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ABSTRACT: An underwater light-measuring station, consisting of 3 sensors at each of 2 depths (4.5 and
5.5 m below MLWS), was established off Helgoland (southern North Sea) to provide continuous mea-
surements of underwater irradiance at 3 wavelengths (452, 552 and 653 nm, isolated by interference fil-
ters). The percentage transmittance of each wavelength through 1 m of seawater was calculated from
the readings at the 2 depths. Irradiance and transmittance were recorded every 75 s during 3 periods
of 2 mo between August 1990 and June 1991. During autumn and winter 1990, in spite of varations in
weather conditions, there was a strong 2-weekly cycle of total daily irradiation, with peaks when low
tide occurred at around midday (neap tides at Helgoland) and troughs when high tide occurred at this
time (spring tides). The amplitude of this cycle was much greater than could be accounted for by the
difference in tidal height at midday. but could be explained if light penetration through the water was
greater during neap tide series than during spring tides. This hypothesis was supported by the trans-
mittance measurements, and by wind speed data and Secchi disc depths from the same site. However,
no association between water clarity and the spring-neap cycle was apparent in April-June 1991.
Nevertheless, the variable relationship between underwater and surface irradiance through the
spring-neap cycle needs to be taken into account in any attempt to estimate benthic primary produc-
tivity from surface light data.
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INTRODUCTION

Because of the practical difficulties of measuring the
photosynthesis of marine plants in situ, attempts have
been made to predict photosynthetic rates from photo-
synthesis vs irradiance curves determined in the labo-
ratory and estimates of the irradiance incident on
plants in the field (e.g. Brinkhuis 1977, Campbell et al.
1988). Ideally, the irradiance measurements should be
continuous, but this has rarely been achieved over
extended periods in benthic marine habitats (Kain
1971, Luning & Dring 1979), and it may be more prac-
ticable to estimate underwater light from continuous
records of surface irradiance and knowledge of the
optical properties of seawater (Jerlov 1976, Kirk 1983).
This approach is relatively easy to apply if the plants
are assumed to be In a constant depth of water (e.g.
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Dring 1981), but plants fixed by their holdfasts at any
given position in the intertidal or upper subtidal zones
will be covered by a continually changing depth of
water as the tides ebb and flow. A theoretical analysis
of the influence of such tidal variations in water depth
on the light climate experienced by benthic plants
(Dring 1987) was valuable in interpreting the depth
distribution of macroalgae in sites with large tidal
ranges (e.g. 14 m; Bristol Channel, England). However,
in sites with more typical tidal ranges (2 to 4 m),
changes in water level were predicted to exert a much
smaller influence on underwater irradiance, which
might be completely swamped by natural variations in
surface irradiance caused by weather conditions. The
models developed by Dring (1987), therefore, require
validation by continuous underwater light measure-
ments.
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The underwater light record obtained at Helgoland
(North Sea) in 1975 (Luning & Dring 1979) cannot be
used for this purpose because the data had been
analysed as 10 d means, which obscure any variations
associated with the 14 d spring-neap cycle of the tides.
A new set of continuous measurements was, therefore,
planned at the same site, using a light-measuring sta-
tion which incorporated several improvements on the
station used in 1975. The new light-measuring station
is described in this paper, together with an analysis of
some of the data obtained, which demonstrate an
unexpectedly strong influence of the spring-neap cycle
on the underwater light climate.

METHODS

Light sensors. Six light sensors were constructed by
Meerestechnik-Electronik (Trappenkamp, Germany).
Each sensor (Fig. 1) was covered by an air-filled glass
dome, similar to those used on many pyrheliometers
and other meteorological irradiance measuring instru-
ments. The curvature of the dome was found to reduce
silt deposition and algal colonisation. Frosted glass
(2 mm thick Zeiss-Uberfangglas) fixed to the underside
of the glass dome was used as as opal glass cosine col-
lector, as recommended by Jerlov & Nygérd (1969).
Light emerging from the opal glass collector passed
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Fig. 1 Diagrammatic cross-section of light sensor. GD: glass
dome; OGC: opal glass collector; COL: collimator; IF: interfer-
ence filter; FL: focussing lens; PIN: pin diode

through a 7 cm long collimator (40 blackened, 2 mm
wide metal tubes), an interference filter {Schott, MA3-
0.5, peak transmittance 452, 552 or 653 nm, half-band
width 10 to 15 nm) and a focusing lens, and then was
measured by a Pin diode. This optical system was
encased in a rigid PVC cylinder.

Calibration. The raw output from each sensor
ranged from 0 to 255 units and increased linearly with
increasing irradiance over at least 3 such ranges (i.e.
up to 768 units). Since it was not possible to detect
overflows of the base range automatically, however,
the output had to be reduced by neutral density filters
so that the maximum irradiance recorded yielded a
raw output of less than 255 units. The sensors were
then calibrated in simulated underwater light fields
(Leitz Prado Universal projector with 24 V 250 W
quartz-iodine lamp, 5 mm KG3 heat filter and Schott
glass filters 2 mm BG38 and 2 mm GG4; for spectral
distribution, see Liining 1980} and in natural sky + sun
light against the spectral photon irradiance measured
by a Licor LI-1800 underwater spectroradiometer, inte-
grated over the 100 nm waveband centred on each of
the interference filters used (i.e. 400 to 500 nm for the
452 nm filter; 500 to 600 nm for the 552 nm filter; 600 to
700 nm for the 653 nm filter). The minimum sensitivity
for the green sensors was about 1 umol m=% s-!
100 nm~!, whereas that for the blue and red sensors
was about 0.4 and 0.7 umol m~2? s~ 100 nm ™!, respec-
tively.

Immersion factors were determined according to
Smith (1969), and were 0.68 at 452 nm, 0.69 at 552 nm,
and 0.71 at 653 nm. The calibration factors obtained in
air were corrected for these immersion factors to
account for the immersion effect (Westlake 1965,
Jerlov 1976).

Underwater measuring station. The 6 light sensors
were attached to to an iron rack, situated in 7 m water
depth (below MLWS at Helgoland) off the Jugendher-
berge jetty at the northeast corner of the island. The
rack was 2.5 m high (see Lining & Dring 1979) and
was secured by steel ropes fastened to railway wheels.
Three of the sensors (one for each wavelength) were
placed at 4.5 m, and the other three at 5.5 m. The 6
sensors were connected by cables to a data acquisition
module (Meerestechnik-Elektronik), which was also
fixed to the iron rack. This module was linked by cable
to a microcomputer in the laboratory of the Meeressta-
tion Helgoland, which processed the data using Multi-
par software developed by Meerestechnik-Elektronik,
and finally stored the data on floppy discs.

The glass domes of the light sensors were cleaned
once a week by divers, and the long-term stability
and calibration of the sensors was checked every 2 to
3 mo by testing their output in projector light fields
in the laboratory against readings of a Lambda quan-
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tum meter (Licor, Lincoln, NB, USA). Deviations of
individual sensors over 8 mo were within the range
+4%.

Recording and analysis. The photon irradiance at
each light sensor was integrated over a period of 75 s
and these integrals from all 6 sensors were then trans-
mitted simultaneously to the computer. Since the sen-
sors had been calibrated against a constant light
source, each integrated output could be interpreted as
a mean of the photon irradiance over 75 s in umol m?
s1 100 nm !, These data were transferred to a spread-
sheet in order to compute the following:

(1) Transmittance (% m~!) for each wavelength: cal-
culated from corresponding irradiance readings at 4.5
and 5.5 m; to avoid spurious values when individual
irradiance readings were low, transmittance was cal-
culated only when irradiance at 5.5 m for any sensor
was more than 5 times the minimum sensitivity of the
SEensor;

(2) Daily integrals (mol m~2 d~' 100 nm~!) for each
waveband at each depth: the mean irradiances over
75 s recorded by each sensor were totalled for each day
and multiplied by 75;

(3) Maximal daily irradiance (umolm=2s~!' 100 nm™)
for each waveband at each depth: the largest 75 s
mean recorded for each sensor on each day;

(4) Daylength (h) for each waveband at each depth:
estimated as the number of non-zero 75 s means,
divided by the number of readings per hour (48};

(5) Mean daily transmittance (% m™!) for each wave-
band: mean of calculated transmittance values for each
day.

Daily measurements of Secchi disc depths made by
the Biological Oceanography group of the Biologische
Anstalt Helgoland (data by courtesy of Dr W. Hickel &
K. Treutner) and hourly measurements of wind speed
at Helgoland (data by courtesy of Wasser- und Schif-
fahrtamt Tonning, Aussenbezirk Helgoland) were also
analysed to give means over 3 to 4 d periods, for com-
parison with the irradiance measurements.

RESULTS

Continuous records were obtained from the under-
water light-measuring station for the periods 13 August
to 11 October 1990, 12 November 1990 to 7 February
1991 and 26 March to 14 June 1991. The daily integrals
of blue, green and red wavebands at 4.5 m water depth
for each of these periods are presented in Fig. 2, and
the monthly integrals of white light (400 to 700 nm) at
4.5 m are compared in Table 1 with similar data pre-
dicted for 4.0 m water depth from continuous under-
water measurements at the same site in 1975 (Lining
& Dring 1979). It is clear that, allowing for year-to-year
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Fig. 2. Daily integrals of irradiance in blue, green and red
wavebands at a fixed station 4.5 m below MLWS at Helgoland
(North Sea) during the periods (a) 13 August to 11 October
1990, (b) 12 November 1990 to 7 February 1991, and (c) 26
March to 14 June 1991. The predicted water height above
MLWS at midday is shown in the upper panel of each figure

variations, the measurements in each month are of the
same order of magnitude as those made in 1975.
Starting in late August 1990, there were several peri-
ods of 2 to 3 d during which no light was recorded,
even in the green waveband, at 4.5 m (e.g. 21 August,
20 to 22 September, 8 to 10 October; Fig. 2a). These
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Table 1. Monthly integrals of quantum irradiance of white
light (400 to 700 nm) measured at 4.5 m below MLWS at
Helgoland during 1990/91, compared with monthly integrals
predicted for 4.0 m below MLWS from underwater measure-
ments made at the same site in 1975 (LUning & Dring 1979)

Month Quantum irradiance of white light
(mol m~2mo™
1990/91 (4.5 m) 1975 (4.0 m)

August 39.40° 69.63
September 20.49 24.02
October nm 7.82
November 3.91 4.68
December 0.66 0.52
January 1.45 0.27
February nm 12.29
March nm 14.94
April 54.65 40.79
May 49.53 32.67
June 78.47° 77.48

“Data recorded for only part of month but corrected pro
rata for missing days

nm: data not measured

periods all coincided with times when high tide
occurred at around midday and, even when complete
darkness was not recorded, the daily integrals tended
to be lower on days on which high tide was around
noon. Conversely, peaks in the irradiance record
occurred during periods when low tide was close to
noon. As overall irradiance levels decreased during the
late autumn and winter of 1990/91, this pattern of
peaks during periods of low tide at midday and troughs
during periods of high tide became less pronounced,
but it was still detectable (Fig. 2b). In spring 1991,
there were no 'dark days', but the 3 deep troughs in
the record in April and early May all coincide with
periods of high tide at midday (Fig. 2c).

The data for maximal daily irradiance show a similar
pattern of high values during periods when low tide
occurred around midday and low values when high
tide occurred at this time (Fig. 3).

In order to examine the relationship between under-
water irradiance and tidal height at midday in more
detail, and to reduce the influence of random weather-
related variations in surface irradiance, the daily inte-
grals and the maximal daily irradiances were averaged
over 3 to 4 d periods when either low water or high
water occurred between 12:00 and 14:00 h. The results
of this analysis (Table 2) confirm the pattern revealed
by the raw daily data, and reveal the magnitude of the
influence of the spring-neap tidal cycle on the daily
irradiance values. This influence has been quantified
by expressing the values during each high tide series
as a percentage of the corresponding values during
each of the adjacent low tide series (Table 2).
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Fig. 3. Maximal irradiance recorded on each day in biue,

green and red wavebands at a fixed station 4.5 m below

MLWS at Helgoland (North Sea) during the periods (a) 13 Au-

gust to 11 October 1990, (b) 12 November 1990 to 7 February

1991, and (c) 26 March to 14 June 1991. The predicted water

height above MLWS at midday is shown in the upper
panel of each figure

In the semi-diurnal tidal regime experienced at Hel-
goland, high waters occur at about midday only during
spring tides (mean high water 2.7 m), whereas low
waters occur at about midday only during neap tides
(mean low water 0.4 m). Therefore, the sensors at 4.5 m
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Table 2. Mean irradiance of green light (500 to 600 nm) during daylight and mean maximal daily irradiance of green light
recorded at 4.5 m below MLWS over 3 to 4 d periods at Helgoland when the tide was either high or low between 12:00 and
14:00 h, together with mean wind speed and Secchi disc depths for these periods. Irradiance values for each high tide seres are

also given as a percentage of corresponding values for preceding or following low tide series

Date High (H) or Mean values over each 3 to 4 d period
(1990/1991) low (L) tide Irradiance during Maximal daily Transmittance Mean wind  Secchi disc
at midday daylight irradiance at 550 nm speed depth
(tmol m-2 s71) (umol m™2s71) {% m™) (ms™) {(m)
14-16 Aug L 4049 _ . 142.9 _ . 73 5.17 4.83
21-24 Aug H 3.38 gfoﬁ/{)) 9.8 E?fg/i/)o] 56 12.60 1.13
29-31 Aug L 14.09 (62‘1%] 54.8 (61-6%] 67 517 2.97
5-8 Sep H 8.75 (29'3%) 33.7 (31'4 %) 63 7.98 3.23
12-14 Sep L 29.83 1 é%] 107.4 (1 5'%) 75 6.70 5.13
19-22 Sep H 0.40 (5'2 %) 1.6 (5‘3%] nd 16.35 1.77
28-30 Sep L 7.67 (0'6%) 30.8 (2.6%) 62 9.33 3.00
5-8 Oct H 0.05'" 08" nd 14.10 1.55
18-21 Nov H 0.11 o 0.5 o nd 11.18 0.90
25-27 Nov L 3.35 Eg;‘ 02} 8.3 5?754{))/{)] 66 12.70 2.75
3-5Dec H 0.21 (8‘7 %) 1.5 (33'3%] nd 10.03 1.63
9-11 Dec L 236 5 o) 445 o nd 13.57 1.20
17-20 Dec H 0.64 (55‘20'/0) 1.6 (64.3%] nd 6.15 2.38
25-27 Dec L 1.15 ' 2.5 ) nd 13.03 1.20
30 Mar-2 Apr H 15.27 o 36.4 o 69 6.23 3.00
7-9 Apr L 29.16 ggé;: 83.1 ggi’j; 65 7.07 3.75
15-18 Apr H 10.39 (51'4%) 26.7 (40'2%] 63 8.80 2.65
21-23 Apr L 20.22 (69.2%) 66.4 (56-1 %) 70 6.93 3.30
29 Apr -2 May H 14.00 e, 373 24 g0) nd 573 5.33
7-9 May L 2650 e or) 678 0 gur) nd 5.03 4.00
15-17 May H 17.16 70" d o) S15 o) 59 9.33 3.00
21-23 May L 22.93 (90‘5%) 88.9 (6244 %) 61 9.17 2.50
29 May -1 Jun H 20.75 (58‘1%] 55.5 (49'4%) 68 4.68 4.03
6-8 Jun L 35.68 (65-6%] 112.4 (56.4%) 69 593 3.75
12-14 Jun H 23.41 ’ 63.5 ' 69 8.90 3.90
nd: transmittance values not determined, usually because light levels too low for reliable estimation

below MLWS would be covered by about 7.2 m of
water at midday during the high tide series, but by
only 4.9 m during the low tide series. Assuming that
the water type was ‘Coastal 7' (Jerlov 1976; transmit-
tance at 550 nm, 63% m~!; equivalent to an attenua-
tion coefficient (kssq) of 0.462 m~!), the extra 2.3 m of
water during the high tide series would be expected to
reduce the irradiance to about 35 % of its value during
the low tide series. During the spring of 1991, most val-
ues during the high tide series were 50 to 70 % of the
values during the adjacent low tide series (Table 2)
but, in the late summer and autumn of 1990, the irradi-
ance during the high tide series was nearly always
reduced by a greater amount and it was frequently less
than 10 % of the values during low tide series (Table 2).
These data suggest that, at least duning the autumn
season, light penetration through the water (and,
hence, the water type) was poorer during the high tide
serles (i.e. spring tides) than during the low tide series
(neap tides).

A direct measure of light penetration was available
from the transmittance values calculated from the irra-
diance readings at 4.5 and 5.5 m in each waveband.
The transmittance values for green light during the
low tide series in August and September 1990 were
reliable (95 % confidence limits for most daily means
were * 0.3 to 0.4 %) and were typical of either Coastal
7 (transmittance 63% m™!) or Coastal 5 (74% m™}
Table 2), but values are missing for many of the adja-
cent high tide series because insufficient light reached
the sensors to permit a reliable estimate of transmit-
tance to be calculated. Nevertheless, the few values
that are available suggest that transmittance was
poorer during these high tide series. Additional, if indi-
rect, indications of water type were available from rou-
tine measurements of Secchi disc depths and wind
speeds at Helgoland (Table 2). These data indicate
that, during the 3 periods of very low light readings in
August (21 to 24), September (19 to 22) and October
(5 to 8) 1990, Secchi disc depths were low and mean
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wind speeds were high, whereas 2 of the intervening
periods with high light readings (14 to 16 August, 12 to
14 September) coincided with light winds and greater
Secchi disc depths. However, this pattern of high
winds during high tide series and calmer conditions
during low tide series began to break down during the
more consistently stormy months of November and
December 1990, and could not be detected in the
spring of 1991.

The theoretical effect of change in water type,
combined with the difference in water height at mid-
day, on underwater irradiance was evaluated by cal-
culating the surface irradiance required to give an
irradiance of 100 units at 4.9 m, assuming one water
type, and then calculating the penetration of this sur-
face irradiance down to 7.2 m, assuming the same or
a different water type (Table 3). If the water type did
not change between the low tide (i.e. 4.9 m at mid-
day) and the high tide (7.2 m at midday) series, the
irradiance during the high tide series would be 50,
35 and 23 % of that during the low tide series in wa-
ter types Coastal 5, 7 and 9, respectively. If the water
type improved between the low tide and the high
tide series, the irradiance during the high tide series
would be at least 80% of that during the low tide
series, and it would be possible for higher irradiances
to be recorded when high tide occurred at mid-
day than when low tide occurred at this time
(e.g. Coastal 9 during the low tide series, and Coastal
5 during the high tide series). If the water type wors-
ened, however, as seems to have occurred on several
occasions between August and December 1990, the
irradiance during the high tide series could be
reduced to 16, 10 or 5% of the corresponding values
during the low tide series (Table 3). The large differ-
ences between irradiance values observed during
adjacent spring and neap tide series could be ex-
plained, therefore, if the water type was consistently
poorer during the spring tides than during the neap
tides.

Table 3. Green (550 nm) irradiance at 7.2 m below the water

surface as a percentage of corresponding irradiance at 4.9 m

below the surface, assuming that optical water type may

change between measurements at different depths. Calcula-

tions based on Jerlov transmittance values (i.e. 74% m™! in

Coastal 5, 63% m~! 1n Coastal 7, 53% m™' in Coastal 9;
Jerlov 1976)

Water type for Water type for 4.9 m reading
7.2 mreading Coastal 5 Coastal 7 Coastal 9
Coastal 5 50.0 110.1 256.8
Coastal 7 157 34.6 80.6
Coastal 9 4.5 9.9 23.2

DISCUSSION

The new light-measuring station, which was tested
underwater for the first time during this investiga-
tion, incorporated a number of improvements on the
station used at the same site in 1975 (Lining & Dring
1979). The use of interference filters instead of
broad-band glass combination filters to define the
waveband perceived by the sensors meant that these
wavebands were more tightly defined and — more
importantly — that the spectral sensitivity of the
filter/sensor combination did not change with depth,
water type and weather conditions (see discussion in
Lining & Dring 1979). Improvements to the electron-
ics of the station enabled readings to be integrated
over a given time period, instead of being instanta-
neous readings, so that rapid fluctuations in irradi-
ance, due to wave action or broken cloud cover,
were smoothed. The electronics and updated data
storage system also permitted the irradiances to be
read more frequently (every 75 s, instead of every
20 min), and all 6 sensors to be read simultaneously,
instead of in sequence at 1.5 s intervals. The trans-
mittance values calculated from readings at 2 depths
were, therefore, more accurate than those obtained
from the earlier station when irradiance levels were
high.

The only disadvantage of the new system was the
limitation imposed by the use of 8-bit data acquisition,
since this required that the sensitivity of all sensors
had to be reduced to prevent the maximal reading ex-
ceeding the base range (1.e. a maximum of 256 units).
This problem will not have significantly affected the
estimates of total daily irradiation or maximal daily ir-
radiance reported in this paper, but the low sensitivity
meant that, unfortunately, transmittance values were
not available for days with poor light penetration. In
addition, the estimates of underwater daylength (data
not reported here) may be unduly pessimistic because
the photoreceptor pigments effective in detecting
daylength in plants are generally more sensitive than
the sensors as used during these measurements (e.g.
the short-day response of the brown alga Scytosiphon
was inhibited by 0.25 umol m~2? s~! of blue light for
2 min, that of the red alga Acrosymphyton by
0.05 umol m~? s~! of blue light or 0.25 umol m~2s~! of
red light for 8 h, and that of the flowering plant Xan-
thium by 0.02 umol m~2 s~! of red light at twilight;
Dring & Lining 1975, Breeman & ten Hoopen 1987,
Salisbury 1981). Modifications to the system which
will avoid this limitation are being considered. Never-
theless, the daylengths measured in this study will be
reasonably accurate estimates of the length of the
photosynthetic day, and will be used for calculations
of in situ primary production in a subsequent, more
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detailed analysis of the spectral data obtained and of
the variations in irradiance during the course of each
day.

In spite of the low sensitivity of the station and
day-to-day variations in surface irradiance, the influ-
ence of tidal variations in water height on the irradi-
ance recorded at 4.5 m below MLWS was clearly ob-
servable. The mean values for total daily irradiation
and for maximal daily irradiance over 3 to 4 d peri-
ods when high tide occurred around midday were
consistently lower than the corresponding values
during adjacent periods when low tide occurred at
midday. During the autumn and winter of 1990, the
differences between the irradiance values recorded
in adjacent high tide and low tide series were
greater than could be accounted for by the average
difference in the depth of water overlying the sen-
sors (2.3 m). Such large differences could be ex-
plained, however, if the light penetration (water
type) was consistently poorer during spring tide
series.

An apparent association between light penetration
and spring tides could be explained by the stronger
tidal flows that occur at spring tides. These strong
flows might result in greater amounts of sediment in
suspension, which would reduce the penetration of
light. Mann & Lazier (1991) discuss the possible influ-
ence of the spring-neap cycle on the position of fronts
in coastal systems, which could result in incursions
of phytoplankton-rich water during spring tides and
retraction during neap tides. This could cause higher
phytoplankton densities in some sites during spring
tides, which would also reduce light penetration.
There is, however, no obvious reason for either of these
effects to be stronger in autumn than in the spring,
when no relationship was apparent in the present data.
It is clear that more measurements of transmittance are
needed over the spring-neap cycle to test the validity
of the relationship that has been indicated in these
data.

In any case, this study has shown that the variations
in the timing of high tide through the spring-neap
cycle have significant effects on the total daily irradia-
tion available to benthic plants in the sublittoral zone.
This factor needs to be allowed for in any attempts to
model the primary productivity in this zone from mea-
surements of surface irradiance.

This article was submitted to the editor
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