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Wave-induced variability of the underwater light climate in 
the littoral zone

Hilmar Hofmann, Andreas Lorke and Frank Peeters

Introduction

Underwater irradiance, here referred to as photosynthetically 
active radiation (PAR), undergoes strong temporal fluctua-
tions. These fluctuations are not only caused by variations in 
the incoming light intensity but also by variations in the eleva-
tion and curvature of the water surface resulting from wave 
motion (SNYDER & DERA 1970, KIRK 1994, ZANEVELD et al. 
2001). In addition, wave-induced resuspension of particles in 
the littoral zone can cause rapid changes of light attenuation 
within the water column. Thus, the variability of the light field 
is maximal at shallow depths (DERA & GORDON 1968, RØRSLETT 
et al. 1997, SCHUBERT et al. 2001). Light intensity is important 
for the growth of phytoplankton (FINGER et al. 2007), biofilms, 
and macrophytes (SCHEFFER et al. 1993) and affects habitat 
choice, food uptake, and predation pressure of fishes (UTNE-
PALM 2004, SCHLEUTER & ECKMANN 2006). The biological rele-
vance of fluctuating light is not only determined by the inten-
sity of the fluctuations, but also by temporal scales (WALSH & 
LEGENDRE 1983, PAHL-WOSTL 1992).

We experimentally investigated the variability of the under-
water light climate in the littoral zone with the intension of 
providing amplitudes and temporal scales of the intensity fluc-
tuations resulting from wave focussing, change in surface ele-
vation and resuspension.
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Materials and methods

Study site

Lake Constance, the second largest (in surface area, 536 km2) 
prealpine lake in Europe, is located in the southwest of Ger-
many and borders Switzerland and Austria. The littoral zone 
covers about 10% of the total surface area (BRAUN & SCHÄRPF 
1990). Measurements were carried out in the western part of 
Upper Lake Constance at a site called Littoral Garden (LG; 
47°41’29”N, 09°12’11”E). The shore is exposed to a highly 

variable surface wave field, which is dominated by wind waves 
in winter and ship waves in summer (HOFMANN et al. 2008a). 
Ship waves stem from a close by ferry track with regular sail-
ings throughout the year, from passenger ships travelling par-
allel to the shoreline during the tourist season (mid-March to 
mid-October), and from a newly introduced catamaran ferry.

Instrumentation

The underwater light climate was measured with high tempo-
ral resolution (128 Hz) by a chain of 6 synchronised spherical 
PAR sensors (LI-193SA, LI-COR) combined with a pressure 
sensor (PS; PDCR 1730, DRUCK). The PS has an accuracy of 
0.1 mbar, sufficient to resolve wave heights down to 0.01 m and 
wave frequencies up to 2 Hz corresponding to wave lengths 
down to 0.4 m, if the sensor is positioned 0.2 m below the water 
surface at 2 m water depth. The 6 spherical PAR sensors mea-
sure scalar irradiance with a response time of 10 µs.

Measurements were conducted between 18 April and 04 
May 2007 at a water depth of 2.2 m. All sensors were attached 
to a bottom-resting pole. One of the light sensors (S 0) was 
placed 0.4 m above the water surface as a reference, measuring 
the incident light. The other 5 PAR sensors were mounted at 
0.2 (S 1), 0.7 (S 2), 1.2 (S 3), 1.7 (S 4), and 2.0 m (S 5) below 
the water surface (Fig. 1). The pressure sensor was deployed 
next to S 1.

Analysis

The measured time series of subsurface pressure was convert-
ed to a time series of surface elevation using the procedure 
described in HOFMANN et al. (2008a).

Power spectra of light intensity and surface elevation were 
estimated by calculating power spectra from segments of the 
time series consisting of 8192 samples (~1.1 min) with 50% 
overlap and subsequent averaging of 56 consecutive spectra to 
reduce confidence intervals.

The amplitude of the fluctuations in the underwater light 
field as a function of depth was estimated from the 5 sub-

http://www.ub.uni-konstanz.de/kops/volltexte/2009/7247/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-72478
http://www.limnology.org/pubs/index.shtml


eschweizerbartxxx

628 

merged light sensors by calculating the minimum and the 
maximum light intensities within 10-s time intervals. The 
mean and the standard deviation of the respective minima and 
maxima were calculated for one-hr time periods.

The effect of surface elevation on light intensity was esti-
mated from Lambert-Beer’s-Law. Assuming exponential de-
cay of light with depth, hourly mean light intensities at 2 neigh-
bouring light sensors were used to determine the light attenua-
tion coefficient (Kd) for the respective depth range. Then, the 
surface elevation derived from the pressure sensor data was 
used together with the Kd values to calculate the fluctuations 
in light intensity due to fluctuations in surface elevation.

Results and discussion

Amplitudes of underwater light fluctuations

Data from the 19 April 2007 were chosen to elucidate the 
features of the underwater light climate on cloudless days 
with bright sunlight. Between 10:00 and 11:00 h, the 
measured incident light intensity did not fluctuate sig-
nificantly, whereas the underwater irradiance showed 
fluctuations with high amplitudes and high frequencies at 
all depths. The highest amplitudes occurred near the sur-
face. Between 10:31:30 and 10:32:00 h at 0.2 m below the 
surface (S 1), the light intensity fluctuated between +700 
and –600 µmol quanta s–1 m–2 around its mean value of 
1684 µmol quanta s–1 m–2 (Fig. 2A), which indicates that 
the fluctuations are biased toward higher intensities due 
to nonlinear refractive effects at the water surface 
(STRAMSKI & LEGENDRE 1992). During this time period, 
the surface wave field was characterised by small-ampli-

tude (0.01–0.05 m), high-frequency (1–2 Hz), short-
length (0.4–1.6 m) wind waves (ripple waves) and a ship 
wave group with a maximum height of about 0.3 m (Fig. 
2B). The ripple waves are known to induce wave focus-
sing (SNYDER & DERA 1970, RØRSLETT et al. 1997), where-
as the ship waves with a period of 2.9 s and a wave length 
of 13 m essentially lead to an elevation of the water sur-
face and not to a pronounced focussing effect of the inci-
dent light (RØRSLETT et al. 1997, STRAMSKA & DICKEY 
1998). The effect of the change in surface elevation on the 
near surface light climate was recorded (Fig. 2B). The 1-s 
running average of the S 1 time series shows a periodi-
cally fluctuating light intensity that is phase shifted by 
180° relative to the oscillation of the surface elevation. 
The amplitude of the oscillating light intensity is about 
±70 µmol quanta s–1 m–2, which is small, compared to the 
total fluctuation of the light intensity. The difference be-
tween the total fluctuation in light intensity (Fig. 2A) and 
the light fluctuation due to the surface elevation (Fig. 2B) 
can be attributed to the effect of wave focussing and 
ranges between +40 and –35% of the mean light intensity. 
The effect of surface elevation contributes only about 
±5% to the overall fluctuation in light intensity (Fig. 2C). 
Clearly, extreme values of light intensity fluctuations are 
dominated by the effects of wave focussing. SCHUBERT et 
al. (2001) and RØRSLETT et al. (1997) have demonstrated 
that wave focussing can cause light intensities signifi-
cantly above the incident light intensity, reaching up to 5 
times the mean. These extremely high light intensities 
were observed with small planar sensors that measure 
only downwelling irradiance and thus differ from the 
spherical sensors used in this study that integrate light 
from all directions.

The vertical distribution of the range of the underwater 
fluctuations in the light intensities due to wave focussing 
and due to ship-wave induced surface elevation (Fig. 3) 
shows the minima and maxima of the light intensities at 
0.2, 0.7, 1.2, 1.7, and 2.0 m below the surface measured on 
19 April 2007 between 10:00 and 11:00 h. At all depths 
the amplitudes of light intensity fluctuations caused by 
wave focussing are much larger than those caused by the 
elevation of the surface alone. The mean light intensity, 
centred within the intensity range due to surface eleva-
tion, decreased monotonously with depth from about 
1680 µmol quanta s–1 m–2 at 0.2 m to about 960 µmol 
quanta s–1 m–2 at 2.0 m below the surface. In contrast, the 
maximum light intensities resulting from wave focussing 
did not monotonously decrease with depth: the maximum 
range (1400 µmol quanta s–1 m–2) and the highest maxi-
mum values in light intensity (2750 µmol quanta s–1 m–2) 
were observed at 0.7 m and not at 0.2 m depth. Further, 
the data indicate that the fluctuations of the light intensity 

Fig. 1. Schematic sketch of the light chain deployed in the lit-
toral zone of Lake Constance (PS: pressure sensor; S 0 – S 5: 
PAR sensors).



eschweizerbartxxx

   629

are asymmetrical around the mean, with positive devia-
tions from the mean being larger than negative deviations 
at all depths (Fig. 3). Such a vertical distribution of the 
near surface underwater light field was also observed by 
SNYDER & DERA (1970), but detailed measurements of the 
surface wave field were not available. ZANEVELD et al. 
(2001) investigated the consequences of wave focussing 
on light intensities from a theoretical perspective. As-
suming a modulated surface wave field consisting of low-
frequency as well as high-frequency waves with different 
wave heights, they demonstrated that the maximum in 
light intensity is shifted from the surface to larger depths. 
This shift occurs because of the position of the first focal 
point owing to the lens effect of surface waves. The depth 
and the intensity of the maximum value in the light inten-
sity are highly dependent on the composition of the sur-
face wave field. Low-frequency waves shift the maxi-
mum in light intensity to larger depths, whereas high-fre-
quency waves result in a maximum at shallower depths 
and cause higher maximal intensities. Our measurements 
can partly confirm these theoretical considerations, but 

detailed measurements with a higher spatial resolution 
near the water surface are needed to demonstrate the shift 
of the maximum in light intensity under changing prop-
erties of the surface wave field.

Temporal scales of underwater light fluctuations 
in relation to the surface wave field

Spectral analysis of the light intensity at S 1 and of the 
surface elevation (derived from the pressure sensor) time 
series on 19 April 2007 for the time periods between 
10:00 and 11:00 h (first hour) and 13:00 and 14:00 h (sec-
ond hour) reveals a clear linkage between the surface 
wave field and the underwater light field (Fig. 4). During 
both time periods, spectra of the light intensity show 
peaks at 0.27 Hz and between 0.5 and 0.6 Hz. Between 
13:00 and 14:00 h the peaks are more pronounced, and an 
additional peak at 0.35 Hz appears in the spectrum of 
light intensity (Fig. 4A). The occurrence of these peaks is 
related to the low-frequency surface waves found also in 

Fig. 2. Amplitudes of the near surface underwa-
ter light field and the simultaneously measured 
surface elevation on 19 April 2007 between 
10:31:30 and 10:32:00 h. (A) Absolute fluctua-
tions of the light intensity about its mean value 
at S 1 (0.2 m below the surface). The mean value 
was calculated for the time period specified 
above. (B) Surface elevation (generated by a 
ship wave, bold solid black line) and related ab-
solute fluctuations of the light intensity (fine 
solid grey line) derived by applying a 1-s run-
ning average on the times series of S 1. (C) Rela-
tive fluctuations of the light intensity (fine solid 
grey line) and of the surface elevation (bold 
solid black line). The relative change of the light 
intensity caused by surface elevation at 0.2 m 
below the surface was calculated for an expo-
nential decay of light with depth using the aver-
age attenuation coefficient (Kd) between S 1 
and S 2 of 0.35 m–1.
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the spectra of surface elevation (Fig. 4B). The peaks at 
0.27, 0.35, and 0.5–0.6 Hz are due to surface waves gen-
erated by ferries, passenger ships, and wind, respectively 
(HOFMANN 2008b). During the 2 hours considered (Fig. 
4), these wind and ship waves had wave heights between 
0.05 and 0.3 m, which are sufficient to significantly affect 
the near surface underwater light climate. The peak at 
0.16 Hz in the surface elevation spectrum (Fig. 4B) can be 
attributed to waves from the catamaran ferry. This peak 
is not resolved in the spectra of the light intensity (Fig. 
4A) because the wave height resulting from the catama-
ran at site LG is too small (<0.05 m) to induce a substan-
tial variance in the light intensity. In addition to the peaks 
described above, the spectrum of the light intensity from 
the first hour shows a broad peak between 1.2 and 4 Hz, 
which is narrower and less pronounced in the spectrum 
for the second hour. The latter spectrum has a small peak 
around 2.5 Hz with a spectral density, which is 2 orders 
of magnitude lower than that of the broad peak in the 
spectrum from the first hour (Fig. 4A). The variance of 

the light intensity at frequencies above 1 Hz can be most 
likely attributed to the effect of wave focussing.

As the spectra of light intensity, the spectra of surface 
elevation from the 2 hours also differ in the high-fre-
quency range between 1 and 2 Hz. During the first hour, 
peaks were observed at 1.5 and 2.0 Hz, which are not vis-
ible in the spectrum from the second hour (Fig. 4B, 
dashed ellipse). These peaks can be attributed to ripple 
waves (described above). The coincidence of these ripple 
waves and the strong fluctuation in light intensity result-
ing from light focussing suggests that light focussing is 
predominantly connected to the occurrence of small rip-
ple waves because wave focussing was pronounced dur-

Fig. 3. Amplitudes of the fluctuations in the underwater light 
field as function of depth caused by the effect of wave focus-
sing (grey area) and solely by the effect of surface elevation 
(black area) on 19 April 2007 between 10:00 and 11:00 h. Sym-
bols (filled squares) show the mean values of the minimum and 
the maximum light intensities within 10 s time intervals with 
their standard deviation (not shown for the effect of surface 
elevation to keep graphical clarity). The overall mean of the 
measured light intensity is shown by the white dashed line. The 
effect of surface elevation on light intensity was estimated 
from Lambert-Beer’s-Law. Assuming exponential decay of 
light with depth, hourly mean light intensities at neighbouring 
light sensors were used to estimate the light attenuation coef-
ficient (Kd) for the respective depth range. These attenuation 
coefficients in combination with surface elevation derived 
from the pressure sensor data were used to estimate the fluc-
tuation in light intensity due to fluctuations in surface eleva-
tion as described above.

Fig. 4. Spectra of the light sensor S 1 (A) and the pressure sen-
sor (PS, surface elevation) (B) at 0.2 m below the surface on 19 
April 2007 between 10:00 and 11:00 h (bold solid black line), 
and 13:00 and 14:00 h (fine solid grey line). The spectra were 
estimated from the light and surface elevation time series over 
the respective hour using segments of 8192 samples (~1.1 min) 
and subsequent averaging. The ellipse in the spectrum of the 
pressure sensor (panel B) emphasises peaks around frequen-
cies of 1.5 and 2 Hz, which were observed between 10:00 and 
11:00 h but not between 13:00 and 14:00 h. These peaks can be 
attributed to the occurrence of ripple waves and correspond 
directly to the observed peaks in the spectrum of light intensity 
fluctuations (panel A). The spikes above 3 Hz in the spectra of 
surface elevation are artefacts of the PS.
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ing the first hour and was nearly absent during the second 
hour.

At frequencies above 2 Hz, the spectra of surface ele-
vation do not show variance except for noise and instru-
mental resonance signals from the pressure sensor. At 
frequencies above 2 Hz surface waves have wave lengths 
<0.4 m. Pressure fluctuations from these waves attenuate 
rapidly with increasing depth and cannot be resolved by 
our pressure sensor.

In addition to fluctuations in light intensity (with peri-
ods below a few seconds due to wave-induced surface 
elevation and light focussing), light intensity in the litto-
ral zone is affected by suspended particles resulting from 
wave-induced resuspension (ERM & SOOMERE 2006, HOF-
MANN et al. 2008a) at time periods ranging from minutes 
to hours, and even up to seasonal fluctuations. During 
time periods with resuspension, the light intensities at 2 
m depth decreased substantially by up to 70%, depending 
on the particle concentration in the water column. Light 
attenuation calculated from the PAR sensor chain typi-
cally increased over the course of the day because ship-
wave induced resuspension leads to an increase of the 
suspended particle load. Note that resuspension by ship 
waves is much more intense during daytime than at night 
because of increased ship traffic and larger wave heights 
during daytime (HOFMANN et al. 2008a). 

More important than the diurnal fluctuation in light 
attenuation is the daily cycle of incident light, which 
leads to a strong daily cycle in the underwater light inten-
sity. On seasonal time scales, not only the seasonal varia-
tion in the incident light (about 25% between winter and 
summer at Lake Constance, latitude 47.7°), but also water 
level fluctuations, which are about 2–3 m at Lake Con-
stance (HOFMANN et al. 2008b), alter the underwater light 
climate for sessile organisms and biofilms. For a typical 
Kd for Lake Constance of 0.35 m–1, the seasonal variation 
of the incident light would have the same effect as a 
change in water level of about 0.8 m. Thus the fluctua-
tions of the light intensity induced by the water level 
fluctuations have larger amplitudes than seasonal varia-
tion of the incident light. Because of high water levels in 
summer and low in winter, where the incident light 
reaches its maximum and minimum, respectively, both 
processes counteract and reduce the amplitudes in the 
variation of the underwater light intensity for sessile or-
ganisms.

Conclusions

Fluctuations of the underwater light intensity caused by 
surface waves due to surface elevations were distin-

guished from those due to focussing and defocusing of 
the incident sunlight (wave focussing) by using synchro-
nised high-frequency measurements of photosynthetical-
ly active radiation (PAR) and pressure. In general, PAR 
showed high-amplitude and high-frequency fluctuations 
near the surface (0.2–2.0 m depth). Strongest fluctuations 
were observed under bright sun when the surface wave 
field was dominated by small ripple waves. Under such 
conditions the amplitudes of the fluctuations in the light 
intensity due to wave focussing are much larger than that 
of the surface elevation caused by wind and ship waves. 
Further, wave focusing shifts the maximum of the under-
water light intensity to greater depths, depending on the 
properties of the surface wave field.

The resuspension of particles induced by wind and 
ship waves can dramatically reduce the light intensity in 
the littoral zone on temporal scales ranging from minutes 
to hours and thus may contribute to light limitation of 
phytoplankton and biofilm growth.
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