0.25 0.19 0.16 0.11 
Standard deviation 0.27 0.24 0.22 0.16 0.16 0.12 0.09 0.07 
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Table 5. Mean error € in % introduced by the ship shadow with the instrument close to the stern for the 
upward radiances Lu, the colour indices F1, F2, and F3, and the upward quanta irradiance Eu at different 
depths. The number after + is the uncertainty of the mean error. 

Depth Lu(445) Lu(514) Lu(546) FI F2 F3 Eu<clear sky) Eu( overcast) 
m 

0.14 9±5 4±5 6±5 2+2 1±3 -1±1 12+3 40+10 
1.0 18+7 10±5 8+5 7+3 7±4 1+1 11±2 40±10 
2.0 13+7 10+5 8±6 4+2 5±3 2+2 11±3 30+10 

c 

...... 
Vl 




