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Abstract. A Monte Carlo based radiative transfer model has diance affects several processes in the photic zone of the up-
been developed for calculating the availability of solar radi- per ocean, including photosynthesis of marine phytoplankton
ation within the top 100 m of the ocean. The model is opti- (e.g. Walsh and Legendre, 1983; Falkowski, 1984; Wozniak
mized for simulations of spatial high resolution downwelling et al., 2003; Dickey et al., 2011).

irradianceEq fluctuations that arise from the lensing effect  ggyeral experimental studies in the past were devoted to
of waves at the water surface. In a first step the accuracynaracterize the statistical properties of fluctuations of the
of simulation results has been verified by measurements ofyderwater radiance and irradiance field. Field measure-
the oceanic underwater light field and through intercomparments show that the fluctuations of downwelling irradiance
ison with an established radiative transfer model. SecondIyEd are at maximum in clear waters, under clear skies, with
the potential depth-impact of nonlinear shaped single wavespigh sun altitudes, at wavelengths in the blue-green spec-
from capillary to swell waves, is assessed by considering thgrg| range, and near the surface within the first ten metres
most favorable conditions for light focusing, i.e. monochro- (Dera and Gordon, 1968; Snyder and Dera, 1970; Nikolayev
matic light at 490 nm, very clear oceanic water with a low g4 Prokopov, 1977; Dera and Stramski, 1986). The lat-
chlorophylla content of 0.1 mgm?® and high sun elevation. et radiometric measurements show very intense fluctuations
Finally light fields below irregular wave profiles accounting i, irradiance (at 532 nm wavelength and at 0.86m depth)
for realistic sea states were simulated. Our simulation reyyith peaks exceeding the mean irradiance by a factor of 13
SL_IIts suggest t_hat under open ocean conditions light flashe@jjemez et al., 2011). The three-dimensional profile of the
with 50 % irradiance enhancements can appear down t0 35 fyater surface determines the light variability within the wa-
depth, and light variability in the range &f10 % compared ey column. Different kinds of surface waves, from capil-
to the mearky is still possible in 100 m depth. lary to fully developed ocean waves, generate characteristic
spatiotemporal light patterns at corresponding optical depths
(e.g. Nikolayev and Yakubenko, 1978b; Fraser et al., 1980;
1 Introduction Wijesekera et al., 2005; Hieronymi and Macke, 2010). Thus,
the statistical characteristics of the underwater light field cor-
The supply of solar energy to the upper ocean is subject taelate with wind and sea state conditions (e.g. Nikolayev and
highly erratic fluctuations, e.g. depending on the sun posi-Yakubenko, 1978a; Gernez and Antoine, 2009). According
tion, the spectral range of radiation, cloud conditions, waterto Dera and Stramski (1986) and Gernez and Antoine (2009),
properties and the water depth. In addition, very intense flucthe most effective waves in terms of their lensing efficiency
tuations occur when sunlight is focused and defocused duare caused by light winds between 1 and 5th sBut there
to the lensing effect of waves on the water surface, whichare uncertainties concerning the effectiveness and influence
is the subject of this paper. The variability of spectral irra- of ocean waves on the underwater light field, since many of
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104 M. Hieronymi et al.: Modeling of wave-induced irradiance variability

the published data sets have been collected relatively clos&0 m water depth only (e.g. You et al., 2010; Gernez et al.,
to the coasts, where generally sea states and waves are n2®11). We additionally simulate the availability of down-
fully developed compared to the open ocean. This issue isvelling irradiance and its fluctuations down to 100 m depth.
addressed within this paper. Deep-water light fluctuations may be of particular impor-
The impact of a wind-roughened sea surface on the meatance for the radiative energy supply for deep chlorophyll
conditions of the underwater light regime and the mech-maxima which often develop between 20 and 150 m depth
anisms of the wave lensing effect have been investigatede.g. Cullen, 1982; Furuya, 1990; Zielinski et al., 2002). Our
numerically over a long period. Wind affects the surface modeling results for the underwater light field are compared
albedo (irradiance reflectance) and the in-water transmiswith radiometric measurements from open ocean studies and
sion angles of incident light (Preisendorfer and Mobley, against theHydroLightradiative transfer code, to verify the
1986), which influences the mean downwelling irradiancesuitability of our model.
in the water. This phenomenon is taken into account in
classical atmosphere-ocean radiative transfer models, where
stochastic wind-depending wave slope distributions by Cox? Methods
and Munk (1954) are implemented (e.g. Plass et al., 1975; .
Mobley et al., 1993). Up to now, this description of the 21 Field study

rough air-sea interface is generally applied for example inyeasyrements have been carried out in 2009 on board the
theHydroLightsoftware by Mobley (1994) or in thdOMO g/ polarsternduring a north-south traverse of the tropi-
code by Fell and Fischer (2001). The extreme variance of5| ang subtropical Atlantic Ocean (EI Naggar and Macke,
radiative fluxes near the surface due to the lensing effecbn10y The data sets here presented have been recorded dur-
cannot be adequate_ly simulated W|th_ randomly dlstrlbute_ding local noon time under direct sun and nearly clear sky
wave slopes. For this task a well-defined wave structure ig,qngitions. Downwelling irradiance within the water column
needed. The focusing effect of simplified single waves, for\ 1< measured with Ramses-ACC-VIgdiometer with a
example, was stud@ed by means of geometric ray tracing byspectral range of 320 to 950 NAHOS, Germany).Eq spec-
Schenck (1957), Nikolayev and Khulapov (1975), Dera andyr, \yere each sampled over a period of 2 min per depth level
Stramski (1988), and Zaneveld et al. (2001). The irregularyq,n 1o 45 m water depth (sensor integration times between
character of the underwater irradiance distribution is taken;g 4nd 128 ms step sizes in depth 2, 2.5 and 5m). Thus
into account by implementation of random sea surfaces intQye gptained mean values of the light field and indication of
the models, that are represented as & superposition of €lgre jradiance variance in the water column. Within these
mentary waves from a wave spectrum (e.g. Nikolayev et aI.,upper 45m, CTD$BE 911plusSea-Bird ElectronicsUSA)
1972; Yakubenko and Nikolayev, 1977; Weber, 2010; You €tyea5rements showed well-mixed and non-stratified seawa-
al., 2010)'_ . ) . ter with an approximate chlorophyllcontent of 0.1 mg m3
Regarding previous modeling works three points should .o 92 mgnr3). Suspended particles and colored dissolved
be improved: (1) the descrlptlon of the sea surfaces shoul rganic matter (CDOM, also referred to@slbstof) not re-
be more realistic, accounting for all spectral ranges Of5ieq to the phytoplankton content were negligible. At one
ocean waves; furthermore the actual wave elevations (in Zgiation (16 November 2009) we observed a well-pronounced
direction) should be explicitly implemented into the radiative deep chlorophyll maximum located from 60 to 75m depth
transfer model. (2_) The_m_odel should allow for scattering (in CTD measurements down to 200 m). Registration of sea
and absorption of light within the water column, and (3) the giates with differentiation of wind-sea and swell has been ac-

depth resolution of the underwater light field should be SI9-complished by an on-board meteorologist via visual assess-
nificantly enhanced at all relevant water depths. The present, ot (see Table 1 for detalils).

work gives an approach for solving these issues. We intro- |, aqgition to the radiometric measurements, a specially
duce a novel Monte Carlo (MC) radiative transfer model, yeyejoped underwater camera system was utilized to film
which is optimized for fast and spatial high-resolution sim- ;.o light patterns that are projected on a white screen at
ulations of the underwater light field below any user-defined jitterent water depths (not shown here, see Hieronymi and

shape of the water surface. By means of the model, we shoacie (2010) and Hieronymi (2011) for details and results).
the impact of nonlinear shaped single waves and examples

with realistic wave profiles that consist of all wave sizes from 2.2 Model description

capillary to swell waves. The two-dimensional MC model

covers a large spatial light field with high resolution and it Light fluctuations in water originate from the geometrical su-
considers the actual vertical wave deflection. The model isperposition of individual light beams that are refracted at the
based on homogeneous inherent optical properties (IOPs) afrave surface. Depending on the inherent optical properties
very clear seawater, which is common within the mixed sur-10OPs of the water body, solar radiation is scattered and ab-
face layer of the open ocean. Most related publications fo-sorbed, which leads to a spatial spreading and attenuation of
cus on extreme light fluctuations near the surface down tahe initial light beam. When modeling the focusing effect of
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M. Hieronymi et al.: Modeling of wave-induced irradiance variability 105

Table 1. Environmental conditions at three measuring sites onboard thePBlAfstern(cruise ANT-XXVI/1) with same inherent optical
properties of the upper ocean mixed layer.

Date 30 October 2009 3 November 2009 16 November 2009
Location 1944N 23 W 4°54N 23 W 32°38S4X7W

Sun zenith angle ] 33.7 22.8 15.5

E4 (490nm) at the surface  [mWn¥nm~1] 1271 1397 1475

Wind speed [ms) 11.0 5.4 10.0

Wind sea wave height [m] 15 0.5 2.0

Wind sea wave period [s] 5.0 3.0 5.0

Swell wave height [m] 2.0 15 15

Swell wave period [s] 9.5 8.5 8.0

Table 2. Inherent optical properties of the considered water body at2009). The ra,d'at've transfer simulations are Ca‘_r”e‘?' out for
490 nm wavelength and with 0.1 mgT chlorophylla concentra- monochromatic light at a wavelength of 490 nm; in this spec-

tion (Morel et al., 2007; Morel, 2009). tral range the water itself is very transparent for light (Pope
and Fry, 1997). The chlorophydl concentration Chl of the
Absorption coefficient (total) a m-1 0.0280 entire photlc water column is chosen to_ be 0.1 m@m:or—
1 responding to very clear and oligotrophic oceanic water that
— of seawater asw [m’l] 0.0150 can be found over a wide range of the tropical and subtropical
— of particles ap [m_ll 0.0082 regions of the earth; indeed, the annual mean value of Chl for
—of CDOM ay  [m™7] 0.0048 the deep global ocean amounts to 0.193 mg (Wang et al.,
Scattering coefficient (total) b m-1 0.0793 2005). Table 2 specifies the wavelength- and Chl-dependent
1 IOPs of seawater that are taken from Morel et al. (2007) and
— of seawater bsw [m_ll 0.0030 Morel (2009), following the concept that optical properties
— of particles bp  [m~7] 0.0763 in the upper ocean can be derived from the optical properties
Attenuation coefficient (total) ¢ m~1 0.1072 of seawater it_s_elf and from the chIorophlecc_)ntent. This
- 1 water is classified as Case 1 (Morel and Prieur, 1977; Gor-
—due to particles cp [m™7] 0.0844 don and Morel, 1983), whereas Case 2 refers to the water

types with optically active particulate and dissolved matter,
not corresponding to the phytoplankton concentration. The

surface waves, light beams and the entire spread pattern mukgfractive index: of seawater, which depends on the wave-
be superposed with respect to a spatial allocation. length, temperature, and salinity, is set to 1.34 (Segelstein,
The radiative transfer in water is mostly simulated by 1981). We utilizedPetzold’sphase function that accounts
means of the Monte Carlo method (e.g. Plass et al. 1975for both molecular (water) scattering and scattering at av-
Mobley et al., 1993; Deckert and Michael, 2006 D’Alimonte €rage particles (Petzold, 1972). In this phase function, hy-
et al., 2010). The physical processes of scattering absordjrosms and planktonic particles are treated to be undirected;
tion and surface reflection/transmission are simulated for &lthough we must assume that under high sea conditions par-
sufficiently large number of individual photons, which is rel- {icles are affected by considerable hydrodynamic accelera-
atively time-consuming. In our model, time-consuming MC t0ns and thus align preferentially in the direction of the fluid
simulations are decoupled from the relatively fast geometriclloW: which essentially alters the light scattering properties
ray tracing for light fluctuation analysis. Once the light beam Of seawater (Marcos et al., 2011). Another point that is ne-
enters the water body with a specific transmission angle, itglected for this study is inelastiRamanscattering. Espe-
propagation is always equal at steady IOPs. By means of ougially for low Chl, Ramaremissions generally affect the radi-
model, it is possible to compute the definite geometric pat-2Nce field. Nevertheless, at the relevant spectral band around
tern of underwater light fields below arbitrary waves, taking 490 N'mRamanscattering plays a minor role only (Morel et

into account all direct and diffuse radiative fractions. al., 2002). Scattering is regarded as perfectly elastic and po-
larization effects are not considered. Furthermore, neither

whitecaps nor bubbles near the surface are regarded in the
model. Both can have strong effects on light scattering at
épe air-water interface and within the upper water layer, their
influence starting at moderate winds (about 5thsand fur-

ther rising with increasing wind (Stramski and Tegowski,

2.2.1 Underlying data and boundary conditions
The model input parameters are selected in such a mann

that maximum light field variability can be achieved (Dera
and Stramski, 1986; Walker, 1994; Gernez and Antoine,
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Table 3. Classification of the single wave types with details for corresponding model domains.

Wave class 1 2 3 4 5

Description of wave class Small Ultra Gravity Medium Ultra Gravity Large Ultra Gravity  Ordinary Gravity = Ocean Waves
Wave length L[m] 0.025-0.1 0.15-0.5 0.6-1.4 1.5-20 25-192
Wave period T[s] 0.12-0.26 0.31-0.57 0.6-1.0 1.0-3.6 4-11

Wave height H[m] 0.0008-0.009 0.0045-0.045 0.018-0.126 0.045-1.8 0.5-7.5
Wave steepness H/L[-] 0.03,0.06,0.09 0.03, 0.06, 0.09 0.03, 0.06, 0.09 0.03, 0.06, 0.09 0.002-0.13
Applied Method Ray tracing Ray tracing Monte Carlo Monte Carlo Monte Carlo
Grid depth z[m] 2 5 10 40 100

Grid width x[m] - - 5 20 100

Vertical resolution dz[m] 0.001 0.001 0.01 0.05 0.1

Detector width dx[m] 0.0025 0.0025 0.005 0.01 0.1

2001; Zhang et al., 2006). Ignoring whitecaps, bubbles andight field. Up to now, sinusoidal waves were implemented
also flow-induced preferred particle orientation is thereforein radiative transfer models to show the lensing effect of sin-
expected to overestimate the intensity of light focusing undergle waves (Schenck, 1957; Dera and Gordon, 1968; Niko-
many natural conditions. But for the sake of model simplicity layev and Khulapov, 1976; Stramski and Dera, 1988; Zane-
and a better intercomparison of the impact of different windfeld et al., 2001; Deckert and Michael, 2006; D’Alimonte
and wave regimes, we stick to these idealized conditions anét al., 2010). In fact, water waves can be described as sine
note that the largest light variability discussed here should beurves for small amplitudes withl/L of less than 0.006.

regarded as an extreme. Steeper waves should be represented by mear$taies
wave theory of higher order. Substantial deviations occur
2.2.2 The sea surface in the shape, i.e. the wave crest is higher and sharper and the

trough is flattened, and in the hydrodynamical behavior, e.g.

Ocean surface waves are assumed to be long-crested wavd@€Stokesvave moves slightly faster than a small-amplitude
They are nearly two-dimensional and the crests appear ver}’{‘/ave- Based on the formulation of Kinsman (1965), the non-
long in comparison to the wavelength. Because of thislinear elevatiort of any gravity wave can be sufficiently de-
fact and because we are interested in large-scale and higl$cribed by means of Stokes theory of fourth order:
resolution light fields beneath several hundred metre long 1 17
wave trains and water depths down to 100m, we Iimit§=§acoslcx+§k§§ <1+ 1—2k2§§> cosZx
the radiative transfer model to a 2-D domain with a two-
dimensional description of the wavy surface. The 3-D effect +§k2§§’coska + }k3§§COS4cx, (1)
might be of more relevance for simulations of irradiance fluc- 3
tuations near the surface, where small-scale waves govern thghere ¢a is the amplitudek the wave number, ankix the
variability (Nikolayev and Yakubenko, 1978b; Hieronymi phase. The terrk¢, stands for the wave steepness, too. The
and Macke, 2010). Such 3-D simulations are shown by Youtjme rate of change of the spatial subsurface light field di-
et al. (2010), where the size of the water surface patch Wagectly corresponds to the phase speed of the surface wave.
2 mx2 m with depths under consideration of less than 3m. Long water waves propagate faster than shorter ones (disper-
The sea surface consists of a superposition of varioussion). In the first order approximation the water wavelength
waves with different size, orientation and origin. The cor- L and the wave perio@ are related by:
responding subsurface irradiance field is subject to interfer-
ences of the single lensing systems, which disable the develg, = irz, )
opment of a clear and homogeneous irradiance pattern. In 2n
order to understand the principal structure of light fluctua-in which g is the acceleration of gravityAfry theory for
tions down the water column we first look at regular single deepwater gravity waves).
waves and later at irregular wave trains. The single waves under consideration are classified into
In general, most wind-generated gravity waves have dive categories each with size adapted model grid dimensions
steepness (wave height to lengtfi) of about 0.03 to 0.06. (for details see Table 3). The smallest realized horizontal grid
In rare events, the wave steepness exceeds 0.09 (theoretesolutiondxis 2.5 mm, which corresponds to the diameter of
cally up to 0.14 for deepwater); steeper waves break. Thdast irradiance sensors (Darecki et al., 2011); the sensor head
exact shape of the wave has a strong impact on the resultindiameter of theRamses-ACC-VI8& 5mm. Capillary L <
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1.73 cm) and ultra-gravity waves with perio@sof less than  D’Alimonte et al. (2010) showed a first MC model where the
1s are directly associated with local winds. In particular, corresponding wave amplitude itself is considered. In our
capillary and small ultra-gravity (also referred to as gravity- model, thez-variant wave deflection is taken into account.
capillary) waves in the wavelength range of 0.7 to 3cm are When the mixing of the upper ocean due to heating and
most dependent on the wind speeéhde and Riemer, 1990). cooling is less important than that due to the waves, then the
Wave classes four and five contain fully developed gravityocean’'s mixed layer depth (MLD), can be predicted directly
waves that also arise from wind, but they are not necessarilfrom the significant wave heightis (defined as the mean
associated with the local wind situation as waves propagatéeight of the one third highest waves) and the peak period
away from their area of origin. Wind waves with periods of Ty of the wave spectrum (Babanin, 2006). Even swell waves
more than 10 s are usually referred to as swell, although alspave been suggested as a possible source of ocean mixing
wave systems with periods6 s are often called swell, iftthey  (Kantha, 2006). In the given examples (Table 1), the calcu-
are the aftereffect of a previous or distant wind field. Singlelated wave-induced turbulence reaches down to around 50—
waves with periods up to 11s are considered, larger waves0m depth, which fits to the CTD observations. In case
are irrelevant in terms of light field fluctuations. Accordingto of more pronounced sea states (especially higher waves),
the ocean wave statistics by Hogben and Lumb (1967), 95 %he wave-induced MLD can be more than 100 m (Babanin,
of all visually observed sea conditions in the tropics and still 2006). With regard to the bio-optical properties of this mixed
more than 90 % globally (for all seasons, all directions, andlayer, the depth at which the photosynthetic available ra-
all areas) are accumulated within wave category five. diation PARis reduced to 1% of its value at the surface
A natural sea surface is described by the superposition ofeuphotic layer depth) is about 100 m, assuming a uniform
weighted harmonics from the energy density spectrum of thechlorophyll ¢ concentration of 0.1 mgm? (Morel, 1988).
sea state. In terms of underwater light field modeling, the ba+or this reason, we show wave-caused light field variability
sic concept was already applied for example by Snyder andiown to 100 m water depth. But one should keep in mind that
Dera (1970), Nikolayev et al. (1972), Yakubenko and Niko- bio-optical and physical properties of the sea strongly vary
layev (1977), Walker (1994), and You et al. (2010). We usedwith season and region (e.g. Dickey et al., 1993; de Boyer
sea wave spectra, where the long wave part (swell and windMontegut et al., 2004).
sea) were handled with a double-peaked spectrum accord-
ing to Ochi and Hubble (1976), and where the short directly2.2.3 Radiative transfer model
wind-driven waves are represented by means of the formula-
tion by Elfouhaily et al. (1997). The input parameters for the Two different model approaches are chosen to deal with
wave spectra, consisting of wind speed, wave height and pethe variety of dimension requirements, a Monte Carlo-based
riod of wind-sea and swell respectively, are given in Table 1.model for large-scale irradiance simulations and a simplified
The resulting unidirectional irregular wave field haGaus-  ray tracing model for small-scale near-surface conditions.
sian slope distribution with the same wind-dependent rangeTable 3 gives an overview about the utilized grid sizes and
of wave slopes as observed by Cox and Munk (1954). Weresolutions with respect to the applied methods. The resolu-
do not consider small-scale surface irregularities, such as theon specifications apply accordingly to simulations of irreg-
short (capillary or gravity-capillary) waves that ride ahead of ular wave fields (Sect. 3.3). The basic difference is that the
crests of longer gravity waves (e.g. Longuet-Higgins, 1963)MC-based method considers all direct and diffuse radiation
with the subsequent skewness of @ex-Munkslope distri-  in the water, while the alternative ray tracing model considers
bution (Longuet-Higgins, 1982). Nevertheless, in the modelthe direct light beam only.
all waves are represented with a horizontal resolutiviof
0.1 mm. The irregular water wave profiles are 500 m long
and feature all wave characteristics from the applied specMonte Carlo model
trum, including the especially pronounced gravity-capillary
waves at approximately 1.7 cm wavelength (peak of the shorThe MC procedure that we employ differs in some aspects
wave spectrum) whose steepness depend on the local winidlom other models that have been recently in use (Deck-
(Elfouhaily et al., 1997). ert and Michael, 2006; D’Alimonte et al., 2010; You et
At the open sea, vertical deflections of the sea surface caal., 2010). There is neither distinction between absorption
be large, e.g. the statistically expected maximum wave heighéind scattering as in Kirk (1981), nor a further identification
of the observed sea states (Table 1, 30 October 2009) is alwhether the scattering process is caused by water-molecular
most 5m. However, most comparable models do not ac-or particle scattering (Morel and Gentili, 1991). We do not
count for vertical wave deflections, i.e. the wave structureapply the usual concept of photon weight reduction, where
is regarded as chain of successive wave slopes located #te statistical losses by absorption and scattering are as-
the mean waterline (e.g. Deckert and Michael, 2006; We-sessed by means of the single scattering albhegle- b/c
ber, 2010; You et al., 2010). Nevertheless, surface elevafat the scattering positionvnew = wolg wo). INStead, in our
tions themself may act as direct source of light fluctuations.model the photon path length is determined by the scattering
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coefficientb only, and not by the attenuation coefficiant Within the water body, light can be scattered back to the
and the light is continuously attenuated along the propagawater surface. At the water-to-air boundary, which is as-
tion path, which only depends on the total absorption coeffi-sumed to be flat here, partial and total reflection occur. Ac-
cienta. Numerically both concepts should give the same re-cording to Snell’s law total internal reflection happens at
sults. However, our approach provides a faster convergenceadir angle® > 48 (at 490 nm). In this case the photon
of the irradiance pattern since each horizontal grid segmentemains in the system, otherwise a new photon is selected.
is used as an irradiance detector (e.g. in the 100 m wide Partial internal reflection is neglected, as it plays a minor role
100 m deep grid, we have 1060L000 detectors). Our MC only (Mobley, 1994). Light can additionally leave the system
model simulates the radiative transfer inside the water bodyat all other external grid boundaries (e.g. latet&0 m and
only. The model domain covers up to 100 m water depth ancat 100 m depth), but never enter again. The model does not
100 m width, with light beam access at one single point at theallow for periodic boundary conditions as this would violate
top. In detail the model pursues the following procedure.  the concept of the spatial irradiance pattern of a single beam.
If we assume uniform IOPs of the entire water body, thenThis is in contrast to other models where periodicity is in-
a light beam which enters the surface at a single point shouldended, e.g. D’Alimonte et al. (2010). The model domain, in
propagate at first always similarly, only depending on its ini- which the Monte Carlo calculations for a single beam irra-
tial in-water transmission angle and its intensity at the sur-diance pattern are conducted, has to be large enough to en-
face. The photon tracing starts directly below the surface (asure that the horizontal losses due to domain-leaving photons
the point [0 0]), whereat all photons have the same initial an-are negligible. With the given model input values (Table 2),
gle that depends on the insolation angle and the slope of théhese losses at the side amount to less than 0.01 % of the total
discrete wave segment and that is determine8igil'slaw. downwelling irradiance per water depth compared to a model
The free path lengths between two subsequent scattering domain with 200 m width. The model size requirements and
events is determined by the selection of an equally distributedhe conceptual error of our model concerning the downward
random numbeR between 0 and 1 and the total scattering scattering from the underside of the wave modulated sea sur-

coefficientb (Table 2) (Macke, 2000) face are discussed in Hieronymi (2011).
1 The ray tracing procedure considers a maximum number
Is= _Elog(R)' 3) of scattering eventsVNmax. As long as the “photon pack-

age” does not leave the model domain, its way through the

With the given IOPs parameterized by Gh0.1 mg n13, the medium is traced up to this number. If the photon leaves

mean scattering path lengiis 12.6 m. the area, a new photon is selected. With the given IOPs (Ta-
At the scattering point, the light beam changes its propa-ble 2), Nmax is selected to be 40; after travelling more than
gating direction in accordance to the global scattering phas®00 m (Vmax-Is) through the water body on average the “light
function 8,1, (Morel et al., 2002), where particle (Petzold, beam” does not contribute an important intensity anymore

1972) and molecularRayleigh scattering are considered. (EQ.5). This approach is consistent with the weight threshold
This is numerically implemented using the cumulative scat-value of 10° which is often used (e.g. in Plass and Kattawar,

tering distribution 1972; Mobley, 1994; D’Alimonte et al., 2010).
The covered path of the light is known with respect to
o global coordinates. Thus, the intensity values can be allo-
D =21 w W) sin(y)dyr, 4 ) ’ .
W) /o Prruw(h)SINGIdY @ cated and summed up for each horizontal segment level

' . Since the orientation of photon propagation is also known,
where a random number between 0 and 1 defines the sc It can be stated whether its energy contributes to down- or
tering angley. In natural particle-containing waters, light is upwelling irradiances. res ectivelgyln the end. the accumu-
predominantly scattered into the forward direction. P 9  Tesp Y- '

The actual attenuation of light occurs along its distancelateOI weights for each grid cell are normalized by the total

covered, on the grounds that the light beam transits toward gumber of photons that have_ent_ere_d the system. '_I'he outputs
f the MC model are areal distributions of normalized frac-

scattering point through an absorbing medium. In our model . . .
this approach is realized by a continuous intensity reductiont'onS of down- and upward directed iradiance and

of the light beam characterized by the medium’s absorption‘n‘ﬂ““)'.If we add all gridded irradiances ata particulqr depth,

properties. The intensity of the light beam decays exponenWe gain th? tota_l amount o_fdlffuse (sca_ttered) and direct (un-

tially along the path scattered) irradiance at this depth. Th_|s va_lue_must be equal
to the mean planar downward/upward irradianEg éndEy,

I = Ipexp(—a l;), (5) respectively) at this particular depth.

The basic idea of the introduced concept is to decouple the
with the initial intenSity]o jUSt after entering the water, the time_consuming MC simulations from re|ative|y fast, geo-
total absorption coefficient (Table 2), and the total so far - metric super-positioning of spatial light fields that arise from
covered distancg with respect to the depth level a deflected sea surface. In order to achieve this, we carried

out MC simulations for different ray tracing starting angles
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between 0 and 70 (downward directed) with an angular E [%] 0.001 oo 0.1 1 10 100
spacing of 0.05to 1°, each with 2« 10° photons. The cor- dxz BT I —
responding grid size specifications depend on the considere( .
wave size and are given in Table 3 (wave class 3 to 5). All

2-D irradiance grids that result from a single beam photon

entry are stored in a database, which then provides a basi: 0
for the wave focusing analysis.

Diffuse sky radiation 40

The total irradiation that enters the water accounts for the

direct solar radiation (with zenith angle) and diffuse skylight

from atmospheriRayleighandMie scattering. The fraction

of diffuse irradiation depends (amongst other things) on the

wavelength, the sun position, cloudiness, and aerosol loac

(Walker, 1994). For example, an overcast sky with no visible

sun is completely diffuse, whereas the ratio of background

sky irradiance to total irradiance can be approximately 10 %

under very clear sky conditions with a high sun elevation at 100

490 nm wavelength. The distribution of incident angles and

the amount of the sky radiance can be computed for example #[m]

with the model by Zibordi and Voss (1989). In case of a clear

sunny atmosphere, the angular distribution of atmospheridigd- 1. Spatial expansion of light, in terms of the downwelling ir-

diffuse light is close to isotropic (same assumption as in YouradianceEg, within the water column due to 90 % direct solar ir-

etal., 2010 and D’Alimonte et al., 2010). radlapon (zenith angle 9, 1_0 %_ isotropic diffuse skylight and a
Based on the database wify,. fields of single beams, non-tilted wave facet (logarithmic color scale).

the following points are considered to generate a wave slope-

dependentty,, field for diffuse skylight: (1) the incidence

gf géfguzsgsg't?]t'eogljz,;s:?sme; JO Sr?aljgxgglfﬁ éi)s;hgf r;:?:fi'rl]ocated in the global grid. Now, for each horizontal wave seg-

cIFi)ned wave segment. (3) thg eff)e/ctive transmission angle 01ment a vertical position of light incidence with correspond-

. L . . el ing wave slope can be allocated. In the next step the global
each |rr_ad_|at|on partis determlned (_allsl_aw, and (4) the in-water transmission angles and rates are determined via
transmission rate of each single portion is calculated from

Fresnel'sequations Snell’'slaw and theFresnelequations using the relative sun
. q ' Lo . position and the wave slope. Now the total light incidence
Figure 1 shows the downwelling irradiance field for clear

o ; . . o . per 10 cm grid segment at the surface has to be determined.
0 0
sky c_ondltlons with 1.0 % diffuse irradiation and .90 % direct Here, for every wave facet of 0.1 mm width the correspond-
sun light from O zenith angle. The color scale is set loga-

. . . ing 100 mx 100 mEy,, fields for the single beam and for the
rithmic to resolve the orders of magnitudesky, .. The dis- . . .
tribution shows a well-defined light cone of abouf 9@idth diffuse skylight are taken from the database and weighted

. : . 2 N : ccording to the transmission rate and the ratio of direct-
that is du? to the diffuse irradiation and which is assoc'ated?o—diffuse insolation. The complete 100:100 m field that
with Snell’'swindow. Nevertheless, most radiative parts are

located near to the initial path of the direct sun, e.g. 50 %arlses from a 10 cm wide light |nC|der_1ce atthe surface mgst
of the total distributed irradiance in the field is accumulated now be adapted to the global coordm_ate system b_y taking
within the 1 m wide water column at— 0 into ac_cogqt the c_urrentsurface deflection. Overlapping parts
: of the individual light fields above the water surface are cut
off and are not further considered, just as internal reflections
Superposition of individual light fields that would occur at a wave-shaped surface; now internal re-
flection is treated as it would be at a flat surface. Both aspects
The underwater light field considers all direct and diffuse cause negligibly small errors in the determination of the un-
fractions of the downward directed irradiance with respectderwater light field only (Hieronymi, 2011).
to the exact point of insolation at the surface. To compute The statistical evaluation of the subsurfagg,, field
this, we firstly initialize an overall grid system (with global refers to the 400 m wide area in the center only, which in-
coordinates x and z) and dimensions of the area of interestludes all diffuse radiation that was inserted within the 500 m
e.g. in case of irregular wave profiles, the field is 500 m widewave profile. The vertical length of the water column be-
and more than 100 m deep with a discretization of 0.1 m intween the actual surface elevation and a detector is defined

Depth 2 [m]

&0

a0

-40 =20 o 20 40

each direction. Then, the 500 m long wave profile has to be
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as reference or true depth In the following all radiative Ly, o001 oood 0 R 1
data refer to this reference depth, so that the depth contour: a FDF [m ]
(of same hydrostatic pressure) are always shaped as the wat¢
surface. The reference depth is handled differently in other
publications e.g. in D’Alimonte et al. (2010). The authors re-
fer to a depth displaying the surface wave effects on the pres-
sure gauge and therefore to virtual isobars. This approact __
makes sense but it is based on linear wave theory, which g
makes an adaptation onto nonlinear wave systems intricate. f_
Inthe discussed case with anirregular wave, we effectively ™
consider 2« 10° photons per 0.1 mm wave segment over a
range of 500 m; this amounts to a total of*4@one trillion)
photons. Sensitivity studies have shown that larger numbers=
of photons do not yield significantly different results. : ; :
Light fluctuations are characterized by parameters, which SUN N SR e ;
are normally based on temporal changes of the light field, i.e. o : :
measured time series &f. This work considers spatial dif-
ferences. This essentially is the same since both quantities 0]
are related by the dispersion equation Eq. (2). The horizon- o a 100 150 200 250 00
tal averaging of allEg,. values at a depthy is equal to the Doewrewelling Irradiance B, [% ]
total downwelling irradianc&y, which always decreases ex-
ponentially with water depthEq fluctuations are commonly  Fig. 2. Comparison of downwelling irradiandgy as calculated by
described by the coefficient of variation the model (for 490 nm) vs. offshore measurements with the spectral
radiometer at 489 nm (30 October 2009); data points in red with
—= (6) squares for the corresponding mean values, the modkEEdwith
Eq dx=10cm is gray shaded with dashed outlines.

20

= : : : : :
D_ 3|:| | S i AU : PR -\. ....... : ........ CCIEICRERE
L . .

+ Drata
m Drata hean

cv=2E

given as the ratio of the standard deviatighand the mean
downwelling irradiance at the reference dep#y time se-
ries are typically normalized, in order to evaluate extreme
values and the distribution of occurrence probability (You et
al., 2010; Gernez et al., 2011). The normalized downwelling
irradiance, in relation to spatidly variability, is denoted as

or more recently by Zaneveld et al. (2001) and an addi-
tional continuous attenuation of the individual raysBser-
Lambert'slaw Eq. (5) (based on the absorption coefficient
in our formulation). The contribution of all accumulated
rays in a detector field provides an adequate estimate of
Egy: the downwelling irradiance. Without major accuracy losses,
X= Eq ) this method is applicable for clear seawater (with the given
IOPs) and down to depths of about 5m (Hieronymi, 2011).
It basically describes the multiple of df. . value compared  This method is computationally more efficient (faster) and

to the mean irradiance at a depth. Dera and Stramski (19863lows for high spatial resolution witlix= 2.5 mm, i.e. high-
defined irradiance pulses that exceed the mean irradiance lyequency analysis.

a factor (here¢) of more than 1.5 as underwater light flashes.

3 Results and discussion
Alternative ray tracing model

3.1 Benchmark tests of the model
The top 10 m of the water column are of particular impor-

tance in terms of wave-induced light fluctuations, since hereModel results are compared with data from field measure-
light flashes are generally most pronounced and most frements (Sect. 2.1) and with the widely uddgdroLightradia-
guent. Especially in clear ocean water the fraction of scative transfer software by Mobley (1994) using the invariant
tered lightin the totaEq is small in the first metres compared embedding method. Figure 2 shows one example of mea-
to the direct light beam. Furthermore, most of the scatteredsurements (red dots), with correspondifg mean values
light is located very close to the initial propagation direction, within ££0.3 m depth range (red squares). The probability
because of the predominance of forward scattering. Undedensity functionPDF of simulatedEy is gray shaded with
these assumptions it is reasonable to only consider the direatashed outlines. The solid line represents the total plane
beam and to neglect all scattered light. downwelling irradianceEy (dx=10cm model). All mea-
The fundamental simplification is the utilization of the ray sured data are within the range of highest expected occur-
tracing procedure as for example used in Schenck (1957)ence probability; in none of the cases under consideration
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Data vs. MO Dataws. HL  MC ws. HL equivalentHydroLight (HL) runs with the same wavelength,
refractive index of water, sun zenith angle, surface insolation,
wind speed, IOPs, scattering phase function, and with the
same sky diffuseness. Figure 3 compares the percent relative
difference

&= 100E_ (8)

Depth 2; [m] E

of mean values of measured data vs. MC (blue triangles),
data vs. HL (green squares), and MC vs. HL (red dots), re-
spectively. The commonly considered uncertainty thresh-
old for in-situ radiometric measurements is 5% (light gray
shaded); according to the manufacturéri@S, Germany)
the detection accuracy of our irradiance sensor is better than
6—-10 % (depending on spectral range). Comparisons of ra-
diative transfer computations result in lower uncertainties,
typically within less than 1% (dark gray shaded). Figure 3
shows the comparisons for the three stations whose quite
similar environmental conditions are specified in Table 1.
Typically the averaging over about 80 data points (2 min
each) yields unsteady means, especially in the upper 25m,
where theEq variance is high. In general, the overall agree-
ment between averaged observations and the modeling re-
sults (MC and HL) is satisfying. The agreement between
our MC model andHydroLightis very good within the top
25m. Our model tends to overestimate the total light at-
tenuation compared to HL; the bias continuously grows to
less than 20 % in 100 m depth. These differences, which are
Fercent Relative Difference e [% ] still comparable with those of previous model benchmark-
ing (e.g. Mobley et al., 1993; D’Alimonte et al., 2010), can
Fig. 3. Percent relative differences B mean values between mea- Pe explained by inherent differences of the applied methods,

—
o
—

Depth 2; [m]

_—
Ll
——

Depth 2 [m]

sured data, our Monte Carlo (MC) model aHgdroLight (HL); regarding for example the representation of the diffuse sky
(a) 30 October 2009(b) 3 November 2009(c) 16 November 2009, light (HL uses an idealized sky model) or the scattering prop-
the related conditions are specified in Table 1. erties of the water (we use a higher interpolated scattering

angle discretization, which could affect the scattering pat-

tern and in particular the forward scattering). Another source
data points lie outside the predict&®DF limits. In the  for deviations is the different sea surface representakign.
shown example, light flasheg & 1.5) were registered down droLightemploys the wind-dependir@ox-Munkwave slope
to 11 m. The deepest occurrence of light flashes has beestatistics. Our continuous wave profile accounts for the same
observed at 20.8 m depth at another day of the cruise witdocal wind conditions but also for a fully developed sea state;
similar lighting conditions, which is the greatest depth of ob- its slope distribution resemble<Cmx-Munkdistribution with
served light flash occurrence as far as we know. Accordingactually more wind (thd®DF skewness is not considered).
to the model, light flashes could be found even in 35 m wa-Thus, more light is scattered directly at the rougher surface
ter depth. Our measurements were not sufficient to show thand Eq4 becomes slightly smaller. Furthermore, the summa-
high-frequency variance that is predicted by the model, thetion of lateral losses of diffuse radiation (beyond th80m
sampling rate and integration time of the used radiometer ddrom the photon entry) is another reason for the underesti-
not permit high-frequency sampling. However, the high  mated totalEq compared to HL especially in greater depths.
variance near the surface is well documented (e.g. Gernez &the lateral losses are smak Q.01 % per depth) at perpen-
al., 2011). The validation of our modeled irradiance distri- dicular irradiation; a little more escapes at the edges in case
bution, especially at clear seawater, fully developed seas andf a strongly inclined wave slopes, which occurs more fre-
particularly below the top 10 m layer, is a task for special- quently at strong wind. However, by far the most radiation
ized radiometric sensors as the novel system by Darecki eis very close to the direct initial light beam (within10 m),
al. (2011). whose direction is determined by the wave slope, even in

The mean values of the measured data can be comparekf0 m depth (see Fig. 1). Itis primarily the narrow light beam
to the Eq mean of our Monte Carlo (MC) simulations and that causes the reported irradiance variability at depths.
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Anproy, Wave Feriod T [3]
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Fig. 4. Maximum possible normalized downwelling irradianggax due to single waves per water degthand in accordance with the
surface wavelength (and periodl’ at the top); the five framed wave classes refer to different detectordigeste the logarithmic color
scale).

3.2 Downwelling irradiance fields below single waves most intense light fluctuations at 1 m depth (wih maxima
of more than 500 %) mainly arise from waves with lengths

f 10 cm to 1 m (ultra-gravity waves), whereas at 10 m depth
Water waves do not represent perfect lenses and therefore q%

i . aves of 1 to 10 m length cause strongest fluctuations (ordi-
not form perfect focal points. There is always some degreen

£ di . herical ab ion introduced by th ary gravity waves). For the first three wave classes flatter
of distortion or spherical aberration introduced by the wave,,,;eq develop more intensive and deeper irradiance pulses

which is further amplified by the nonlinear wave shape. Sub-,, o given wavelength. Capillary wavek & 1.73cm) can

surface . Qistriputions subject to about 300 regular sin- produce light flashes close to the surface, but they do not di-
gle waves with sizes be“’Vee’? 2.5¢cm a”d?oo”? were anfectly cause the most intense light fluctuations (also observed
alyzed. '!'he essence of all single wave s_|mulat|ons IS a_sby Stramski and Dera, 1988). The strength of enhancements
sembled in F.'g' 4. The co!or mapping |nd|cates.the Maxl-at the focal points clearly decreases at the left hand side of the
mum normall_zed downwelling irradianGenax that is pos- figure. More relevant are the well pronounced narrow light
sible at the given wavelengths and at the three wave SteeF}'ays that follow from such very small waves. Those rays are

neshsels_ uhnc:|e ' Con_5|derat|_or(1j. The v(\j/_ave peé‘loxb;reﬂahonds clustered somewhat deeper due to longer waves see Fig. 5a.
to the light fluctuation period according to Eq. (2). The wave ;i yocomes obvious that the longer the wave is the deeper

c!asses 1105 are frameq to unQerque the changing detectqg its potential impact. Even 200 m long swell waves can
sizesdx Three diagonal lines of irradiance enhan(_:ement aretheoretically develop an enhancement of 15% below 90 m
clegrly visible. They correspond to the fpcal points at the ¢\ o4 depth; the coefficient of variatia®V can be up to
particular Wavelengths_ where the upper _Ime cqrresponds ¥ 9%. We suggest that thi8q variability could be of ecolog-
the steepest waves with/L = 0.09, the middle line stands ical significance, especially in the deep light limited zone.

for 0.06, and the lower line for flat waves with 0.03. Re- Note that only selected wavelengths are studied. The white

member that mos_t wind waves have a steepness betwegn O'Q/grtical stripes represent information gaps at wavelengths in
and 0.06. Especially at class 1, regular waves can build U etween

deeper-lying focal points of higher order caused by neigh-

boring waves. Their irradiance enhancements are also visi- Dera and Gordon (1968) presented a sine-wave-based ap-
ble but less well pronounced. The figure basically shows thegproximation of the focal length, which gives good agreement
range of impact for certain waves types. For example, thdor flat waves withH/L = 0.03 up to wavelengths of 5m.
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At steeper waves nonlinearity effects of the shape become
noticeable; the focal length is estimated to be considerably
deeper. On the basis of our simulations for single waves, the 1 = 40 P01 S0 {00 200 500 1000
water depthys of maximum radiative enhancementax fits E %]
to following parameterization:

5 (3} .04
= [1600(H/L) —274(H/L)+13]L, 9)

=03
all wave steepnesses (wavelengtihanges from 0.1 mto 5, el |
15, and 25 m foH/L = 0.03, 0.06, and 0.09, respectively). -0
Larger waves do not necessarily accumulate most radiation
within the focal point, since light beams are attenuated and
scattered with increasing depth. Thus, the depth of maximum o1
enhancement shifts upwards to the surface. 0 0.05 o 015 0z

The magnitude of an irradiance pulse depends on the de- "
tector sizedx and the sampling rate, e.g. a 10 cm wide sensor (b3
below a 10 cm long wave cannot resolve any enhancement; it
only measures the mean value at that depth. For the preser —
study we make use of four different horizontal grid sides E
which basically depend on the deployment depth, or rather .,
reflect the extent of radiometer integration time. The effects
of the sensor diameter on irradiance measurements and dept
resolution requirements for optical profiling are discussed
by Darecki et al. (2011) and Zibordi et al. (2004). Max-
imum possible radiative enhancements are associated witt
the steepest wavesi{L = 0.09); nevertheless, flatter waves
are much more likely. An irradiance pulse can theoretically
exceed the mean irradiance by a factor of 40 at a water deptt
of 1 m with respect to a 2.5mm sensor. The corresponding 2
wave that causes the light pulse is 80 cm long. The greates —
possible depth of light flasheg & 1.5) is at approximately r
80m, and this is caused by a more than 60 m long gravity
wave (' =6s, H=5.5m, and thus extremely rare occur-
rence probability).

Certainly, these data result from perfect laboratory waves.
Superposition effects of different sized waves are important,
since the overlaying restricts the ability of waves to form {d}
such efficient lensing systems. Nevertheless, near the surfac
comparable extreme values have been measured (Gernez + —
al., 2011; Darecki et al., 2011). E

]

which is valid for depths down to approximately 30m for 2

(ch

3.3 Light fields below irregular waves

Distributions of downwelling irradiance below irregular
wave profiles are shown in Fig. 5. The light fields were sim-
ulated using three model domains with different resolutions. a 20 40 &0 &0 1o
First, we discuss the high-resolution ray tracing model with % [m]

2.5mm detector size that covers an area of approximatel

2(.) mx5m to fstudy near Squ&Ing fluc_tuat|f0ns (Fig. 5a "?l?]d b)'Iar wave profile according to the conditions on 30 October 2009;
Figure 5c refers to a model domain of 156#0m wit (a) and (b) details from the near-surface model widlk=2.5mm

lcm rgsolution (ba'sed on the Superp'osition of MC calCU-regoution:(c) dx= 1 cm: (d) model resolution 10 cm (logarithmic
lated single beam light fields). The third MC-based model cojor scale).

covers an area of 400 m horizontal extent and 100 m depth

with dx=10cm (Fig. 5d). The color coding in the figure is

)ﬁig. 5. Downwelling irradiance distributions beneath an irregu-
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logarithmic again with red colors faty > 100 % and bluish 10
for decreasing values. CH

With regards to the fine structure of the sea surface, lo- — =& =
cal wind in particular affects the height and thus steepness — 4 -
of gravity-capillary waves. The wave spectrum has a high- * z | ! - =
frequency peak at 1.7 cm wavelength and it features a cleal o e T ey

saturation of the curvature spectrum for high wind speeds 0 2 4 g g 10
(Elfouhaily etal., 1997). Those gravity-capillary waves build ’ : ’ |
up clear single stripes dfy enhancements shown in red with

focal points in depths between 10 and 50 cm (Fig. 5a). Over- 7~
laying medium-size ultra-gravity waves (Table 3), which are
already much less dependent on the wind speg&ln@ and
Riemer, 1990), further deflect these single rays. This leads
to intensified light beam grouping at true depths of 1 to 4 m
(Fig. 5b). Together with the occurrence of secondary and i}
further focal points that are caused by neighboring gravity- —
capillary waves, those larger waves are responsible for very —
intense fluctuations and extreme irradiance peaks within the ™
top 5m layer. With increasing depth the gravity-capillary
wave influence wears away (Fig. 5¢ and d); the pronounced
enhancement stripes are geometrically scattered, beam fo{d:, 141
cusing is reduced, and in addition the light intensity is at- V
tenuated. Image analysis of spatial underwater light fields 1}
confirms the increasing blurring of small-scale structures =
(Hieronymi and Macke, 2010). Under the assumption that ol
capillary and gravity-capillary waves of 0.7 to 3cm length
are most dependent on wind friction velocityaihe and
Riemer, 1990) we deduce that the influence of local wind on
Eg4 fluctuations is restricted approximately to the upper 10 m
of the water column. Below this layer, light variability is Fig. 6. Normalized downwelling irradiance at four different water

obviously driven by longer and thus more developed wavesdePths with(@) 2.5mm,(b) 1 cm, and(c) and(d) 10 cm horizontal

During our offshore measurements, we had mainly SWeIIgrid resolution; on the right ordinate (dashed) is the corresponding

dominant sea states (in terms of the relative ratio of energyS urface elevation (30 October 2009).

associated to each wave system), which is in accordance with
the relevant wave climatology (Hogben and Lumb, 1967,
Sterl and Caires, 2005). This is an interesting point since th@Pout 50 % of the initial surface value; but occasionally, ir-
appearance of swells may imply strong sea surface deflec@diance peaks can reach 100 % (enhancement factd?).
tions, even in the absence of local wind. However, since thel he distances between light flashgs< 1.5) are between 2
small-scale geometric roughness of the sea surface efficienti@nd 10 m. With Eq. (2) this corresponds to dominant light
scatters light, the potential lensing effect of larger waves istluctuation periods of 1.1 to 2.5s. This again is consistent
reduced too. Generally, the wind-roughened surface affect¥ith observations at this depth and at the same wind speed
the mean state of the light regime within the whole lit water (of 11ms™) (Hieronymi and Macke, 2010). The corre-
column, which is taken into account in most radiative transfersPonding wave structure in Fig. 6b is not clearly mirrored
models as for example iHydroLight(Mobley, 1994). in the radiative profile at that depth. Deep chlorophyll max-
The depth-dependence gfis illustrated in Fig. 6, where ~ima are often observed at depths of 65m and more (Furuya,
the corresponding wave profile is additionally marked (note:1990). Figure 6c shows that here intensity peaks and also
depthz and the wave amplitude are positive downward). irradiance minima differ by only 10% from the meafiq(
The top panel (Fig. 6a) shows the irradiance variability atvaries between 7.8 and 9.7 %), and that radiative fluctuations
1 m water depth. The run of the curve is similar to observedevidently reflect the large-scale surface structure. In 95m
irradiance time records as for example reported by Dera andFig- 6d) thex-profile is even more smoothed on the smalll
Stramski (1986) or You et al. (2010). The irradiance vari- Scale and adapted to the long gravity waves. However, the
ability is high and extreme irradiance pulses can exceed thémpact of fully developed ocean waves is evident.
mean irradiance by a factor of 8. The direct attribution of the  Figure 7 shows the associated spectral information of the
wave shape is not distinguishable in this case. The secong-profiles from Fig. 6. The power spectral density of light
panel (Fig. 6b) showg at 20m. HereEq is decreased to fluctuations is computed using faBburier transformation.

£ [m]

-

B[]
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Fluctuation Feriod T [3] dx=1cm, thePDF maximum is at a depth of approxi-
° o1 oz s 1 2 5 10 mately 1 m, while in the model witdx=10cm the fluctu-
L LA A T ation maximum occurs near 5m. Thus, the approximation

of the fluctuation maximum depends on the spatial or tem-
poral resolution. The general trend of the probability func-
tions of all model sizes is plausible: initially the fluctuation
amplitudes characteristically increase, then decrease gradu-
ally with depth (Snyder and Dera, 1970), and in the same
way the level-mean irradiance decreases exponentially. Ob-
viously, the correct choice of model size and resolution de-
pends on the depth of interest. Near the surface irradiance
fluctuations must be recorded with a high spatial resolution
of dx=2.5mm and a correspondingly high temporal resolu-
tion. The model with detector width of 1 cm provides reason-
able information down to about 30 m. For depths of interest
beyond 20 m the 10 cm model resolution is sufficient.
: The occurrence of radiative enhancements is quantified
ol by means of a threshold analysis of the normalized down-
0.0 0.1 1 1 100 1000 welling irradiance profiles (Dera and Stramski, 1986; You et
Associated Wavelength L [m] al., 2010). By counting the number of fluctuation amplitudes
that exceed the various flash threshold levgls we obtain
Fig. 7. Power spectral density of the four normalized irradiance pro-the frequency of flashe§ (normalized per 1 m, and 100 m,
files from Fig. 6; the mean fluctuation lengths, are additionally ~ respectively) that exceed the threshold (Fig. 8 second from
marked (30 October 2009). left). In the upper panel, the largegtof more than 10 can
be found in 50 cm depth, which is associated with 2 to 5¢cm
long waves. A reason for the comparably moderatgx is
The spectra show the characteristic range of correspondinghe presence of strong wind (11 m'$, which impairs the
water wavelengths and periods. The different magnitudes okfficiency of generating lens-surfaces for intense focusing.
the spectra in Fig. 7 show the strength of variance at a certaim general, the strongest near-surface fluctuations appear at
waveband that in total decreases with depth, i.e. the flucturelatively low wind of less than 6 nT$ (Dera and Stram-
ation amplitudes are very small at 95m depth compared taski, 1986; Gernez and Antoine, 2009), apctan be larger
depths near the surface. The maxima of the spectra indicatghan 13 (Gernez et al., 2011). According to the simulations
the predominant distance between two subsegtigpeaks,  with “perfect” single waves, the theoreticghay lies in the
e.g. the mean peak wavelengthy at 20m depth is 2.4m, order of approximately 20 at 50 cm depth. In the same man-
which corresponds to an average fluctuation period of 1.25 sner as thePDF, the flash occurrence distributions increase
In Fig. 7, the mean fluctuation lengttis, are additionally  rapidly within the first 50 cm and then they slowly decrease.
marked. This is the spectral center of gravity, which indi- Our model withdx=10cm spatial resolution shows light
cates the average wavelength (distance) of all fluctuations. Iflashes ofy = 1.5 even down to 35 m water depth, which is
general, mean fluctuation length and period increase with inmuch deeper than so far observed with temporal irradiance
creasing depth. Within the top 5m, ultra-gravity waves dom-measurements. In the particular case the occurrence of light
inate the light fluctuations. At 100 m depth, fluctuations haveflashes at this depth range is directly associated with the sea
adapted to the low-frequency part of the sea spectrum, whicktate parameters, namely the superposition of around 40 m
complies with swell waves in the given example. The in- long waves (from the wind sea) with the 140 m swell, and it
creasing adaptation of light fluctuation periodicity with water js independent of the local wind situation.
depth to the dominant wave of a sea state was also observed The depth-development of the coefficient of variatov
within the top 20m by Nikolayev and Yakubenko (1978a), is shown in the panels Fig. 8 second from right. The fun-
Fraser et al. (1980), and Wijesekera et al. (2005). damental curve progression and the orders of magnitudes
Statistical evaluations of the light field simulations are of CV, which depend on the resolution, correspond to pre-
summarized in Fig. 8. The probability density functions vious observations (e.g. Nikolayev and Khulapov, 1976;
PDF show similar features as records by You et al. (2010) orGernez and Antoine, 2009; Hieronymi and Macke, 2010;
Gernez et al. (2011) but with much higher depth discretiza-D’Alimonte et al., 2010; Weber, 2010). The figure shows that
tion (dz=1cm, 5cm, and 10cm). In the high-resolution underwater light field fluctuations occur even in 100 m depth,
model (Fig. 8 top) the fluctuation maximum is located be- where (with the specified irregular wave profi@Y is still
tween 25cm and 1 m depth, which must be associated wittabout 3 %. However, wave-induced light fluctuations depend
waves of 4cm to 1 m length (ultra-gravity waves). With on local wind and the peculiarity of the sea state. According

Spectrum Sx{k} [m]
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Fig. 8. Statistical evaluation of the modeled light field for 30 October 2009; top: near the surface with 2.5 mm resolution, middle row:
dx=1cm, and lower panelstx= 10 cm; each shown the probability density functRBDF, frequency of flashed above a certain threshold
xth, coefficient of variatiorCV, andPDF skewnesg/1, and excess kurtosis.

to a theoretical study by Weber (201@}\V exhibits a bi-  the subsurface light field, and especially, beyond 300 m
modal dependence on the depth, with a near-suatmax-  water depth cannot be confirmed with our work. The unique
imum that shifts towards smaller depths with increasing windinfluence of local wind and especially the development of the
velocity, a localCV minimum, which is around a depth of sea state have to be subject to further analysis.

300 m in clear oceanic water, and a second maximum, which  The skewness; and excess kurtosig of the PDFs are

is located at “fairly large optical depths” (investigations down shown on the right side of Fig. 8. The skewness of the irra-
to 10> m water depth). Our model considers depths to 100 mdiance distribution is a measure for the deflection direction
only; here the remaining irradiance is small and the fractionof extreme intensity peaks. Above 54 m thg distributions

of unscattered light is less than 0.1% compared to the toare right-skewed, i.e. more intense radiative enhancements
tal downwelling irradiance with the given input parameters. appear thanky reductions. Below that depth the distribu-
Figure 4 documents the dwindling ability all wave types 1o tion is slightly negatively skewed. The excess kurtosis is
focus light within the top 100 m. Thus, the wave-influence ona measure for the peakedness of the irradiance distribution
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compared to &aussiardistribution (kurtosis minus 3). Pos- lished observations, and beyond this, show a high informa-
itive excess kurtosis means that a larger part of the variancéon density into much greater depths (to 100 m). The mean
results from extreme intensity peaks. With increasing depthvalues of the downwelling irradiance are within the usual er-
the PDFsbecome more grouped around the mean value. Irror margins compared to offshore measurements and other
principle, all model sizes deliver equivalent results. Slight radiometric transfer models, as eldydroLight Thus, the
deviations result from the different resolutions. Generally, introduced radiative transfer model provides some important
the depth-dependency of our simulateBF skewness and advantages compared to other current models (Deckert and
excess kurtosis fits to high-frequency irradiance measureMicheal, 2006; D’Alimonte et al., 2010; You et al., 2010).
ments by Gernez et al. (2011). They show that close to the By means of the model, underwater light variability was
surface &1 m), these parameters can assume values largesimulated for different single waves and for realistic wave sit-
than 3 and 20, respectively (the same maximum values iruations in the open ocean. The latter agree well with equiv-
our case), and that both are reduced to nearly zero at 10 ralent in-situ measurements. The model parameters are se-
depth (they refer to 532 nm wavelength and more turbid wa-ected in such a manner that maximum irradiance variability
ter). In addition, they suggest that the skewness and excessan be achieved, i.e. monochromatic light at 490 nm, very
kurtosis of the downwelling irradiand@DF could be usedto  clear water, and high sun elevation are used for the calcu-
partition the oceanic photonic zone into the sunny and dif-lations. Simulations have been performed for more than 300
fuse layer, expressions that are introduced by Dera (1970honlinearly shaped single waves of all sizes that appear in the
to essentially differentiate the areas with and without light open ocean. In general, the depth-impact of waves depends
flashes. According to this, the depth of the sunny layer bot-on their length and steepness, the longer the wave the deeper
tom is where bothy; andy», approach zero. In our simula- is its potential influence. We provide expectation values of
tions with dx= 10 cm, the skewness and the excess kurtosignaximum possible wave focusing per depth, e.g. at 1 m wa-
approach zero at about 50m. The precision of our statister depth light flashes can theoretically exceed the mean ir-
tical results could be increased by considering a light fieldradiance by a factor of 40 (witdx=2.5 mm). The greatest
of more than 400 m width (from a 500 m wave profile) and theoretically possible depth of light flashes with 50 % radia-
thus more regarding the impacts on #ABF (especially in  tive enhancement should be around 80 m (wiita= 10 cm),
greater water depths) of swell waves, which are 140 m longwvhich would be caused by a very ste¢f/l{ = 0.09) gravity
in the considered case (swell period 9.5s). Our model prowave over 60 m long. Even 200 m long swell waves can de-
vides comprehensible and logical statistical results down tovelop Eq fluctuations within a range af£15 % compared to
100 m depth and furthermore, it is the first model that givesthe mean value below 90 m of water depth.
such high-resolution information on wave-induced light field  The superposition of short and long waves from the ocean
fluctuations. wave spectrum at the water surface leads to characteristic
probability distributions of downwelling irradiance in the
water column. Local wind primarily affects the develop-
4 Conclusions ment and steepness of capillary and gravity-capillary waves
of 0.7 to 3cm length, with a typical high-frequency peak in
We developed a novel radiative transfer model for simulat-the wave spectrum at 1.7 cm. The resulting irradiance max-
ing light field fluctuations (that are caused by surface wavesjma due to those gravity-capillary wave lenses can be found
down the water column. The spatial propagation of solar ra-within the top 1 m near the surface. A further deflection of
diation in water, i.e. the light scattering and absorption, islight beams is forced by overlaying ultra-gravity waves (less
calculated by means of a special Monte Carlo radiative transthan 1 m long), which are already much less directly wind-
fer procedure. The model is generally adaptive for severadependent. This leads to intensified light beam grouping at 1
variables, such as the electromagnetic wavelength, inherertb 4 m depth, but certainly with decreasing frequency of the
optical properties of seawater, different lighting conditions, occurrence of extreme light flashes. We suggest that the in-
different light field resolutions, and above all for arbitrary fluence of local wind on light fluctuations is restricted to ap-
sea surface structures, for which the model is optimized. Theoroximately the upper 10 m of the water column. Below this
resulting underwater light fields, which are quantified by the layer, light variability is obviously driven by longer and thus
distribution of the downwelling irradiance, cover large 2-D more developed waves. With increasing water depth, light
domains with comparable high spatial resolution (2.5 mm tofluctuation periodicity adapts more and more to the long-
10 cm) and great depths (down to 100 m). Vertical deflectionsvave part of the sea spectrum, i.e. to the dominant wave of
of irregular sea surfaces, in orders of magnitude between capthe sea state.
illary and fully developed gravity waves, can be implemented Our model results of natural irregular light fields suggest
into the model. The model is relatively fast (since the Montethat light flashes with 50 % irradiance enhancements can ap-
Carlo procedure is decoupled from geometric ray tracing)pear even in 35m depth (with low occurrence probability).
and it provides all statistical properties of the light regime. In addition, under high sea conditions light variability of less
The modeled fluctuation characteristics fit to previously pub-than Eq+10% (CV < 5 %) is possible still in 100 m depth.
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