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Abstract 

The calibrations of two irradiance meters with regard to linearity, spectral sensitivity, and 
cosine and immersion effects are presented. The immersion coefficients of the UV-B and 
the blue irradiance meters are 1.00 and 0.66, respectively. The cosine properties of the 
quartz collector of the UV-B instrument are almost perfect in air (without frame), but less 
satisfying in water . Also the opal glass of the instrument for blue irradiance shows larger 
deviations from the cosine law in water than in air. The total cosine error for downward 
irradiance in water is estimated to be about 10% for both instruments . The UV-B sensor 
has a sensitivity in the blue part of the spectrum which is of order 10·6 of the sensitivity at 
306 nm. Still this "leakage" gives significant contributions to the signal when the 
irradiance at 306 nm becomes less than 10-s of the irradiance at 470 nm, and the effect 
must be co-rrected for . 

• H0kedal is with the Norwegian Polar Institute . 



1. INTRODUCTION 

This paper, which is based on a university thesis by H0kedal (1993), describes the 
calibration of two single-channel instruments: A UV-B irradiance meter, manufactured by 
Dansk Havteknik A/S, Copenhagen, and a blue irradiance meter, kindly donated by the 
Department of Physical Oceanography at the University of Copenhagen. The paper 
presents calibrations of the linearity, the spectral sensitivity, and the cosine and 
immersion effects. The depth sensor of the UV-B meter is tested. A light leakage in the 
UV-B meter is also investigated. 

2. INSTRUI.\IIENTS 

2.1. The UV-B irradiance meter 

The underwater part consists of a cylinder with height 42 em and diameter 12 em. It is 
shown in its position for the recording of downward irradiance in Figure 1, but it may 
also be mounted upside-down, in order to record the upward irradiance. 
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When the instrument is lowered into the water, the space between the quartz collector and 
the window (Figure 2) will be filled with water. Small holes have been drilled through the 
frame of the collector to let the air escape, but to ease the evacuation it may be 
advantageous to start the series of measurements by first lowering the instrument to a few 
meters depth. In this way the remaining air bubbles will become smaller due to the 
increased pressure, and it is assumed that they will then escape easier. 

During recordings of the upward irradiance any air that is left will be trapped below the 
glass window, and it may be necessary to let the instrument rest horizontally for a while, 
in order to let the bubbles escape. 

A sandblown quartz disk acts as the cosine collector for the irradiance sensor. Below the 
collector is a quartz window, and below this is an intereference filter and a photomulti
plier tube. 

The underwater part is connected through a cable to the deck unit, which displays the 
depth in meters and the irradiance in common (Briggs) logarithms with the base 10. The 
high voltage for the photomultiplier can be varied from the deck unit. The power input is 
220 V. A pressure sensor records the depth. 

2.2. The blue irradiance meter 

The underwater part of this instrument looks similar to the UV-B meter, but the height of 
the cylinder is only 12 em and the diameter is 9 em. 
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The cosine collector is a disk of opal glass. It is fitted together with two glass filters and 
a glass window by means of Canada balsam. A photovoltaic selenium cell inside the 
window converts the incident radiation to an electric current, which is conducted by a 
cable to the deck and read off by a Knick nanoampere meter. This instrument has no 
depth sensor. 

3. LINEARITY 

3 .1. Linearity of the UV-B meter 

The building of the Department of Geophysics has at its top floor a 43 m long open 
terrace. Certain ranges of irradiance from the calibration lamp can be obtained by varying 
the distance between lamp and instrument, and overlaping ranges are obtained by 
covering parts of the quartz collector with tape. 

The calibration was made on a dark and dry night. A mercury lamp was used as the light 
source. It was mounted in a box which only allowed a narrow light beam to escape. 

The direct irradiance E was found by first recording the total irradiance, and then the 
background irradiance by shading the direct light from the lamp: 

E = Etota/ - £background 

The direct irradiance is also a function of the squared distance r from the lamp: 

Since the display of the deck unit gives the signal S as the common logarithm of the 
irradiance, the relation between Sand r becomes 

S(r) = log E(r) = log E(O) - log r 2 

(1) 

(2) 

(3) 

By plotting the direct signal S(r) as a function of log r the deviations from linearity can 
be observed. The linear relation between the corrected or "true" signal and the recorded 
signal is given by 

stme = 0.60 + 1.25 srec (4a) 

strue = 0.06 + 1.04 srec -4 ~ s ~ -3 rec 
(4b) 
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strue = -0.01 + 1.02 srec -3 ~ srec ~ -2 (4c) 

strue = -0.09 + 0.98 srec -2 ~ s rec ~ -1 (4d) 

strue = -0.07 + srec -1 ~ srec ~ 0 (4e) 

strue = -0.03 + 1.08 srec 0 ~ srec ~ 1 (4t) 

strue = 0.07 + 0.958 srec 1 ~ srec (4g) 

3.2. Linearity of the blue irradiance meter 

This instrument was not calibrated with regard to linearity. It has earlier been observed 
(Aas, 1969) that photovoltaic cells of the applied type (Bruno Lange) will generate a 
photocurrent which is a linear function of the incident irradiance for photocurrents up to 
300 p,A, provided the external load does not exceed 10 ohms. With a 100 ohms resistance 
the photocurrent will be linear to at least 100 p,A. 

4. SPECTRAL SENSITIVITY 

4.1. Spectral calibration of the UV-B meter 

The cosine collector is a UV quartz diffuser of the type 3-4812 from Oriel. The rest of 
the irradiance sensor consists of a Hamamatsu Photonics photomultiplier tube 821, with 
the spectral sensitivity curve 200 S, provided with the interference filter UV-MAZ 8-1 
from Schott Glaswerke. The filter has its maximum transmittance at 309 nm, but in 
combination with the photomultiplier the peak sensitivity is shifted to about 306 nm, as 
illustrated by Figure 3. 

The calibration was performed by the Swedish National Testing and Research Institute in 
Bonis. When the irradiance meter was irradiated directly by a lamp with an irradiance at 
306 nm equal to E(306) = 1.885 mW m·2 nm·1

, it responded with the signal S= 1.745 for a 
photomultiplier voltage of 1250 V. The corrected signal is then, according to (4g), 1.742. 
The calibration factor F at this voltage becomes 
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F = E(306) = 0.0342 mW m-2 nm- 1 

10 srru. 

The value of F at other voltages is given in Table 1. 

Table 1. The calibration factor F for the irradiance 
at 306 nm at different photomultiplier voltages 

Photomultiplier voltage F 
v mwm-2 nm-1 

500 9.45 

750 0.668 

1000 0.114 

1250 0.0342 

4.2. Spectral calibration of the blue irradiance meter 

(5) 

A radiometer from United Detector Technology, California, with known calibration 
factors (Aas, 1993), was provided with an interference filter with peak transmittance at 
470 nm. The instrument was directed towards a 100 W, 12 V, halogen lamp, and the 
irradiance was found to be E(470) = 2.25 mwm-2 nm-1

• 

The blue irradiance meter, which is provided with the Schott filters BG12+GG5, was 
then mounted in the same position, and the photocurrent was recorded to be 
P = 0.0197 p,A. The calibration factor for this instrument is then 

F = E = 114 m W m -2 nm - 1 1-1A -1 

p 
(6) 

In an earlier work (Aas, 1969b) the spectral sensitivity curve for a similar instrument was 
estimated to be of the shape presented in Figure 4. 



5 

5. IMMERSION EFFECT 

5 .1. The immersion coefficient of the UV-B meter 

The spectral calibrations described in Chapter 4 were made in air with dry instruments. 
When an instrument is immersed in water, the relative refractive index between the cosine 
collector and the surrounding medium will change. This change leads to a change in the 

_ calibration factor, and the ratio between the calibration factors in air and water is termed 
the immersion coefficient N: 

N= 

This is the same as the ratio between the sensitivities in water and air. 

The applied method for determining the immersion coefficient has been described 
elsewhere (Aas, 1969b). For the UV-B meter an ultraviolet lamp was used as the light 
source. The result, based on several series of observation, is 

N = 1.00 ± 0.03 

(7) 

(8) 

Niels K. H0jerslev (pers. comm.) explains the fact that some cosine collectors obtain an 
immerson coefficient close to 1 as a result of the reflection changes at two similar 
interfaces. In water the angle of total reflection between quartz and water will be larger 
than in air, and more of the internally scattered light within the cosine collector will be 
lost through the upper interface back to the water. At the same time more internally 
scattered light will be transmitted through the lower interface, and this gain at the lower 
boundary compensates for the loss at the upper boundary. 

5.2. The immersion coefficient of the blue irradiance meter 

The light source in this case was an ordinary 220 V lamp. The immersion coefficient was 
found to be 

N = 0.66 ± 0.01 (9) 

Only the upper interface of the opal glass will experience less reflection in water, since 
the lower interface is glued to the colour filter and the glass window with Canada balsam, 
as mentioned earlier. This explains the low value of N. 
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6. COSINE LAW 

6.1. The cosine properties of the quartz collector 

· In order to measure the irradiance correctly the cosine collector has to receive the 
incident radiance according to the cosine law. The collector of the UV-B meter was tested 
by recording the signal for different angles of incidence, and correcting for the 
background signal. 

The circular frame that protects the quartz collector will also shade parts of the collector's 
surface and reduce the signal. The dimensions of the frame are given in mm in Figure 5. 
Due to the shape of the frame, the length of the shadow will depend on the angle of inci
dence f) (Figure 6). In order to simplify the expressions we will normalize all dimensions 
against the radius of the collector: The normalized length L of the shadow then becomes 

3 L(8) = - tan8 for 8 ~ 45° 
17 

L(8) = 
4 tane - 1 

17 

The circumference (x,y) of the collector can be expressed as 

(10) 

(11) 

(12) 

where r is the normalized radius of the collector. The border (xs,Ys) between the shaded 
and irradiated part of the collector's surface is then described by 

The points (xi,y;) of intersection between (12) and (13) become 

1 - - L(8) 
2 

and 

The irradiated area A(O) (the unshaded part of Figure 7) can now be written as the 
integral 

(13) 

(14) 

(15) 



Yta 

A (8) = f [ ( V 1 - y2 
- L (8)) - ( -~ ) ] dy 

(16) 

The observations of the angular response in air are presented in Figure 8: The recorded 
irradiances have been normalized against the value for normal incidence. The figure 
illustrates how the cosine function, multiplied with the normalized area A(8)hr, coincides 
with the observations. The inverse result is that the sandblown quartz collector, without 
any shading effects from frames, will be an almost perfect cosine collector in air (Table 
2). 

In water, however, significant deviations from the cosine law occurs, even when the 
effect given by (16) is taken into account (Figure 9 and Table 2). 
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The total error introduced by the deviations from the cosine law in air has been estimated 
by assuming that the sky radiance is uniform, and that the ratio between solar and diffuse 
sky irradiance is about 1 at a solar altitude of 45 o. Just beneath the sea surface it has 
been assumed that the diffuse radiance is uniform within the angular range 0-48 o , and 
that the ratio between solar and diffuse irradiance is the same as in air. It is further 
assumed that the radiance outside the 48 o cone in water can be neglected. The results are 
presented in Table 3. 

6.2. The cosine properties of the opal collector 

The cosine properties of the opal collector in air have been described earlier as being 
close to that of the glass/air interface (Aas, 1969a), while the properties in water were 
investigated in this project. The results are presented in Figure 10 - 11 and Table 2 . The 
total error due to the deviations from the cosine law was estimated in the same way as 
above, but the ratio between solar and diffuse irradiance was assumed to be 2.5 at this 
wavelength (470 nm). The estimated errors are given in Table 3. 

For comparison the LI-COR quantum irradiance sensor, model LI-192SB, was also tested 
in water (Figure 13). The results are approximately the same as those given by the 
manufacturer's manual (Table 2, from Roemer and Hoagland, 1981) . The errors have 
been estimated from the same data as for the opal glass (Table 3). The properties in air 
are shown: in Figure 12. 
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Table 2. Deviation from the cosine law in percent 

Angle of incidence 0 15 30 45 60 
[deg] 

Quartz* in air 0 ±2 ±2 ±2 ±2 

Quartz* in water 0 -2 -4 -10 -14 

Opal in air 0 0 -1 -4 -17 

Opal in water 0 -3 -9 -16 -23 

LI-COR in air 0 1 2 3 3 

LI-COR in water 0 0 -2 -6 -9 

* without frame 

Table 3. Ratio between recorded and incident irradiance in percent 
for different collectors 

In air In air In water 
Sky Sky+sun Sky 

Quartz coli. * 83 86 89 

Opal coli. 92 95 91 

LI-COR coli. 103 103 98 

* with frame 

7. LIGHT LEAKAGE OF THE UV-B SENSOR 

75 

±2 

-27 

-39 

-30 

4 

-3 

In water 
Sky+sun 

88 

91 

98 

During field measurements in the waters around Svalbard it was observed that from a 
certain depth on, the irradiance curves at 306 and 470 nm tended to become parallel 
(Figure 14). Since it is most unlikely that the vertical attenuation coefficients of the UV-B 
and blue irradiances should ever become equal in natural waters, the obvious explanation 
was that the UV-B filter had a transmittance, or a "light leakage", in the blue part of the 
spectrum. The ratio between the blue and the UV-B irradiances will increase with 
increasing depth, and even a wiry small transmittance of blue light in the UV -B filter may 
then give significant contributions to the signal at sufficiently large depths. 

This effect was tested in the laboratory by irradiating the UV-B and blue irradiance meter 
through different interference filters and comparing the signals. The results showed that 
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the irradiance sensitivity of the UV-B meter at 470 nm is of order IQ-6 of the sensitivity at 
306 nm, and that the sensitivity seems to increase from blue towards the red part of the 
spectrum. -

The leakage was corrected for by observing that in the depth range where the two 
irradiance curves become parallel, it will be permissible to write 

E(306) ~ T E(470) (17) 

where T is a constant, depending on the ratio between the spectral sensitivity of the 
sensor in the blue-green and UV-B parts of the spectrum. It was observed, however, that 
T varied from one station to another, normally within the range 6·10-7 - 2.5 ·10-6 (Figure 
15). At all d~pths the "true" UV-B irradiance was then assumed to be related to the 
observed UV -B and blue irradiances by 

E(306)true ~ E(306)obs - T E(470)obs 

The observations were rejected when the correction amounted to about 50% of the 
observed value. 

8. DEPTH SENSOR 

(18) 

The depth sensor of the UV -B meter was compared with the hydrographic meter wheel 
onboard R/V "Trygve Braarud", which has been tested by the crew and is assumed to be 
fairly correct. The instrument was lowered into the sea by the hydrographic wire while 
the meter wheel and the pressure sensor was read off. The relation between the assumed 
true depth ztrue and the recorded depth zrec was found to be 

ztrue = 0.25 m + 0.97 zrec (19) 
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Figure 1 (right). The UV-B 
irradiance meter. 
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Figure 2 (left). Section through 
the irradiance sensor of the 
UV-B meter. 
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Figure 3 (right). Spectral sensitivity 
of the UV -B sensor. 
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Figure 4 (left). Spectral 
sensitivity of the sensor for blue 
irradiance. 
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Figure 5. Dimensions (in mm) of the frame for the quartz collector. 

Figure 6 (right). The length 
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Figure 7 (left) . The irradiated 
and shaded parts of the 
collector. 
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Figure 8 (right). The response 
of the quartz collector in air as 
a function of the angle of inci
dence. Solid line: cos e, 
dashed line: cos e A(O)hr. 

«i 
c 
OJ 
·u; 
g: 0.5 
~ 
Qi 
a: 

Quartz collector 

0 ~~--~~~--~~--~~~ 
0 30 60 90 

Angle of incidence (degrees] 

«i 
c 
OJ 
·u; 
g: 0.5 
~ 
Qi 
a: 

.... , 
' ' ' ' ' ' ' 

Quartz collector 

' ' ' ' \ 
"W 

\ 
\ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

~ 

0 ~~-J--J-~--L-~--~~~ 
0 30 60 90 

Angle of incidence [degrees] 

Figure 9 (left). The response of 
the quartz collector in water as 
a function of the angle of 
incidence. Solid line: cos e, 
dashed line: case A(O)hr. 



Figure 10 (right). The response 
of the opal collector in air as 
a function of the angle of inci
dence. Solid line: cos 0, 
dashed line: observed response 
(after Aas, 1969a). 

co 
c 
Ol 

"iii 

~ 0.5 
~ 
(j) 
a: 

Opal glass 

0 L_~~--L-~-L--L-~~~ 
0 30 60 90 

Angle of incidence [degrees] 

co 
c 
Ol 

"iii 

~ 0.5 
~ 
(j) 
a: 

Opal glass 

\ 
\ 

\ 
\ 
\ 

\ 
\ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
\ 

\ 

15 

\ 

' 

0 L-~~--~~--~~~--~~ 
0 30 60 90 

Angle of incidence [degrees] 

Figure 11 (left). The response 
of the opal collector in water as 
a function of the angle of inci~ 
dence. Solid line: cos e. 
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Figure 12 (right). The response 
of the LI-COR sensor in air as 
a function of the angle of inci
dence. Solid line: cos e, 
dashed line: response according 
to manufacturer's manual. 
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Figure 13 (left). The response 
of the LI-COR sensor in water 
as a function of the angle of 
incidence. Solid line: case, 
dashed line: response according 
to manufacturer's manual. 
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Figure 14. Irradiance at 306 nm (left curve) and 470 nm (right curve) as functions of 
depth, as observed at 75°N, 10°W, 1991. 
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Figure 15. The ratio E(306)/E(470) as a function of depth for the stations in 1991. 
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