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Abstract. The influence of various wind and wave conditions temporal wind impact, and the water depth influence the for-
on the variability of downwelling irradianc&y (490nm)  mation of a wind sea. Sunlight is refracted at the irregularly
in water is subject of this study. The work is based on ashaped water surface. Individual waves that are superposed at
two-dimensional Monte Carlo radiative transfer model with the surface can act as lenses that focus the light at various wa-
high spatial resolution. The model assumes conditions thater depths. For this reason, the underwater light field, in this
are ideal for wave focusing, thus simulation results revealwork characterized by the downwelling irradiance, is subject
the upper limit for light fluctuations. Local wind primarily to considerable variance that characteristically depends on
determines the steepness of capillary-gravity waves whichthe surface waves and thus on the prevailing wind condition
in turn dominate the irradiance variability near the surface.and the sea state.
Down to 3 m depth, maximum irradiance peaks that exceed Besides the mentioned wave conditions, underwater light
the mean irradianc&y by a factor of more than 7 can be fluctuations also depend on the spectral range of sunlight,
observed at low wind speeds up to 5 sThe strength of  the sun altitude, diffuse sky radiation, clouds, and on the in-
irradiance fluctuations can be even amplified under the influherent optical properties (IOPs) of the water (e.g. Stramski,
ence of higher ultra-gravity waves; thereby peaks can exceed986; Walker, 1994; Stramska and Dickey, 1998; Gernez and
11 Eq4. Sea states influence the light field much deeper; gravAntoine, 2009; Gege and Pinnel, 2011). Compared to other
ity waves can cause considerable irradiance variability evematural light regimes (e.g. in a forest), the variability of ir-
at 100 m depth. The simulation results show that under retadiance in water can be very large, e.g. near the surface ir-
alistic conditions 50 % radiative enhancements compared teadiance peaks can exceed the time-averaged irradiance by a
the mean can still occur at 30 m depth. At greater depths, théactor of 15 (Darecki et al., 2011).
underwater light variability depends on the wave steepness The generation mechanisms of irradiance fluctuations and
of the characteristic wave of a sea state; steeper waves caufieeir decreasing intensity with increasing water depth are
stronger light fluctuations. known (e.g. Schenck, 1957; Snyder and Dera, 1970; Niko-
layev and Khulapov, 1976; Stramski and Dera, 1988; Gernez
et al., 2011). Whereas, less is known about the wind-
dependency of light fluctuations and very little is known
1 Introduction about its sea state dependency. There are several papers on
the relationship between wind conditions and underwater
The solar radiative transfer into the ocean is strongly inﬂu'light field fluctuations (e.g. Nikolayev et al., 1972; Dera and
enced by air-sea interactions. Wind generates waves at th§ramski, 1986; Gernez and Antoine, 2009; Weber, 2010:
free water surface that can range in size from small ripplesHieronymi and Macke, 2010; Darecki et al., 2011). The gen-

so called capillary waves, to huge waves over 25m heighlera| view is that the most favorable conditions for light
(e.g. Sterl and Caires, 2005). The wind strength, the areal and
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456 M. Hieronymi and A. Macke: Underwater irradiance fluctuations

focusing by waves prevalil at light to moderate winds betweenTable 1. Underlying data for radiative transfer simulations.
2 and 7 ms?. With this work we will show that other wind

and wave conditions also can lead to extreme irradiance fluc-  Wavelength of light A [nm] 490
tuations, in particular if we look at different water depths.

. . . . . Sun zenith angle 0 ° 0
We provide the first detailed analysis on the influence of lo- g s 0
cal wind on the light variability in the near-surface layer, and Refractive index of seawater n (-] 1.34
in addition on the impact of fully developed sea states, on  Eraction of diffuse sky Dif  [%] 10
the light regime within the upper ocean mixed layer down to
100 m depth. Chlorophylla concentration  Chl  [mgm3] 0.1

Our work is based on a two-dimensional Monte Carlo
model (Hieronymi et al., 2012) whose capability has been
verified by in-situ measurements of the underwater light1994; Gernez and Antoine, 2009). The radiative transfer
field and by inter-comparison with the widely-used radiative is calculated for a single wavelength of 490 nm, which
transfer codeHydroLight (Mobley, 1994). The model is es- can be considered representative for the blue-green spectral
pecially intended for investigations of spatially high resolved band. Light of this spectral range can penetrate especially
light fields underneath any desired wave profiles. deep into oligotrophic waters. Different measurements have
shown a wavelength-dependency of light fluctuations in shal-
) low water (e.g. Gernez and Antoine, 2009; Darecki et al.,
2 Applied methods 2011; Gege and Pinnel, 2011). However, orange-red light
(580—700 nm) is strongly attenuated by absorption in water
(e.g. Zielinski et al., 2002). Below 10m water depth, the

The radiative transfer in water is simulated by meansblue—green spectral cqmpom‘ent.syield the vast majority of the
of two model approaches that are explained in detailPhotosynthetically active radiation (PAR) (400-700 nm). For
by Hieronymi et al. (2012). At small depths, the underwaterthis reason, we assume that the fluctuation characteristics at

light regime is governed by high-frequency and small-scale?90 M can be considered representative for the variability of

intensity changes (e.g. Snyder and Dera, 1970; Hieronymfn€ entire PAR value.

and Macke, 2010; Darecki et al., 2011). For this reason, we The presented simulations are carried out for perpendic-
choose a high spatial resolutiona= 2.5 mm for our near- ular solar irradiation and for an extreme clear atmosphere,

surface model; some current irradiance collectors have sen"—"here the diffuse skylight due to atmospheRayleighand

sor head diameters of 2.5mm (e.g. Darecki et al., 2011).'\_/Iie _scattering accounts for _10% only (the sky illumina-
In very clear seawater the fraction of total downwelling ir- 10" IS @ssumed to be isotropic). The water body under con-
radiance due to scattering in the first metres of the wateS'deration is very clear and oligotrophic; the (wavelength-

body is small compared to the direct light beam and, fur_depending) inherent optical properties of the well-mixed sea-

thermore, most of this scattered light is located very closglvater are derived from a chlorophyliconcentration Chl of

3 . :
to the initial light path because of the predominance of the0-1 mgm (Morel et al., 2007; Morel, 2009). The resulting

forward scattering (Hieronymi, 2011). Thus, we neglect thedif'fuse attenqation coe_fficient for the doan\_/ard irradiance

diffuse light in our near-surface model (which is valid down Kd (490nm) is approximately 0.038Th, relating to a flat

to approximately 5m) and just superpose narrow single rays':'ea surface.

according to the wave geometry. This approach has bee -

used several times for example by Schenck (1957), Niko-a'2 Description of the sea surface

layev et al. (1972), Stramski and Dera (1988), or Zaneveldro generating two-dimensional irregular wave profiles, we

et al: (2001). In our model, the mtengty of each smgle ray iSapply the superposition principle of solitary sine waves,

continuously attenuated by absorption of the medium. whose amplitudes are determined by the omnidirectional el-
The second model approach is designated for larger wagyation spectrum. First, consideration is given to the effects

ter depths down to 100 m, where light scattering is not neg-yf |ocally limited wind. The wind friction velocity basically

I|g|b_le. In t_hls model, t_he _spaﬂal expansion an_d attenuationgefines the steepness of short waves of less than about a

of single light beams is simulated on the basis of a Monte|f metre length. In particular capillary and capillary-gravity

Carlo method (Hieronymi, 2011). The used model resolution,aves in the wavelengthL( range of 0.7—-3 cm are most af-

is 10 cm horizontally and vertically. fected by the wind friction @hne and Riemer, 1990). We

use the wave spectrum as it is proposed by Elfouhaily et

al. (1997)

The model input parameters are listed in Table 1. They -3
are selected in such a manner that maximum light quctu-S (6) = k" 1Buw + Bswl. (3)
ations can be achieved (Dera and Stramski, 1986; Walker,

2.1 Radiative transfer models

2.1.1 Model input parameters
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tral range is directly associated with the term “local wind”,
although wind in general can also originate much longer
waves, as ordinary gravity waves or swell waves.

In a second step, the significance of distinctive sea states
is considered. Sea states are characterized by the significant
wave heightHs and by a mean wave periofl. Figure 2
(left) shows combinations of wave height and period together
with the prevailing averaged wind spedég as it appears in
the global ocean. The data are derived fromKINMI/ERA-

40 wave atlagSterl and Caires, 2005). The corresponding
wavelengthl is additionally marked at the top of the chart. It
is deduced from the dispersion relation for deep-water waves
(Airy wave theory):

AR =272, @
12mis | 2n
: S 15mis in which g is the acceleration of gravity. The ratio of wave
i ' i T height to lengthH /L is the wave steepness, which is theo-
0.005  0.01 005 0.1 0.5 retically 0.14 at maximum; steeper waves break. The white
Wavelength L [m] areas at the bottom left in both diagrams of Fig. 2 stand
for waves too steep to occur in nature (i.e. they are not in
Fig. 1.Wave spectra for different local wind conditions that are used (N wave atlas); these wave combinations are not considered

for our near-surface underwater light field simulations (short-wavein this study. Sea states with wave periods longer than 11s
part only); the dashed lines show the modification due to the long-(@bout 190 m wave length) are not considered either, since
wave part of the unified spectra. they are rather insignificant in terms of underwater light field
variability.

Figure 2 right shows the frequency of occurrence (proba-
where s e angular vavenurioes (), subsrs L P CETety LnclorPOR) ofsea st he g ccen,
and SW indicate the long- and short-wave frequenciespand . ' a .

regional and monthly climatologies. In general, extremely

stands for the curvature spectra. In order to straightforwardlyStee seas occur rarelv and wave svstems with periods be-
distinguish the pure wind effects on the light field, we first P y y P

use the short-wave part of the spectrum only. The spectra aptyveen 5 and 9s and wave heights between 1 and 3m oc-

ply for a minimum wind speed of 3 nT4. Figure 1 shows the cur most frequently (60 % of all cases). This range is framed

utilized elevation spectra for wind speetigo (10 m above whltc_e in the right diagram of Fig. 2. .
the sea level) from 3 to 15 (solid lines). The corre- With regard to the model assumption of homogeneous wa-

: N . : ter properties, it should be mentioned that surface waves
sponding curvature spectra exhibit a gravity-capillary peak L S )
cause a mixing of the upper ocean layer. Simplistically, it

at 1.7 cm wavelength for all wind speeds. With increas;ingcan be assumed that the sea water within this laver has ho-
wind, the spectra move together. This implies that the wave u . -a water within this fayer t
ogeneous physical and bio-optical properties. Beside the

profiles that are generated out of the spectra (with rando . - .
phase position) have almost the same statistical characterri]i;‘;Ct that marine phytoplankton needs sufficient light (sup

tics with strong wind, and thus the corresponding light fields plied from _above) as well as nut_rlents_ (supplied from be-
L low), the mixed layer depth MLD is an important factor as-
must be very similar.

In the open ocean, fetch normally is not limited: wind- sociated with the accumulation of phytoplankton biomass

waves can grow to fully developed seas. The dashed Iineglnd th? development of deep chlorophyﬂnaxmg. In ohg—
otrophic waters, where the surface mixed layer is poor in nu-

in Fig. 1 represent the total spectra (Eq. 1), where both, long- . .

and short-wave, regimes are considered (for fully developec}”ems’ chlorophylla maxima are often found_ between 20

. ) - and 150 m depth with maximum concentrations of gener-
seas). In particular at lower wind speeds, the unified long-

and short-wave spectra adapt to the high-wind spectra WithaIIy 3 to 10 times of those in surface waters (e.g. Ander-

increasing wavelength. In case of weak wind over an unlim->2"" 1969; Cullen, 1982, Furuya, 1990; Zielinski etal., 2002;

ted feth, utra-graviy waves-(2m) have actually higher o 2a88 8 B0 UL PRI A TR0 B
amplitudes compared to a restricted fetch, which has to da 9 )

with the wave growth and the so calledive ageWe bear "9 to Babanin (2006), the wave-induced MLD can be ap-
this long-wave interaction in mind, but we primarily use the proximated by

short-wave part of the spectra (solid lines) and apply this to g ozgw
waves of 6 mm to 50 cm length. We suggest that this specsMLD = 5 5 In
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-1 0 3 & 9 12 15 0 1 2 3 4 H ] 7

Ui (M3 ] e s POF (%] s
Wavelength L [m] Wavelength L [m]

141250 390 562 765 999 1265 1561 1659 141 250 390 562 765 993 1265 1561 1659

Wave Height H [m]

Wave Period T [s] Wave Period T [s]

Fig. 2. Sea states under consideration for underwater light field simulationsdwiti0 cm horizontal resolution; left: input parameters
(wave heightH, wave periodl’, and wind speed/1q) for the generation of irregular wave profiles; right: probability of the occurrence of
wave classes averaged over all seasons and regions (Sterl and Caires, 2005).

where g is the acceleration of gravityy is the wave an-

gular frequency,ap is the wave amplitudeRey is the (m] 20 40 60 80 100
critical Reynolds number (chosen ade,=3000), and M ===
v the kinematic viscosity of ocean water (chosen as Wavelength L [m ]

v=1.35. 10%m2s1). Figure 3 shows the mixed layer 0 141 250 390 562 76.5 999 1265 1561 1889

depth (Eg. 3) for the introduced wave classes. For a given
wave periotkpp increases with growing wave height. The
wave-induced upper ocean mixed layer can be more than
100 m deep. The figure provides an interesting hint to the
depth of a deep chlorophydl maximum, which might be af-
fected by deeply penetrating light fluctuations. In addition,
an abrupt rise of biomass concentration is associated with &
rapid change of the IOPs of the water body, i.e. the light beam
attenuation (absorption and scattering) increases.

The irregular sea state profiles used in this work are
generated by means of unified spectra for long and short
waves over the full range of wavenumbers (Eq. 1). The
wind-dependent high-frequency part is based on the work of
Elfouhaily et al. (1997) (and their references). The colour-
coding in Fig. 2 (left) shows the underlying “sea state typ-
ical” wind velocities U1gp. We employ the two-parameter
Pierson-Moskowitzspectrum for the respective long-wave
regime as it is proposed by thaternational Towing Tank
ConferencdPierson and Moskowitz, 1964; ITTC, 2002):

Wave Height H [m]

Wave Period T [s]

Fig. 3. Wave-induced mixed layer deptly_p for the wave classes
under consideration (Eq. 3).
2

5
S(f) = ——>_exp| — , 4
) 16 77 f5 p( T;}f4> “ : , . o
rameters wave height and period (for ease without indices)
where f is the wave frequencyiis is the significant wave are taken from Fig. 2 (left), wherH is 0.5 to 7m andl" is
height, andlp is the spectral peak period. The two input pa- 3 to 11s, respectively. As seen in Fig. 2 (left), different sea

Ocean Sci., 8, 455471, 2012 WwWw.ocean-sci.net/8/455/2012/
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states can arise from equal prevailing wind velocities, whichone-third highest waves. On the one hand, the significantirra-
is due to different stages of wave growth, wave energy dis-diance enhancement provides a statistically smoothed func-
sipation, or due to superposition of different wave systemstion of extreme intensity peaks over the water depth; on
In some cases, especially in low-wind situations, the transithe other handy 1,10 can be seen as a rough estimate for
tion between short and long wave spectra can be subject to measuredZy maximum values, taking into account that the
discontinuity. This particularly applies to the range of small sampling rates of some radiometers may be insufficient for
gravity waves, which are not unimportant in the context of high-frequency irradiance measurements and that sensor in-
subsurface light variability. The issue is addressed by insertegration times can elongate with increasing water depth (we
tion of an intermediate function into the spectrum that ap-did Eq measurements with RAMSES-ACC-VIg&diometer
proximately fits to observations (e.g. Leykin and Rozenberg(TriOS Germany) with a spectral range of 320 to 950 nm and
1984; Donelan et al., 1985aline and Riemer, 1990). effective sampling rates of 2 to 8 s (Hieronymi et al., 2012)).
All wave profiles under consideration are 600 m long with  The modelled spatial light fluctuations are subject to a
a horizontal resolutiordx of 0.1 mm. The corresponding wavenumber analysis (analogous to frequency analysis) in
modelled wave slopes are always normally distributed dueorder to characterize the statistical dynamics of the under-
to the superposition of stochastic independent elementaryater light field and thereby draw conclusions on the in-
waves. Under realistic conditions, the steepness of capillanfluence of associated wave regimes at the sea surface. The
or capillary-gravity waves is modulated by longer waves in power spectral density gf-fluctuations (variance spectrum)
such way that the short waves are steeper, on average, whés computed by means of a fasurier transformation. The
riding on the forward faces of the longer waves (Longuet-spectral peak lengtii, marks the wavelength that con-
Higgins, 1982). This observation explains the actual wind-tributes most to the variance. Nevertheless, an accurate de-
dependency of the skewness of the wave slope distributioniermination of Ly, is difficult for example in cases with a
(Cox and Munk, 1954), which is not regarded in this work. broad spectral maximum or if individual peaks are located
in close vicinity. We therefore additionally use the mean
2.3 Fluctuation parameters (wave-) length of fluctuationg,, which comprises more of
the relevant spectral band. It is determined by using:ttte

The variability of the downwelling irradianc&y in water spectral moments

is based on spatial datasets with horizontal resolutibeef

2.5mm and 10 cm, respectively. The water dephpositive ®
downwards, vertical deflections of the sea surface (aroundi» = /k"SX (k)dk, (7)
the mean waterline at z = 0 m) are treated exactly. The verti- 0

cal length of a narrow water column is defined as referenc
or true water deptby; the following light field analysis refers
to this reference depth.

Light fluctuations are commonly described by the coeffi-

Svherek is the (angular) wavenumber afgl (k) the spectral
density of they-profile. The mean fluctuation length is the
area below the spectrumg divided by the spectral center of

ravit
cient of variation gravitymy
mo
L = —_— 8
Ccv = 1002:15, (5) L 8
d

given as the percentage ratio of the standard deviatipn ) .
and the averaged downwelling irradianEgat the reference 3 Results and discussion

depth.Eq time series are typically normalized with the mean . . . .
level irradiance in order to evaluate extreme values. The nor-?"1 Direct influence of local wind conditions
malized downwelling irradiance (related to spatig vari-

The influence of spatially very limited, so called “local”,
ability) is denoted as paually very

wind on the underwater light field is accessed by using the
Eq(x) near-surface model witbx=2.5mm horizontal resolution.
=5 (6)  The evaluated model domain is 5m deep and 20 m wide. The
implemented irregular wave profiles with random phase are
Irradiance pulses that exceed the mean irradiance by a factarenerated from the short-wave spectra Eq. (1) that are shown
x of more than 1.5 are termed underwater light flashes (Deran Fig. 1 (solid lines). Figure 4 shows two 1 m wide sec-
and Stramski, 1986). We define extreme values by means dfons of resulting spatiaky distributions for a “light breeze”
the maximum normalized downwelling irradianggaxand  and a “near gale” wind situations (3 and 15ms The
by the “significant irradiance enhancementi/10. The lat- red colours indicate a radiative enhancement of more than
ter describes the mean of the 10 % highest irradiance valueg;,00 % of the surface insolation which is caused by the wave-
the labelling is motivated by the definition of the significant focusing; bluish colours stand for a reduction due to defo-
wave heightfs (or Hy/3), which is the average height of the cusing. Waves of the capillary and capillary-gravity range of

WwWw.ocean-sci.net/8/455/2012/ Ocean Sci., 8, 4834 2012
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Downwelling Iradiance By [%]  p— —

Profile x [m]

Fig. 4. Spatial distribution of the downwelling irradiandg due to local wind speeds of 3 and 15 misthat are simulated with the near-
surface model withix = 2.5 mm,E4 above the surface is 100 % (logarithmic colour scale).

0.7-3cm length play a key role in near-surface light focus-and b. The mean valueBq are almost identical, mainly
ing. Their spectral densities strongly increase with the windbecause the surface albedo (i.e. irradiance reflectance) is
friction velocity. In contrast, small gravity waves are less de-wind-independent at high sun (Preisendorfer and Mobley,
pendent on the local wind speediihe and Riemer, 1990). 1986); Eq decreases exponentially with increasing water
Very close to the surface, the light field variance is dominateddepth. However, one can clearly identify differences in the
by the de-/focusing of waves in this order of magnitude, vis-depth-dependence of the probability density functiBig-.
ible as clear stripes oty enhancements. Local wind deter- Because of wave-focusing both probability distributions are
mines the steepness of these waves, affecting the depth d¢fighly skewed to the right and heavily tailed. The wind-
the (first) focal point, i.e. the more wind, the closer the focal dependent surface geometry affects the occurrence depth and
point comes to the surface. The red single rays are furtheintensity of extreme irradiance values. TPBF skewness 1
deflected by overlaying small gravity waves, which againis around 1.5 at depths between 0.5 and 2m in the low wind
are steeper at stronger winds. This leads to intensified lighsituation, but only little more than 1 between 0.1 and 1.5m
beam grouping at different depths and together with the oc-depth in the case of strong wind. In both cases the excess
currence of secondary and further focal points that are causeklurtosisy, can take maximum values of 3, byt decays
by neighboring capillary-gravity waves, those larger wavesfaster at strong wind, i.e. the probability distribution faster
are responsible for very intense irradiance fluctuations withinapproaches &aussiarshape and less variance results from
the top 5 m layer. With increasing depth the narrow stripes ofextreme intensity peaks.
radiative concentration are geometrically scattered, light fo- Figures 5¢ and d show the frequency of intensity peéks
cusing is reduced, and in addition the intensity of each singlehat exceed an irradiance level. In general, we see stronger
ray is attenuated. and more frequently occurring irradiance peaks at low wind
Some statistical characteristics of the two light fields speed exceeding Ay at the maximum. According to the
(Fig. 4) are compared in Fig. 5. The occurrence frequen-model, light flashes of &4 appear down to 5m water depth
cies of downwelling irradiance values are shown in Fig. 5a

Ocean Sci., 8, 455471, 2012 Www.ocean-sci.net/8/455/2012/
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Fig. 5. Statistics of the underwater light fields from Fig. 4 with wind velocities of 3th@eft) and 15 m 51 (right); top: probability density
functionPDF of downwelling irradiancez4; middle row: number of flashe$ above a certain irradiance threshglg, ; lower panels: power
spectral density, with respect to the normalized irradiance.

at moderate wind speeds, whereas the flash intensity is evsmall amplitudes of the power spectral density We see
dently reduced at the same depth at strong wind. stronger and distinctly deeper reaching variance at 3'ms
The corresponding wavenumber analysis is illustrated inwind speed. In both cases irradiance fluctuations near the sur-
Fig. 5e and f. Red colours stand for spectral ranges that conface are governed by small waves of less than 5cm length
tribute large amounts to the variability of the normalized ir- (the bounds of the wavelength range with most wind friction
radiancey. White and bluish colours denote negligible and dependency (0.007 and 0.03m) are additionally marked).

WwWw.ocean-sci.net/8/455/2012/ Ocean Sci., 8, 4834 2012



462 M. Hieronymi and A. Macke: Underwater irradiance fluctuations

With increasing depth the capillary wave & 1.7 cm) influ- layer, Eq is reduced compared to bubble-free water (Stramski
ence fades away and larger waves dominate the fluctuationgnd Tegowski, 2001). For this reason we must consider that
i.e. Lp andLm grow. air bubbles in water impair the effectiveness of wave lens-

Statistical characteristics of near-surface light field vari- ing, and thus damp the intensity of the described fluctuations,
ability in dependence of local wind are summarized in Fig. 6in particular at increasing wind speed. Nevertheless, for the
and Table 2. The maximum coefficient of variati@Vmax sake of model simplicity and a better inter-comparison of the
is associated with the geometrical depth of the (first) fo- model results, whitecaps and bubbles are neglected within all
cal point of capillary-gravity and small gravity waves. At a presented radiative transfer simulations.
wind speed of 3ms!, CVmax = 82.5% at a water depth of
1.25mM;CVmax = 81.2 % at 24cm depth and 15miswind. ~ 3.1.1 The influence of growing waves
Below 80 cm water depth, irradiance variability decreases
with growing wind. The same wind dependency shows up
in the significant irradiance enhancement/1o (Fig. 6b).

All maximum values reach the same order of magnitude (ap
proximately 2.8). At 5m water depthy,1/10 is between 1.7

It is obvious that no underwater light fluctuations can evolve
from a perfectly flat water surface, i.e. at 0 nfsvind speed
we have the absolute fluctuation minimum in termsCaf,

et cetera. A threshold wind speed or friction velocity is re-

and 2.4. The characteristic valugs, and L, of the spec- quired to actually produce waves. The reason is clearly that
tral analysis (Fig. 6¢ and d) confirm the principal trend of €N€rgy input from the wind does not exceed viscous dissi-
increasing influence of longer waves with increasing waterPation below this threshold (Donelan and Plant, 2009). The
depth. In 5m depthi., =9 cm and 34 cm for wind speeds of further growth of small-scale waves depends on the energy
3 and 15ms?, respectively. These averaged distances beinput by the turbulent wind field (i.e. the wave field devel-

tween two clustered irradiance maxima are clearly visible in®PS With increasing fetch or duration) on the energy transfer
Fig. 4. between waves of different length by nonlinear wave-wave

The wave spectra in Fig. 1 move closer together with in-intéraction, and on the energy dissipation by wave break-

creasing wind speed. Thus, the wave and the underwatdPd: Viscous dissipation, and turbulent diffusion (Phillips,
light field characteristics approach each other. In terms oft985). The simulation results that are shown in the previ-

the pure geometrical influence of surface waves, differenceQUS Sect. 3.1 consider the short-wave part from Eq. (1) only
in the statistics of the underwater irradiance fluctuations be{Fg- 1, solid lines). Over the open ocean, we must consider

come insignificant with wind speeds of over 12nigsee all the just mentioned aspects of wave field interactions and

Table 2). Apart from that, we have to acknowledge that the2SSUme along-wave modification of the spectra (dashed lines
description of the sea surface using linear superposition of? Fi9- 1). This in particular concerns the wave fields at low
spectrally weighted harmonic§&&ussiansurface) becomes and moderate wind cond|lt|ons, where ultra-gravity waves
increasingly inaccurate in higher wind speeds. Generally{Wavelength range approximately 1.7 cm to 1.6 m) are more
wave crests are higher and sharper and the troughs are sharonounced and higher. o

lower and flatter. Nonlinear wave interactions, including the Figure 7 shows the corresponding influence on the under-
generation of “parasitic capillaries” on the downwind faces water light field in terms of the significant irradiance en-

of gravity waves, alter the hydrodynamic properties and thehancement. In the case of strong wind, the fluctuation statis-

shape of the free water surface (e.g. Longuet-Higgins, 1982t’ics remain unchanged, because the wave spectra have almost
Zhang, 1995). the same shape. Whereas at low wind speed of 3lyse

The model results may be biased because they lack windgobserve clearly intensified irradiance peaks due to the lens-

stress-dependent bubble injection into the water column. OciNg €ffect of steeper ultra-gravity waves. Within the depth

casional wave breaking, which generally provides the dom-fange of 0.5 to 3m, maximum light flashes exceedt30
inant source of foam at the surface and bubbles in the wa{Xmax=11.2), the skewness of theq probability distribu-

ter, can be already observed at wind speeds about 3 nifs tion is above .2 (ms'te'ad of 1.5 1in thg reference case), the
the wind speed exceeds 7 mshorizontally uniform bubble ~ €XCess Kurtosis exhibits values of 7 (instead of 3), @Wd
layers can evolve in the first metres and persist over hourdS around 100%. Consequently, the spectral characteristics
(Thorpe, 1992). At the wind speeds under consideration (3-°f light fluctuations change todLm and Lp grow faster
15ms1), the contribution of foam to the (broadband) sur- With increasing depth, e.d.p (z; =5m) =28cm (instead of
face albedo, and thus irradiance transmission, is very limited €™)- The principal wind-dependency of light field statis-
despite its high reflectance (Zhang et al., 2006). More releics (Fig. 6) is retained, but with amplified values at low and
vant are air bubbles in the upper water layer as they causg'cderate wind speeds (Table 2).

enhanced reflectance (in clear water the reflectance has a

strong dependence on the light spectrum). But in contrast

to the upwelling light, bubbles induce only very small en-

hancement in downwelling irradiance within the top several

tens of centimetres just beneath the surface and below that
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Fig. 6. The influence of local wind on the underwater light field near the water surfarepefficient of variatiorCV of Eg fluctuationsb)
significant irradiance enhancement, 10; (c) mean fluctuation lengthm; (d) spectral peak lengthp.

Table 2. Numerical quantity values of maximum light fluctuations for different wind regimes; the numbers in brackets denote the influence
of growing waves.

wind speed Uo [ms1] 3 6 9 12 15

Depth of strongest 7zt (X120 may  [mM] 1.25(1.75) 0.52(0.69) 0.40(0.40) 0.32(0.28) 0.24(0.21)
fluctuations

Maximum significant  x1/10 max [—] 2.8(3.4) 2.8(2.9) 2.8 (2.8) 2.8(2.8) 2.8(2.8)
irradiance enhancement

Maximum irradiance X max [-] 7.6 (11.2) 7.7 (8.5) 7.5(8.6) 7.6 (7.3) 7.0(7.4)
enhancement

Maximum coefficient ~ CVmax [%0] 82.5(103.1) 80.9(83.5) 82.1(82.8) 82.5(82.8) 81.2(81.9)
of variation

Maximum skewness Y1 max [-] 1.6 (2.2) 1.5(1.6) 1.5(1.5) 1.5(1.5) 1.5(1.5)
Maximum excess Y2 max [-] 2.8(7.2) 2.6 (4.0) 2.8(4.0) 2.7 (3.2) 3.0(3.0)
kurtosis
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i i radiation conditions as in our case). On the one hand this is
———— . R due to the scattering processes in water and the associated in-
' : il creasing diffuseness of light, and on the other hand it shows
: # N, the vanishing influence of the high-frequency contribution to
T S R A SR S the light field variance which depends on the water surface
LLILE E A S geometry (as shown in Fig. 6¢ and d). Below approximately
: /l : ('/ : 3 10 m water depth, the used model resolutiomhof 10 cm is
- AR Y EERLRL cerfreee e F perfectly sufficient to characterize the light field fluctuations.

: . : J : j Figure 8 shows the computed irradiance distribution
J‘ f L/ -] beneath the most prevalent sea state with=2m, T,

] SREERERRE DR J --------- j -------- e = 8s (both input parameters for the spectrum Eqg. 4), and

Depth 2y [m]

: : S Ui0=4.8msL. The 10 and 5 %4 contour lines are each
: {f / E'.- highlighted to illustrate the depth-effect of the irregularly de-
abo o o £ flected sea surface. In the example, the wave-induced mixed
: 1 : {: layer depth, where under certain circumstances enhanced
: [ : ;o biomass concentration (a deep chloroplythaximum) can
: / : ;o be expected, is approximately at 35.5m (Eqg. 3). Here, the
i ‘ averaged downwelling irradiance is 27.7 % (of the surface
value), individualEq values vary between 22.4 and 39.2%
(xmax=1.44,CV=8.15%), and the mean fluctuation length
Ly is 1.33m which gives a mean fluctuation period of ap-
proximately 1 s (Eq. 2). According to the model, light flashes
(x = 1.5) can appear down to 30 m water depth. Wave-
induced light variability can be observed even at the lower
boundary of the model domain, i.e. at 90 m dept/ 3.2 %
(the Eq minimum and maximum is at 2.9 and 3.4 %, respec-
3.2 Influence of the sea state on the underwater tively), CV =2.84 %, and the mean (peak) fluctuation period
light field is around 6 s.
The statistical characteristics of the simulated irradiance
Now we focus on light field changes due to variations of the variability with respect to different sea states are summarized
long-wave part of the sea spectrum which is referred to asn Fig. 9. The data refer to four water depths with= 50, 25,
sea state. The directly wind-dependent short-wave part is alst0, and 5% of the surface irradiance value, which approxi-
included in the applied spectra. The evaluable model domaimately correspond to 20, 40, 60, and 80 m, respectively. Fig-
covers 500 m horizontally and up to 100 m vertically (water ure 10 provides additional information on vertical changes of
depth); the model resolution is 10 cm in both directions. Theselected fluctuation parameters, where both the sea state re-
model takes into account all fractions of direct and scatteredated minimum and maximum values are identified. The red
radiation. lines in Fig. 10a—c mark the parameter values that are aver-
We would like to point out that the use of the two irradi- aged over the range of highest occurrence probability shown
ance “detector sizes” of 2.5 mm for the near-surface modeby the white frame in Fig. 2.
and 10cm for the deep-water model may lead to differing With regards to th€V (Figs. 9a—d and 10a), the strongest
results in the statistical analysis. The rather coarse resolulight fluctuations appear at particular steep sea states with
tion in the deep-water model makes sense to cover the larghigh H/L values but low probability of occurrence (see
study area (of 50 000#), and it takes into consideration the Fig. 2). Indirectly, the statement is also true for high wind
fact that the saturation time of radiometers typically increasespeeds, since wind speed and sea state are correlated. It is
with increasing water depth. The broader detector averagesbvious that fully developed seas shape larger lens surfaces
out substantial parts of the high-frequency fluctuations andwith an enhanced depth effect. Fig. 9d showsGheat 80 m
diminishes the amplitudes of light flashes near the surfacewater depth, ranging from 1.1%H=0.5m,7 =9s,H/L
If we carefully look at Fig. 4 and visually average the spa- = 0.004) to 14.3% Hs=3.5m,T=5s, H/L =0.09), but a
tial Eq distribution over 10 cm horizontally, we will find ac- CV around 4.7 % being most likely. A special feature no-
tually higher variability at 5m depth in the case of strong ticeable at the 50 % level with Hs=0.5m (Fig. 9a) is the
wind which contradicts the statements in Fig. 6a. Darecki etslight increase of fluctuations in the case of a wave period
al. (2011) compare the effects of different collector diametersof 11 s compared to the case with 5s, wh€k¢is 16.7 and
(ranging from 2.5 to 23 mm) on temporBl measurements; 13.4 %, respectively. The wave steepness is smaller, thus the
their data from 2.7 m depth do not reveal a clear effect ofenhance®V must be due to the slightly enhanced local wind
the collector size on th&y (¢) signal (different IOPs and ir- speedUjg that is characteristic for the 11 s sea state (see

1 1.5 2 2.5 3 3.5
Significant Irradiance Enhancement x .\ [-]

Fig. 7. Significant irradiance enhancement, 1 for two wind ve-
locities with (dashed) and without (solid lines) long-wave modifica-
tion of the applied wave spectra (Fig. 1).
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Fig. 8. Spatial distribution of downwelling irradiandgy for the sea state of highest occurrence probability with a resolutiaixofL0 cm,
the 10 and 5 % irradiance levels are additionally marked.

Fig. 2). This observation is an indication of the still present waves (Figs. 9m—t and 10d), provides a clearer picture of
depth effectiveness of a local wind (and thus of capillary- the recurrence of radiative peaks as a function of different
gravity waves) at 20 m depth. sea states compared to the rather ndigy But L, gives a

With regards toy 110 and x max (Figs. 9e—l and 10b), we direct hint on the mean distance between two intense irradi-
see the same depth changes a€¥h As mentioned before, ance peaks, and thus about the magnitude of surface wave-
X1/10 is a good benchmark of the maximum measurable ir-lengths that dominate the irradiance variability. As seen in
radiance enhancement (with e.gRAMSES-ACC-VI)S At Fig. 9r, the light variability of flatter sea states is (even at
20 m water depth, our comparative measurements mostli0 m depth) still dominated by ultra-gravity waves, i.e. it is
showedEq4 maxima being in the order of 1.3—1&} which associated with local wind. The differenceslip, increase
absolutely fits to the simulategl;;10 of the corresponding  with water depth. At 80 m deptiL, is between 5 and 45m,
sea states (Fig. 9e). In rare events, irradiance values of morhe mean value is around 30 m. The dependency of the mean
than 1.5E4 were measured at this depth level under moder-fluctuation length on the wave steepness becomes clear, if we
ate sea conditions (Veal et al., 2010; Hieronymi et al., 2012)recall the focusing effect of single waves again (Hieronymi
According to Figs. 9i and 10b, the mean value of the simu-et al., 2012). The steeper a wave, the closer is its focal point
lated irradiance peaksmax Within the range of high occur- to the sea surface, i.e. if we look at a certain depth level, then
rence probability is around 2, i.e. still at 20 m depfly,can  the focal point of a steeper wave must be associated with a
achieve maximum values of 100 % of the surface irradiation.longer wavelength. This mechanism is mirrored for example
Theoretically,x max can be up to 2.5 (alls=2.5m,T =4s, in Fig. 9p, where steeper sea states are associated with larger
H/L = 0.1). In case of perfect single wavesnax can be  distances between relatively strong irradiance enhancements.
10 at 20m and 1.5 at 80 m depth, respectively (Hieronymi, Figure 11 points out the influence of surface waves on the
2011). In reality, the surface roughness causes considerableradiance fluctuations at certain depths, or more precisely it
noise in the light regime that dampens the lensing effective-marks the wavelengths that contribute at least 0.1 % to the
ness of longer waves. However, deep-reaching light flashetotal spectral variance of the signal. Both used model reso-
originate from the superposition with fully developed grav- lutions and all investigated cases are considered in this fig-
ity waves. They can reach 30 m depth under moderate andre. The lower boundary of the spectral wavelength range is
prevailing sea conditions but down to 75 m in extreme casegartly dashed which indicates that shorter wavelengths oc-
(Fig. 10b). cur, but due to resolution limitations no statements can be

The wavenumber analysis of underwater irradiance fluctu-made about this range. Local wind primarily affects the light
ations confirms the increasing importance of growing surfacefluctuations down to roughly 10 m depth, if we consider the
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Fig. 9. Statistical characteristics of the influence of the sea states (Fig. 2) on the underwater irradiance variability at the 50, 25, 10, and 5%
Eq4 depth level {; =19.7, 38.5, 62.0, and 79.2 m respectively) based on the modetlwiti0 cm resolution{a)(d): coefficient of variation

CV; (e){(h): significant irradiance enhancement,10; ()—(1): maximum normalized irradianGemax; (m)—(p): mean fluctuation lengthm;

(9)—1): spectral peak lengthp.

most wind-dependent capillary and capillary-gravity wavesapproximately 50 m depth. Waves at the surface must be at
of 0.7 to 3cm length only. The depth-impact of ultra-gravity least 4 m long to be able to affect the irradiance variability

waves (up to 1 s wave period or 1.5 m length), which are alsaat a water depth of 80 m. On the other hand, waves longer
closely related to the prevailing wind regime, is restricted tothan 20 cm do not contribute considerably to the irradiance
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Fig. 10. Summary of light field statistics of all sea states under consideration wittixthelO cm model; the grey lines show the respective
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the white framed in Fig. 2)a): coefficient of variatiorCV; (b): maximum normalized downwelling irradianggnax; (c): mean fluctuation

length L.

Wave Period T [3] variability at 1 m depth. The light field influence due to ordi-
nary gravity waves=1s period) starts at 13 m water depth.
And even swell waves potentially influence the light field at
greater depths, e.g. a 10s swell-dominated sea state affects
the light field below 40 m depth.

3.3 Discussion

We now want to put the simulation results into context with
previous publications and measurements. Remember that our
model assumes optimal conditions for wave-induced under-
water light fluctuations, for example, an extreme clear atmo-
sphere that causes 10 % diffuse surface irradiation only and
the high standing su@{ = 0°).

ol SRR

Depth 2, [m]

40

& 3.3.1 Discussion of the applied methods
Our Monte Carlo model is based on a completely novel ap-
proach (Hieronymi, 2011). It is optimized for investigations
: I L (. of the light field below arbitrary sea surfaces. The model
0001 001 0.1 1 10 100 yields reliable results on the spati&ly distribution, from
Wavelength L [m] which all statistical properties of the light field including
the periodicity of extreme values can be deduced. In com-

Fig. 11. Range of waves that influence the light field at depth; the parison to other models (e.g. Deckert and Michael, 2006;
red lines represent the minimum and maximum wavelengths thaD’Alimonte et al., 2010; You et al., 2010; Shen et al., 2011),
contribute at least 0.1 % (one per-mille) to the first spectral momentour model provides a high information density with high spa-
my of Sy (integral of the wavenumber-weighted variance spectrumtijal resolution down to much greater depths (100 m). And yet
of x fluctuations, Eq. 7); top: near-surface model vditv 2.5mm;  oyur model is relatively fast (light fields below more than 100
below: dx = 10 cm model resolution. different wave profiles were investigated for this study).

The description of the sea surface and its implementa-
tion into the radiative transfer model remains a critical factor

80
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that still leaves room for improvements. Wave spectra, as th@geometry gives a more realistic picture of the underwater ir-
Pierson-MoskowitZPM) spectrum, have been utilized with radiance distribution, i.e. otherwise, in case of-mvariant
this regard (e.g. by Nikolayev et al., 1972; Weber, 2010; Youlight input, the lensing pattern would be distorted. However,
et al., 2010). However, thBM spectrum applies to gravity the differences in the light field statistics are generally minor.
waves in a fully developed sea, which means that the wave
growth has reached a point of equilibrium with the wind 3.3.2 Discussion of the simulation results
input. ThePM spectrum does actually not apply to capillary
and ultra-gravity waves that are most important in terms ofWith regards to the magnitude of irradiance enhancements,
light field variability (at least near the surface); the validity temporally high resolution measurements of the down-
of such a long-wave spectrum is limited to wavenumbers upwelling irradiance show that near the surface instantaneous
to approximately 10 times its spectral peak(e.g. Leykin  light pulses can exceed Hy; the amplitude of the strongest
and Rozenberg, 1984; Elfouhaily et al., 2009). Over the operflash was in excess of & (measured with a 2.5mm col-
ocean, sea states are very often influenced or even domlector at 0.86 m water depth) (Darecki et al., 2011; Gernez
nated by swells (e.g. as seen in Fig. 2, wave classes witlet al., 2011). Our near-surface model is capable of reproduc-
large periods appear despite the fact that there is not enoughg such irradiance enhancements for light to moderate wind
prevailing wind to actually generate these long waves). Inconditions and under the presence of steeper ultra-gravity
the presence of swells, the wave spectrum exhibits a narwaves. In theory, irradiance pulses can exceed the mean irra-
row peak, or in combination with a wind sea it shows a bi- diance by a factor of 40 at a water depth of 1 m under the as-
modal shape (e.g. ITTC, 2002); both spectral shapes diffesumption of an ideal steep wave of 80 cm length (Hieronymi
from thePM shape. Nevertheless, the spectra that we use inet al., 2012).
clude all relevant classes of waves ranging from capillary to According to our model, light flashes can occur much
swell waves; the long-wave part is always described by thedeeper than observed so far. Under realistic conditions,
Pierson-Moskowitapectrum (Eg. 4) and the wind-specific in terms of the sea state, irradiance peaks with Eg.5
short-wave part is additionally accounted for. should be still possible at 30 m water depth (Fig. 10b), but
In some radiative transfer models (eldydroLighf), the  their occurrence frequency is low. Up to now, light flashes
wind-dependent roughness of the sea surface is implementeslere recorded down to a depth of 21 m only (Veal et al.,
by the statistical slope distribution of water facets accord-2010; Hieronymi et al., 2012). Irradiance variabilig\{) of
ing to Cox and Munk (1954). Our wave profiles, which are around 10% has been detected at the depth range of 30 to
generated from the unified spectra for long and short waves35 m (Stramska and Dickey, 1998; Veal et al., 2010) which
have a slope distribution that can differ from tBex-Munk  absolutely fits to our simulation results for moderate sea
distribution. There is a good match at moderate wind speedstates (Fig. 10a). However, the simulated deep-water maxi-
around 5ms?, but at less wind we observe a narrower dis- mum values that are presented in this article should be ver-
tribution and at higher wind speeds we have more frequentlified with more precisely and temporally high resolution in-
steeper slopes compared@ox-Munk One explanation for  situ measurements.
the deviations is that we partly consider extreme sea events Some publications have compiled statistics on the rela-
with significant wave heights up to 7m. However, there tionship between wind conditions and underwater light field
are clear differences at high wind speedsi0ms1) that  fluctuations (e.g. Nikolayev et al., 1972; Dera and Stramski,
raise the question on the validity of our approach with lin- 1986; Gernez and Antoine, 2009; Weber, 2010; Hieronymi
ear wave theory and the disregard of nonlinearities. Just reand Macke, 2010; Darecki et al., 2011). There is general
cently, there have been two studies on polarized underwatesigreement that the most favorable conditions for light fo-
light fields by You et al. (2011) and Xu et al. (2011), where cusing by waves prevail at moderate winds between 2 and
three-dimensional wave elevations were derived from high-7 ms™1. Wind-related capillary waves at the surface essen-
resolution wave slope measurements and from a numericalally blur the spatial structure of the light field and decrease
“high-order spectral method”, respectively. Both realizationsthe lensing efficiency of small ultra-gravity waves which, at
of the sea surface sound promising and could be applied i standard depth of 1 m, cause the most intense fluctuations
future studies. With this regard, we would expect that the(Hieronymi, 2011). Our model, which refers to a wind wave
light field variance rather weakens at strong wind and in-description that requires a minimum wind speed of 3t s
creases at light wind in comparison with our model. provides the geometrical explanation and shows the inter-
Our model considers the exact shape of wave profiles iractions of different wave types. Related to the depth range
the x andz directions (withdx=0.1mm). Viewed statisti- of 1 to 5m, our simulation results confirm the known wind-
cally, the sea states investigated can have maximum wavdependency (Fig. 6a). But the model also shows that higher
amplitudes of more than 5m around the mean waterlinewind speeds induce stronger fluctuations within the first half
(e.g. with Hs=7m). As far as we know, there is only one metre which is also shown by Weber (2010); this is due
comparable model by D’Alimonte et al. (2010) that includes to steeper capillary-gravity waves that develop focal points
vertical wave elevations as well. Regarding the precise waveloser to the sea surface.

Ocean Sci., 8, 455471, 2012 Www.ocean-sci.net/8/455/2012/



M. Hieronymi and A. Macke: Underwater irradiance fluctuations 469

Nikolayev et al. (1972) have analyzed the relationshipwelling irradiance in the water column. We have slightly
between wind-dependent wave spectra and correspondindifferent slope distributions due to the differing long-wave
energy density spectra of illumination fluctuations at sev-part of the spectrum, i.e. the presence of a more developed
eral water depths; they showed the shift of the fluctuationsea is comparable with slightly higher wind speeds (related
peak towards lower frequencies with increasing depth, ando the Cox-Munkdistribution). Within our simulations we
that higher wind speeds have stronger low-frequency peakiave no considerable changeskyf due to wind or the sea
and a sharp drop in the spectral density towards higher frestate. This is mainly because of the perpendicular light in-
quency. These observations are in good agreement with thput where the irradiance reflectance is very low and almost
wavenumber analysis of our modelled light fields (Figs. 5e—fwind-independent (Preisendorfer and Mobley, 1986). But we
and 6c—d). would conclude that there is an effect at low sun positions,

The sea state dependency of irradiance variability is lesdecause then more light is reflected at the stronger roughened
well-documented (most relevant studies concentrate on theurface.
near-surface region). By means of our model, we have The model results that are shown in this work express the
demonstrated that more developed gravity waves — here ongpper range and maximum of downwelling irradiance vari-
can speak of a sea state — primarily affect deeper water layability in the upper ocean; the simulations have been carried
ers, but essentially not the upper most 10 m. This statement isut for optimal conditions for light-focusing. It is clear that
confirmed by Gernez and Antoine (2009), who showed thatower sun positions, a higher proportion of diffuse sky illu-
gravity waves have no evident impact on irradiance fluctua-mination, or less clear sea water reduce the intensity of light
tions at approximately 4 m depth and that the wave height hafluctuations and lead to a faster decay of the variability with
relatively little influence orCV and the spectral peak period increasing depth (e.g. Stramski, 1986; Gernez and Antoine,
of fluctuations. Our earlier measuring campaigns suggeste@009; Hieronymi, 2011). Also other factors such as the re-
that below 5m depth, light fluctuations can be describedfractive ratio of the air—sea interface (e.g. influenced by the
more accurately in terms of wave height and period, rathemwater temperature, salinity, as well as foam and biofilms at
than wind speed, and that between 3 and 25 m water deptthe sea surface) and the absorption and scattering properties
waves withHs of 1.5 to 2.5m provoke the strongest inten- of water ingredients (as air bubbles, hydrosols, coloured dis-
sity fluctuations (Hieronymi and Macke, 2010). In this sensesolved organic matter, and plankton) affect the appearance
a quite similar conclusion can be drawn from data of Niko- of the underwater light field and may change its fluctuation
layev and Yakubenko (1978). With regard to a water depthstatistics. The quantitative influence of such aspects on irra-
of 20 m, seas with small wave heights@.4 m) cause con- diance fluctuations should be addressed in future scientific
siderably less light fluctuation compared to higher waves (ofworks. Another important research area will be to charac-
e.g. 1.5m height). The simulation results of this study are interize the relationship between the wavy sea surface and the
line with these observations if we consider the most likely upward directed radiation in order to draw conclusions on
sea states during the measuring campaigns (see Fig. 9a). Btite variability of the upwelling irradiance, the water-leaving
the findings also suggest that it is rather the wave steepnesadiance, and the remote sensing reflectance.

H/L of the characteristic wave of a sea state that influences The variability of the light availability in water can have
the light variability at greater depths, namely the steeper @mpacts on several biogeochemical processes. Quequiner
wave system, the stronger are the underwater light field flucand Legendre (1986) for example showed that differently
tuations. This is exactly the same relation for single wavesfast fluctuating light affects phytoplankton in terms of their
(Hieronymi et al., 2012) and of course it applies for each growth, photosynthetic characteristics, and their adaptation
constant wavelength. to the illumination regime. Our work gives hints on the man-

Steep wave systems are mostly associated with stronger in which irradiance is delivered at various water depths.
wind (Fig. 2). In this case it has to be assumed that in re-This valuation could be used for investigations of different
ality the lensing efficiency is considerably reduced becausdight-dependent processes in the ocean.
of nonlinear hydrodynamic interactions at the surface and air
bubbles that are induced by breaking waves (e.g. Stramski
and Tegowski, 2001). Thus, it has to be assumed that at high  Summary
wind speed our model overestimates the strength of irradi-
ance variability down the water column. However, the model This paper presents the first systematic analysis of the in-
assumption of vertical solar insolatiofis(= 0°) can only oc-  fluence of various wind and wave regimes on the down-
cur within the tropics where the yearly mean of the wind welling irradiance variability within the upper ocean mixed
speed does not exceed 9 M gSterl and Caires, 2005). Our layer down to 100 m depth. The study is based on a two-
model generally shows very good agreement with observadimensional Monte Carlo radiative transfer model the princi-
tions under such light to moderate wind conditions. ple suitability of which is proven by comparisons with sev-

Another question is whether different sea states at coneral corresponding in-situ measurements and with the radia-
stant wind speed actually have an impact on the mean downtive transfer modeHydroLight (Hieronymi et al., 2012). We
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