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Abstract

We present a detailed study of the influence of various wind and wave conditions on
the distribution of downwelling irradiance within the upper ocean mixed layer down
to 100 m water depth. The work is based on a two-dimensional Monte Carlo radiative
transfer model with high spatial resolution. We treat conditions that are favorable for the
development of extreme light fluctuations, e.g. light at 490 nm and very clear oceanic
water. Local wind determines the steepness of capillary-gravity waves which in turn
dominate the irradiance variability near the surface. Maximum irradiance peaks that
exceed the mean irradiance by a factor of more than 10 can be observed at low wind
speeds up to 5ms™'. Sea states influence the light field much deeper; gravity waves
can cause considerable irradiance variability even at 100 m depth. The simulation re-
sults show that under realistic conditions 50 % radiative enhancements compared to
the mean can still occur at 30 m depth.

1 Introduction

The solar radiative transfer into the ocean is strongly influenced by air-sea interactions.
Wind generates waves at the free water surface that can range in size from small rip-
ples, so called capillary waves, to huge waves over 25 m height (e.g. Sterl and Caires,
2005). The wind strength, the areal and temporal wind impact, and the water depth
influence the formation of a wind sea. Sunlight is refracted at the irregularly shaped
water surface. Individual waves that are superposed at the surface can act as lenses
that focus the light at various water depths. For this reason, the underwater light field, in
this work characterized by the downwelling irradiance, is subject to considerable vari-
ance that characteristically depends on the surface waves and thus on the prevailing
wind condition and the sea state.

Besides the mentioned wave conditions, underwater light fluctuations also depend
on the spectral range of sunlight, the sun altitude, diffuse sky radiation, clouds, and
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on the inherent optical properties (IOPs) of the water (e.g. Stramski, 1986; Walker,
1994; Stramska and Dickey, 1998; Gernez and Antoine, 2009; Gege and Pinnel, 2011).
Compared to other natural light regimes (e.g. in a forest), the variability of irradiance in
water can be very large, e.g. near the surface irradiance peaks can exceed the time-
averaged irradiance by a factor of 15 (Darecki et al., 2011).

The generation mechanisms of irradiance fluctuations and their decreasing inten-
sity with increasing water depth are known (e.g. Schenck, 1954; Snyder and Dera,
1970; Nikolayev 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 about its sea state-dependency. There are several papers on the relationship
between wind conditions and underwater light field fluctuations (e.g. Nikolayev et al.,
1972; Dera and Stramski, 1986; Gernez and Antoine, 2009; Weber, 2010; Hieronymi
and Macke, 2010; Darecki et al., 2011). The general view is that the most favorable
conditions for light focusing by waves prevail at light to moderate winds between 2 and
7ms™". With this work we will show that other wind and wave conditions also can lead
to extreme irradiance fluctuations, in particular if we look at different water depths. We
provide the first detailed analysis on the influence of local wind on the light variability
in the near-surface layer and in addition on the impact of fully developed sea states on
the light regime within the upper ocean mixed layer down to 100 m depth.

The 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 light
field and by inter-comparison with the widely-used radiative transfer code HydroLight
(Mobley, 1994). The Monte Carlo model is optimized for investigations of spatially high
resolved light fields underneath any desired wave profiles.
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2 Applied methods
2.1 Radiative transfer models

The radiative transfer in water is simulated by means of two model approaches that
are explained in detail by Hieronymi et al. (2012). At small depths, the underwater light
regime is governed by high-frequency and small-scale intensity changes (e.g. Snyder
and Dera, 1970; Hieronymi and Macke, 2010; Darecki et al., 2011). For this reason,
we choose a high spatial resolution of dx = 2.5 mm for our near-surface model; some
current irradiance collectors have sensor head diameters of 2.5 mm (e.g. Darecki et al.,
2011). In very clear seawater the fraction of total downwelling irradiance due to scat-
tering in the first metres of the water body is small compared to the direct light beam
and, furthermore, most of this scattered light is located very close to the initial light
path because of the predominance of the forward scattering (Hieronymi, 2011). Thus,
we neglect the diffuse light in our near-surface model (which is valid down to approx-
imately 5m) and just superpose narrow single rays according to the wave geometry.
This approach has been used several times for example by Schenck (1957), Nikolayev
et al. (1972), Stramski and Dera (1988), or Zaneveld et al. (2001). In our (near-surface)
model, the intensity of each single ray is continuously attenuated by absorption of the
medium

I =1, exp (-al,) (1)

where /; is the initial intensity just after entering the water, a is the total absorption coef-
ficient (sum of the absorption coefficients of seawater, particles and dissolved colored
matter), and /, is the covered distance with respect to the depth level z.

The second model approach is designated for larger water depths down to 100 m,
where light scattering is not negligible. In this model, the spatial expansion and atten-
uation of single light beams is simulated on the basis of a Monte Carlo (MC) method
(Hieronymi, 2011). The model domain is 100 m deep and 100 m wide, and has a spatial
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resolution of 10 cm horizontally and vertically. Individual photon transport calculations
have been conducted for air-to-water transmission angles between 0° and 70° (relative
to the downward vertical) with an angular spacing of 0.05° to 1°, each with 2 x 10° pho-
tons. The outputs of the MC simulations are 2-D grids of downwelling irradiance for
single light beams with varying transmission angles, which are stored in a database.
Equivalent light fields are also calculated for isotropic diffuse skylight. In order to in-
vestigate the focusing effect of waves, individual (independent) single-beam patterns
of downwelling irradiance are superposed according to the ratio of diffuse (skylight) to
direct solar irradiation and the exact structure of the sea surface (including the vertical
wave deflection).

The specific feature of our model is that any desired water surface structure can be
implemented into the model. The accuracy of the results of the used radiative transfer
model has been verified by irradiance measurements at sea and through intercompar-
ison with the widely-used HydroLight software (Hieronymi et al., 2012).

2.1.1 Model input parameters

The model input parameters are listed in Table 1. They are selected in such a man-
ner that maximum light fluctuations can be achieved (Dera and Stramski, 1986; Walker
1994; Gernez and Antoine, 2009). The radiative transfer is calculated for a single wave-
length of 490 nm, which can be considered representative for the blue-green spectral
band. Light of this spectral range can penetrate especially deep into oligotrophic wa-
ters. Different measurements have shown a wavelength-dependency of light fluctua-
tions in shallow water (e.g. Gernez and Antoine, 2009; Darecki et al., 2011; Gege and
Pinnel, 2011). However, orange-red light (580—-700 nm) is strongly attenuated by ab-
sorption in water (e.g. Zielinski et al., 2002). Below 10 m water depth, the blue-green
spectral components yield the vast majority of the photosynthetically active radiation
(PAR) (400-700 nm). For this reason, we assume that the fluctuation characteristics at
490 nm can be considered representative for the variability of the entire PAR value.
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The presented simulations are carried out for perpendicular solar irradiation and for
an extreme clear atmosphere, where the diffuse skylight due to atmospheric Rayleigh
and Mie scattering accounts for 10 % only. The water body under consideration is very
clear and oligotrophic; the (wavelength-depending) inherent optical properties of the
well-mixed seawater are derived from a chlorophyll a concentration Chl/ of 0.1 mg m~3
(Morel et al., 2007; Morel, 2009). The resulting diffuse attenuation coefficient for the
downward irradiance Ky (490 nm) is approximately 0.038m ', relating to a flat sea
surface.

2.2 Description of the sea surface

For generating two-dimensional irregular wave profiles, we apply the superposition
principle of solitary sine waves, whose amplitudes are determined by the omnidirec-
tional elevation spectrum. First, consideration is given to the effects of locally limited
wind. The wind friction velocity basically defines the steepness of short waves of less
than about a half metre length. In particular capillary-gravity and capillary waves in the
wavelength range of 0.7-3 cm are most affected by the wind friction (Jahne and Riemer,
1990). In order to distinguish the pure wind effects on the light field, we use the short-
wave part of the omnidirectional elevation spectrum as it is proposed by Elfouhaily et al.
(1997). Figure 1 shows the utilized elevation spectra for wind speeds U,y (10m above
the sea level) from 3to 15m s (solid lines). The corresponding curvature spectra ex-
hibit a gravity-capillary peak at 1.7 cm wavelength for all wind speeds. With increasing
wind, the spectra move together. This implies that the wave profiles that are generated
out of the spectra (with random phase position) have almost the same statistical char-
acteristics at strong wind, and thus the corresponding light fields must be very similar.

In reality, the short-wave spectra in Fig. 1 are modified by the long-wave regime of the
present sea state. In particular at lower wind speeds, the unified long and short wave
spectra adapt to the high-wind spectra with increasing wavelength (dashed lines). In
case of weak wind over an unlimited fetch, ultra-gravity waves (> 2.cm) have actually
higher amplitudes compared to a restricted fetch, which has to do with the wave growth
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and the so called wave age. We bear this long-wave interaction in mind, but we primarily
use the short-wave part of the spectra (solid lines) and apply this to waves of 6 mm
to 50cm length. We suggest that this spectral 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 height Hg and by a mean wave period 7. Fig-
ure 2 (left) shows combinations of wave height and period together with the prevailing
averaged wind speed U, as it appears at the global ocean. The data are derived from
the KNMI/ERA-40 wave atlas (Sterl and Caires, 2005). The corresponding wavelength
L is additionally marked at the top of the chart. It is deduced from the dispersion relation
for deep-water waves (Airy wave theory):

9 ;2

el (2)
in which g is the acceleration of gravity. The ratio of wave height to length H/L is the
wave steepness, which is theoretically 0.14 at maximum; steeper waves break. The
white 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 the wave atlas); these wave combinations are not
considered in this study. Sea states with wave periods longer than 11s (about 190 m
wave length) are not considered either, since they are rather insignificant in terms of
underwater light field variability.

Figure 2 right shows the frequency of occurrence (probability density function) of
sea states in the global ocean (Sterl and Caires, 2005). Considerable differences arise
in regional and monthly climatologies. In general, extremely steep seas occur rarely
and wave systems with periods between 5 and 9s and wave heights between 1 and
3 m occur most frequently (60 % of all cases). This range is framed white in the right
diagram of Fig. 2.

With regard to the model assumption of homogeneous water properties, it should be
mentioned that surface waves cause a mixing of the upper ocean layer. Simplistically,
1237
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it can be assumed that the sea water within this layer has homogeneous physical and
bio-optical properties. Beside the fact that marine phytoplankton needs sufficient light
(supplied from above) as well as nutrients (supplied from below), the mixed layer depth
MLD is an important factor associated with the accumulation of phytoplankton biomass
and the development of deep chlorophyll a maxima. In oligotrophic waters, where the
surface mixed layer is poor in nutrients, chlorophyll 2 maxima are often found between
20 and 150 m depth with maximum concentrations of generally 3 to 10 times of those
in surface waters (e.g. Anderson, 1969; Cullen, 1982; Furuya, 1990; Zielinski et al.,
2002; Huisman et al., 2006). The depth of mixing z, p can be predicted based on the
knowledge of the wave climate. According to Babanin (2006), the wave-induced MLD
can be approximated by:

2
g a,®@
= — |n , 3
Zup = 5 (Rech> 3)

where g is the acceleration of gravity, @ is the wave angular frequency, a, is the wave
amplitude, Re,, is the critical Reynolds number (chosen as Re. = 3000), and v the
kinematic viscosity of ocean water (chosen as v = 1.35 x 10°® m?s™"). Figure 3 shows
the mixed layer depth (Eq. 3) for the introduced wave classes. For a given wave period
ZyLp 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 chlorophyll a maximum, which might be affected by deeply penetrating light
fluctuations. In addition, an abrupt rise of biomass concentration is associated with a
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. The wind-dependent high-frequency part is based
on the work of Elfouhaily et al. (1997) (and their references). The color-coding in Fig. 2
(left) shows the underlying “sea state typical” wind velocities U;,. We employ the two-
parameter Pierson-Moskowitz spectrum for the respective long-wave regime as it is
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proposed by the International Towing Tank Conference (Pierson and Moskowitz, 1964;
ITTC, 2002):

5H§ 5
5() = —=—exp (-— (4)
16751° 4TS 14

where f is the wave frequency, Hg is the significant wave height, and 7 is the spec-
tral peak period. The two input parameters wave height and period (for ease without
indices) are taken from Fig. 2 (left), where H is 0.5to 7mand T is 3 to 11 s, respec-
tively. As seen in Fig. 2 (left), different sea states can arise from equal prevailing wind
velocities, which is due to different stages of wave growth, wave energy dissipation,
or due to superposition of different wave systems. In some cases, especially in low-
wind situations, the transition between short and long wave spectra can be subject to
a discontinuity. This particularly applies to the range of small gravity waves, which are
not unimportant in the context of subsurface light variability. The issue is addressed by
insertion of an intermediate function into the spectrum that approximately fits to obser-
vations (e.g. Leykin and Rozenberg, 1984; Donelan et al., 1985; Jahne and Riemer,
1990).

All wave profiles under consideration are 600 m long with a horizontal resolution dx
of 0.1 mm. The corresponding modeled wave slopes are always normally distributed
due to the superposition of stochastic independent elementary waves. Under realistic
conditions, the steepness of capillary or gravity-capillary waves is modulated by longer
waves in such way, that the short waves are steeper, on average, when riding on the
forward faces of the longer waves (Longuet-Higgins, 1982). This observation explains
the actual wind-dependency of the skewness of the wave slope distribution (Cox and
Munk, 1954), which is not regarded in this work.
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2.3 Fluctuation parameters

The variability of the downwelling irradiance £, in water is based on spatial datasets
with horizontal resolutions dx of 2.5mm and 10cm, respectively. The water depth z
is positive downwards, vertical deflections of the sea surface (around the mean wa-
terline at z = Om) are treated exactly. The vertical length of a narrow water column is
defined as reference or true water depth z, the following light field analysis refers to
this reference depth.

Light fluctuations are commonly described by the coefficient of variation

O
CV = 100—=£ (5)
Eq

given as the percentage ratio of the standard deviation o and the averaged down-
welling irradiance Ed at the reference depth. £, time series are typically normalized
with the mean level irradiance in order to evaluate extreme values. The normalized
downwelling irradiance (related to spatial £, variability) is denoted as

E4(x)
= 6
X (x) 3 (6)

Irradiance pulses that exceed the mean irradiance by a factor y of more than 1.5 are
termed underwater light flashes (Dera and Stramski, 1986). We define extreme values
by means of the maximum normalized downwelling irradiance j,,,, and by the “signifi-
cant irradiance enhancement” x; /1o. The latter describes the mean of the 10 % highest
irradiance values; the labeling is motivated by the definition of the significant wave
height Hs (or Hy,3), which is the average height of the one-third highest waves. On
the one hand the significant irradiance enhancement provides a statistically smoothed
function of extreme intensity peaks over the water depth; on the other hand X1/10 €an
be seen as a rough estimate for measured £4 maximum values, taking into account
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that the sampling rates of some radiometers may be insufficient for high-frequency ir-
radiance measurements and that sensor integration times can elongate with increasing
water depth (we did £, measurements with a RAMSES-ACC-VIS radiometer (TriOS,
Germany) with a spectral range of 320 to 950 nm and effective sampling rates of 2 to
8s (Hieronymi et al., 2012)).

The modeled spatial light fluctuations are subject to a wavenumber analysis (anal-
ogous to frequency analysis) in order to characterize the statistical dynamics of the
underwater light field and thereby draw conclusions on the influence of associated
wave regimes at the sea surface. The power spectral density of y fluctuations (vari-
ance spectrum) is computed by means of a fast Fourier transformation. The spectral
peak length L, marks the wavelength that contributes most to the variance. Never-
theless, an accurate determination of L, is difficult for example in cases with a broad
spectral maximum or if individual peaks are located in close vicinity. We therefore ad-
ditionally use the mean (wave-) length of fluctuations L ,, which comprises more of the
relevant spectral band. It is determined by using the n-th spectral moments

m, = / k"8, (k)dk (7)
0

where k is the (angular) wavenumber and S, (k) the spectral density of the y-profile.
The mean fluctuation length is the area below the spectrum m divided by the spectral
center of gravity my

my

L =
m m,

(8)
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3 Results and discussion
3.1 Direct influence of local wind conditions

The influence of spatially very limited, so called “local’, wind on the underwater light
field is accessed by using the near-surface model with dx = 2.5 mm horizontal reso-
lution. The evaluated model domain is 5m deep and 20 m wide. The implemented ir-
regular wave profiles with random phase are generated from the wave spectra that are
shown in Fig. 1 (solid lines). Figure 4 shows two 1 m wide sections of resulting spatial
E 4 distributions for a “light breeze” and a “near gale” wind situations (3 and 15m s‘1).
The red colors indicate a radiative enhancement of more than 100 % of the surface in-
solation which is caused by the wave-focusing; bluish colors stand for a reduction due
to defocusing. Waves of the capillary and capillary-gravity range of 0.7-3cm length
play a key role in near-surface light focusing. Their spectral densities strongly increase
with the wind friction velocity. In contrast, small gravity waves are less dependent on
the local wind speed (Jahne and Riemer, 1990). Very close to the surface, the light field
variance is dominated by the de-/focusing of waves in this order of magnitude, visible
as clear stripes of E4 enhancements. Local wind determines the steepness of these
waves, affecting the depth of the (first) focal point, i.e. the more wind, the closer the fo-
cal point comes to the surface. The red single rays are further deflected by overlaying
small gravity waves, which again are steeper at stronger winds. This leads to intensified
light beam grouping at different depths and together with the occurrence of secondary
and further focal points that are caused by neighboring capillary-gravity waves, those
larger waves are responsible for very intense irradiance fluctuations within the top 5m
layer. With increasing depth the narrow stripes of radiative concentration are geomet-
rically scattered, light focusing is reduced, and in addition the intensity of each single
ray is attenuated.

Some statistical characteristics of the two light fields (Fig. 4) are compared in Fig. 5.
The occurrence frequencies of downwelling irradiance values are shown in Fig. 5a, b.
The mean values Ed are almost identical, mainly because the surface albedo (i.e. irra-
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diance reflectance) is wind-independent at high sun (Preisendorfer and Mobley, 1986);
E4 decreases exponentially with increasing water depth. However, one can clearly iden-
tify differences in the depth-dependence of the probability density functions PDF. Be-
cause of wave-focusing both probability distributions are highly skewed to the right and
heavily tailed. The wind-dependent surface geometry affects the occurrence depth and
intensity of extreme irradiance values. The PDF skewness y; is around 1.5 at depths
between 0.5 and 2m in the low wind situation, but only little more than 1 between 0.1
and 1.5m depth in the case of strong wind. In both cases the excess kurtosis y, can
take maximum values of 3, but y, decays faster at strong wind, i.e. the probability dis-
tribution faster approaches a Gaussian shape and less variance results from extreme
intensity peaks.

Figure 5c, d show the frequency of intensity peaks N that exceed an irradiance level.
In general, we see stronger irradiance peaks at low wind speed exceeding 7£, at the
maximum. According to the model, light flashes of GEd appear down to 5 m water depth
at moderate wind speeds, whereas the flash intensity is evidently reduced at the same
depth at strong wind.

The corresponding wavenumber analysis is illustrated in Fig. 5e, f. Red colors stand
for spectral ranges that contribute large amounts to the variability of the normalized
irradiance y. White and bluish colors denote negligible and small amplitudes of the
power spectral density S,. We see stronger and distinctly deeper reaching variance at

3ms~' wind speed. In both cases irradiance fluctuations near the surface are governed
by small waves of less than 5 cm length (the bounds of the wavelength range with most
wind friction dependency (0.007 and 0.03 m) are additionally marked). With increasing
depth the capillary wave (L < 1.7 cm) influence fades away and larger waves dominate
the fluctuations, i.e. Lp and L, grow.

Statistical characteristics of near-surface light field variability in dependence of local
wind are summarized in Fig. 6. The maximum coefficient of variation CV/,,, is asso-
ciated with the geometrical depth of the (first) focal point of capillary-gravity and small
gravity waves. At a wind speed of 3ms™, CV ax = 83 % at a water depth of 1.25m;
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CV hax = 81% at 25cm depth and 15m s~ wind. Below 80 cm water depth, irradiance
variability decreases with growing wind. The same wind dependency shows up in the
significant irradiance enhancement x4 14 (Fig. 6b). All maximum values reach the same
order of magnitude (approximately 2.8). At 5m water depth, x; /1o is between 1.7 and
2.4. The characteristic values L, and L, of the spectral analysis (Fig. 6c, d) confirm
the principal trend of increasing influence of longer waves with increasing water depth.
In 5m depth, L, = 9cm and 34 cm for wind speeds of 3 and 15ms™, respectively.
These averaged distances between two clustered irradiance maxima are clearly visible
in Fig. 4.

The wave spectra in Fig. 1 move closer together with increasing wind speed. Thus,
the wave and the underwater light field characteristics approach each other. In terms
of the pure geometrical influence of surface waves, differences in the statistics of
the underwater irradiance fluctuations become insignificant with wind speeds of over
12ms™". Apart from that, we have to acknowledge that the description of the sea sur-
face using linear superposition of spectrally weighted harmonics (Gaussian surface)
becomes increasingly inaccurate in higher wind speeds. Generally, wave crests are
higher and sharper and the troughs are shallower and flatter. Nonlinear wave interac-
tions, including the generation of “parasitic capillaries” on the downwind faces of gravity
waves alter the hydrodynamic properties and the shape of the free water surface (e.g.
Longuet-Higgins, 1982; Zhang, 1995).

The model results may be biased because they lack wind-stress-dependent bubble
injection into the water column. Occasional wave breaking, which generally provides
the dominant source of foam at the surface and bubbles in the water, can be already
observed at wind speeds about 3m s~ If the wind speed exceeds 7m s'1, horizontally
uniform bubble layers can evolve in the first metres and persist over hours (Thorpe,
1992). At the wind speeds under consideration (3—15ms'1), the contribution of foam
to the (broadband) surface albedo, and thus irradiance transmission, is very limited
despite its high reflectance (Zhang et al., 2006). More relevant are air bubbles in the
upper water layer as they cause enhanced reflectance (in clear water the reflectance
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has a strong dependence on the light spectrum). But in contrast to the upwelling light,
bubbles induce only very small enhancement in downwelling irradiance within the top
several tens of centimetres just beneath the surface and below that layer, £ is reduced
compared to bubble-free water (Stramski and Tegowski, 2001). For this reason we
must consider that air bubbles in water impair the effectiveness of wave lensing, and
thus damp the intensity of the described fluctuations, in particular at increasing wind
speed. Nevertheless, for the sake of model simplicity and a better inter-comparison of
the model results, whitecaps and bubbles are neglected within all presented radiative
transfer simulations.

3.1.1 The influence of growing waves

It is obvious that no underwater light fluctuations can evolve from a perfectly flat wa-
ter surface, i.e. at 0Oms™' wind speed we have the absolute fluctuation minimum in
terms of CV, et cetera. A threshold wind speed or friction velocity is required to ac-
tually produce waves. The reason is clearly that energy input from the wind does not
exceed viscous dissipation below this threshold (Donelan and Plant, 2009). The further
growth of small-scale waves depends on the energy input by the turbulent wind field
(i.e. the wave field develops with increasing fetch or duration), on the energy transfer
between waves of different length by nonlinear wave-wave interaction, and on the en-
ergy dissipation by wave breaking, viscous dissipation, and turbulent diffusion (Phillips,
1985). The simulation results that are shown in the previous Sect. 3.1 are based on
the short-wave spectra as used by Elfouhaily et al. (1997); they are plotted in Fig. 1
(solid lines). Over the open ocean, we must consider all the just mentioned aspects of
wave field interactions and assume a long-wave modification of the short-wave spectra
(dashed lines in Fig. 1). This in particular concerns the wave fields at low and moderate
wind conditions, where ultra-gravity waves (wavelength range approximately 1.7 cm to
1.6 m) have been stronger developed.

Figure 7 shows the corresponding influence on the underwater light field in terms
of the significant irradiance enhancement. In the case of strong wind, the fluctuation
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statistics remain unchanged, because the wave spectra have almost the same shape.
Whereas at low wind speed of 3m s~', we observe clearly intensified irradiance peaks
due to the lensing effect of steeper ultra-gravity waves. Within the depth range of 0.5
to 3m, maximum light flashes exceed 10E, (¥max = 12), the skewness of the E4 prob-
ability distribution is above 2 (instead of 1.5 in the reference case), the excess kurtosis
exhibits values of 7 (instead of 3), and CV is around 100 %. Consequently, the spectral
characteristics of light fluctuations change too; L, and L, grow faster with increasing
depth, e.g. Ly(z; = 5m) = 28.cm (instead of 9cm). The principal wind-dependency of
light field statistics (Fig. 6) is retained, but with amplified values at low and moderate
wind speeds.

3.2 Influence of the sea state on the underwater light field

Now we focus on light field changes due to variations of the long-wave part of the sea
spectrum which is referred to as sea state. The directly wind-dependent short-wave
part is also included in the applied spectra. The evaluable model domain covers 500 m
horizontally and up to 100 m vertically (water depth); the model resolution is 10cm
in both directions. The model takes into account all fractions of direct and scattered
radiation.

We would like to point out that the use of the two irradiance “detector sizes” of 2.5 mm
for the near-surface model and 10cm for the deep-water model may lead to differing
results in the statistical analysis. The rather coarse resolution in the deep-water model
makes sense to cover the large study area (of 50 000 m2), and it takes into considera-
tion the fact that the saturation time of radiometers typically increases with increasing
water depth (e.g. the integration time of the spectrally measuring RAMSES-ACC-VIS
can be up to 8s). The broader detector averages out substantial parts of the high-
frequency fluctuations and diminishes the amplitudes of light flashes near the surface.
If we carefully look at Fig. 4 and visually average the spatial £ distribution over 10cm
horizontally, we will find actually higher variability at 5m depth in the case of strong
wind which contradicts the statements in Fig. 6a. Darecki et al. (2011) compare the
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effects of different collector diameters (ranging from 2.5 to 23mm) on temporal Ey
measurements; their data from 2.7 m depth do not reveal a clear effect of the collector
size on the E4(t) signal (different IOPs and irradiation conditions as in our case). On
the one hand this is due to the scattering processes in water and the associated in-
creasing diffuseness of light, and on the other hand it shows the vanishing influence of
the high-frequency contribution to the light field variance which depends on the water
surface geometry (as shown in Fig. 6¢, d). Below approximately 10 m water depth, the
used model resolution of dx = 10 cm is perfectly sufficient to characterize the light field
fluctuations.

Figure 8 shows the computed irradiance distribution beneath the most prevalent
sea state with Hy = 2m, T, = 8s (both input parameters for the spectrum Eq. 4), and

Ujp=4.8m s™'. The 10 and 5% E4 contour lines are each highlighted to illustrate the
depth-effect of the irregularly deflected sea surface. In the example, the wave-induced
mixed layer depth, where under certain circumstances enhanced biomass concen-
tration (a deep chlorophyll a maximum) can be expected, is approximately at 35.5m
(Eq. 3). Here, the averaged downwelling irradiance is 27.7 % (of the surface value),
and individual E4 values vary between 22.4 and 39.2% (¥max = 1.44, CV=8.15%).
According to the model, light flashes (¥ = 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 depth E4 = 3.2% (the E4 minimum and maximum is at 2.9 and
3.4 %, respectively), CV= 2.84%, and the mean (peak) fluctuation period is around
6s.

The statistical characteristics of the simulated irradiance variability with respect to
different sea states are summarized in Fig. 9. The data refer to four water depths with
I::d =50, 25, 10, and 5 % of the surface irradiance value, which approximately corre-
spond to 20, 40, 60, and 80 m, respectively. Figure 10 provides additional information
on vertical changes of selected fluctuation parameters, where both the sea state re-
lated minimum and maximum values are identified. The red lines in Fig. 10a—c mark
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the parameter values that are averaged over the range of highest occurrence probabil-
ity shown by the white frame in Fig. 2.

With regards to the CV (Figs. 9a—d and 10a), the strongest light fluctuations appear
at particular steep sea states with high H/L values but low probability of occurrence
(see Fig. 2). Indirectly the statement is also true for high wind speeds, since wind speed
and sea state are correlated. It is obvious that fully developed seas shape larger lens
surfaces with enhanced depth effect. Figure 9d shows the CV at 80 m water depth,
ranging from 1.1 % (Hg = 0.5m, T = 9s, H/L = 0.004) to 14.3% (Hg =3.5m, T =55,
H/L =0.09), but a CV around 4.7 % being most likely. A special feature noticeable
at the 50% E4 level with Hg = 0.5m (Fig. 9a) is the slight increase of fluctuations
in the case of a wave period of 11s compared to the case with 5s, where CV is
16.7 and 13.4 %, respectively. The wave steepness is smaller, thus the enhanced CV
must be due to the slightly enhanced local wind speed U, that is characteristic for the
11 s sea state (see Fig. 2). This observation is an indication of the still present depth
effectiveness of a local wind (and thus of capillary-gravity waves) at 20 m depth.

With regards to ¥4 /19 and ¥max (Figs. 9e—l and 10b), we see the same depth changes
as in CV. As mentioned before, x; /1o is @ good benchmark of the maximum measure-
able irradiance enhancement (with e.g. a RAMSES-ACC-VIS). At 20 m water depth, our
comparative measurements mostly showed E4 maxima being in the order of 1.3—1 .4Ed
which absolutely fits to the simulated y; /1o of the corresponding sea states (Fig. 9e).

In rare events irradiance values of more than 1.5£, were measured at this depth level
under moderate sea conditions (Veal et al., 2010; Hieronymi et al., 2012). According
to Figs. 9i and 10b, the mean value of the simulated irradiance peaks . Within the
range of high occurrence probability is around 2, i.e. still at 20 m depth, £, can achieve
maximum values of 100 % of the surface irradiation. Theoretically, ¥, can be up to
25 (at Hg=25m, T =4s, H/L = 0.1). In case of perfect single waves, ¥,.x can be
10 at 20m and 1.5 at 80 m depth, respectively (Hieronymi, 2011). In reality, the surface
roughness causes considerable noise in the light regime that dampens the lensing ef-
fectiveness of longer waves. However, deep-reaching light flashes originate from the
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superposition with fully developed gravity waves. They can reach 30 m depth under
moderate and prevailing sea conditions but down to 75 m in extreme cases (Fig. 10b).

The wavenumber analysis of underwater irradiance fluctuations confirms the increas-
ing importance of growing surface waves (Figs. 9m—-t and 10c). L, provides a clearer
picture of the recurrence of radiative peaks as a function of different sea states com-
pared to the rather noisy L,,. But L, gives a direct hint on the mean distance between
two intense irradiance peaks, and thus about the magnitude of surface wavelengths
that dominate the irradiance variability. As seen in Fig. 9r, the light variability of flat-
ter sea states is (even at 40 m depth) still dominated by ultra-gravity waves, i.e. it is
associated with local wind. The differences in L, increase with water depth. At 80 m
depth, L, is between 5 and 45m, the mean value is around 30 m. The dependency
of the mean fluctuation length on the wave steepness becomes clear, if we recall the
focusing effect of single waves again (Hieronymi et al., 2012). The steeper a wave, the
closer is its focal point to the sea surface, i.e. if we look at a certain depth level, than
the focal point of a steeper wave must be associated with a longer wavelength. This
mechanism is mirrored for example in Fig. 9p, where steeper sea states are associated
with larger distances between relatively strong irradiance enhancements.

Figure 11 points out the influence of surface waves on the irradiance fluctuations
at certain depths, or more precisely it marks the wavelengths that contribute at least
0.1 % to the total spectral variance of the signal. Both used model resolutions and all
investigated cases are considered in this figure. The lower boundary of the spectral
wavelength range is partly dashed which indicates that shorter wavelengths occur, but
due to resolution limitations no statements can be made about this range. Local wind
primarily affects the light fluctuations down to roughly 10 m depth, if we consider the
most wind-dependent capillary and capillary-gravity waves of 0.7 to 3cm length only.
The depth-impact of ultra-gravity waves (up to 1s wave period or 1.5m length), which
are also closely related to the prevailing wind regime, is restricted to approximately
50 m depth. Waves at the surface must be at least 4 m long to being able to affect the
irradiance variability at a water depth of 80 m. On the other hand, waves longer than
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20 cm do not contribute considerably to the irradiance variability at 1 m depth. The light
field influence due to ordinary gravity waves (> 1 s 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 underwater light fluctuations, for example an extreme clear atmosphere that
causes 10 % diffuse surface irradiation only and the high standing sun (65 = 0°).

3.3.1 Discussion of the applied methods

Our Monte Carlo model is based on a completely novel approach (Hieronymi et al.,
2012). It is optimized for investigations of the light field below arbitrary sea surfaces.
The model yields reliable results on the spatial £4 distribution, from which all statistical
properties of the light field including the periodicity of extreme values can be deduced.
In comparison to other models (e.g. Deckert and Michael, 2006; D’Alimonte et al., 2010;
You et al., 2010; Shen et al., 2011) our model provides a high information density with
high spatial resolution down to much greater depths (100m). And yet our model is
relatively fast (light fields below more than 100 different wave profiles were investigated
for this study).

The description of the sea surface and its implementation into the radiative transfer
model remains a critical factor that still leaves room for improvements. Wave specitra,
as the Pierson-Moskowitz (PM) spectrum, have been utilized with this regard (e.g. by
Nikolayev et al., 1972; Weber, 2010; You et al., 2010). However, the PM spectrum
applies to gravity waves in a fully developed sea, which means that the wave growth
has reached a point of equilibrium with the wind input. The PM spectrum does actually
not apply to capillary and ultra-gravity waves that are most important in terms of light
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field variability (at least near the surface); the validity of such a long-wave spectrum is
limited to wavenumbers up to approximately 10 times its spectral peak k&, (e.g. Leykin
and Rozenberg, 1984; Elfouhaily et al., 2009). Over the open ocean, sea states are
very often influenced or even dominated by swells (e.g. as seen in Fig. 2, wave classes
with large periods appear despite the fact that there is not enough prevailing wind to
actually generate these long waves). In the presence of swells, the wave spectrum
exhibits a narrow peak, or in combination with a wind sea it shows a bimodal shape
(e.g. ITTC, 2002); both spectral shapes differ from the PM shape. Nevertheless, the
spectra that we use include all relevant classes of waves ranging from capillary to swell
waves; the long-wave part is always described by the Pierson-Moskowitz spectrum
(Eqg. 4) and the wind-specific short-wave part is additionally accounted for.

In some radiative transfer models (e.g. HydroLight), the wind-dependent roughness
of the sea surface is implemented by the statistical slope distribution of water facets
according to Cox and Munk (1954). Our wave profiles, which are generated from
the unified spectra for long and short waves, have a slope distribution that can dif-
fer from the Cox-Munk distribution. There is a good match at moderate wind speeds
around 5ms™", but at less wind we observe a narrower distribution and at higher wind
speeds we have more frequently steeper slopes compared to Cox-Munk. One expla-
nation for the deviations is that we partly consider extreme sea events with signifi-
cant wave heights up to 7m. However, there are clear differences at high wind speeds
(> 10ms_1) that raise the question on the validity of our approach with linear wave
theory and the disregard of nonlinearities. Just recently, there have been two studies
on polarized underwater light fields by You et al. (2011) and Xu et al. (2011), where
three-dimensional wave elevations were derived from high-resolution wave slope mea-
surements and from a numerical “high-order spectral method”, respectively. Both re-
alizations of the sea surface sound promising and could be applied in future studies.
With this regard, we would expect that the light field variance rather weakens at strong
wind and increases at light wind in comparison with our model.
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Our model considers the exact shape of wave profiles in the x and z directions
(with dx = 0.1 mm). Viewed statistically, the sea states investigated can have maximum
wave amplitudes of more than 5 m around the mean waterline (e.g. with H; = 7m). As
far as we know, there is only one comparable model by D’Alimonte et al. (2010) that
includes vertical wave elevations as well. Regarding the precise wave geometry gives a
more realistic picture of the underwater irradiance distribution, i.e. otherwise, in case of
a z-invariant light input, the lensing pattern would be distorted. However, the differences
in the light field statistics are generally minor.

3.3.2 Discussion of the simulation results

With regards to the magnitude of irradiance enhancements, temporally high resolution
measurements of the downwelling irradiance show that near the surface instantaneous
light pulses can exceed 10E; the amplitude of the strongest flash was in excess of
15E4 (measured with a 2.5 mm collector at 0.86 m water depth) (Darecki et al., 2011;
Gernez et al., 2011). Our near-surface model is capable of reproducing such irradiance
enhancements for light to moderate wind conditions and under the presence of steeper
ultra-gravity waves. In theory, irradiance pulses can exceed the mean irradiance by a
factor of 40 at a water depth of 1 m under the assumption of an ideal steep wave of
80 cm length (Hieronymi et al., 2012).

According to our model, light flashes can occur much deeper than observed so far.
Under realistic conditions, in terms of the sea state, irradiance peaks with 1.5£4 should
be still possible at 30 m water depth (Fig. 10b), but their occurrence frequency is low.
Up to now, light flashes were recorded down to a depth of 21 m only (Veal et al., 2010;
Hieronymi et al., 2012). Irradiance variability (CV) of around 10 % has been detected
at the depth range of 30 to 35 m (Stramska and Dickey, 1998; Veal et al., 2010) which
absolutely fits to our simulation results for moderate sea states (Fig. 10a). However,
the simulated deep-water maximum values that are presented in this article should be
verified with more precisely and temporally high resolution in-situ measurements.
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Some publications have compiled statistics on the relationship between wind con-
ditions and underwater light field fluctuations (e.g. Nikolayev et al., 1972; Dera and
Stramski, 1986; Gernez and Antoine, 2009; Weber, 2010; Hieronymi and Macke, 2010;
Darecki et al., 2011). There is general agreement that the most favorable conditions for
light focusing by waves prevail at moderate winds between 2 and 7m s™'. Wind-related
capillary waves at the surface essentially blur the spatial structure of the light field and
decrease the lensing efficiency of small ultra-gravity waves which, at a standard depth
of 1 m, cause the most intense fluctuations (Hieronymi, 2011). Our model provides the
geometrical explanation and shows the interactions of different wave types. Related to
the depth range of 1 to 5m, our simulation results confirm the known wind-dependency
(Fig. 6a). But the model also shows that higher wind speeds induce stronger fluctua-
tions within the first half metre which is also shown by Weber (2010); this is due to
steeper capillary-gravity waves that develop focal points closer to the sea surface.

Nikolayev et al. (1972) have analyzed the relationship between wind-dependent wave
spectra and corresponding energy density spectra of illumination fluctuations at several
water depths; they showed the shift of the fluctuation peak towards lower frequencies
with increasing depth, and that higher wind speeds have stronger low-frequency peaks
and a sharp drop in the spectral density towards higher frequency. These observa-
tions are in good agreement with the wavenumber analysis of our modeled light fields
(Figs. 5e, f and 6c¢, d).

The sea state-dependency of irradiance variability is less well-documented (most
relevant studies concentrate on the near-surface region). By means of our model, we
have demonstrated that more developed gravity waves — here one can speak of a sea
state — primarily affect deeper water layers, but essentially not the upper most 10 m.
This statement is confirmed by Gernez and Antoine (2009) who showed that gravity
waves have no evident impact on irradiance fluctuations at approximately 4 m depth
and that the wave height has relatively little influence on CV and the spectral peak pe-
riod of fluctuations. Our earlier measuring campaigns suggested that below 5 m depth,
light fluctuations can be described more accurately in terms of wave height and pe-
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riod, rather than wind speed, and that between 3 and 25m water depth waves with
H, of 1.5 to 2.5m provoke the strongest intensity fluctuations (Hieronymi and Macke,
2010). In this sense a quite similar conclusion can be drawn from data of Nikolayev and
Yakubenko (1978). With regard to a water depth of 20 m, seas with small wave heights
(< 0.4m) cause considerably less light fluctuation compared to higher waves (of e.g.
1.5m height). The simulation results of this study are in line with these observations if
we consider the most likely sea states during the measuring campaigns (see Fig. 9a).
But the findings also suggest that it is rather the wave steepness H/L of the character-
istic wave of a sea state that influences the light variability at greater depths, namely
the steeper a wave system, the stronger are the underwater light field fluctuations. This
is exactly the same relation for single waves (Hieronymi et al., 2012) and of course it
applies for each constant wavelength L.

Steep wave systems are mostly associated with strong wind (Fig. 2). In this case it
has to be assumed that in reality the lensing efficiency is considerably reduced because
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 wind speed our model overestimates the strength of irradiance variability
down the water column. However, the model assumption of vertical solar insolation
(8g = 0°) can only occur within the tropics where the yearly mean of the wind speed
does not exceed 9ms™" (Sterl and Caires, 2005). Our model generally shows very
good agreement with observations under such light to moderate wind conditions.

Another question is whether different sea states at constant wind speed actually have
an impact on the mean downwelling irradiance in the water column. We have slightly
different slope distributions due to the differing long-wave part of the spectrum, i.e.
the presence of a more developed sea is comparable with slightly higher wind speeds
(related to the Cox-Munk distribution). Within our simulations we have no considerable
changes of £4 due to wind or the sea state. This is mainly because of the perpendicular
light input where the irradiance reflectance is very low and almost wind-independent
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(Preisendorfer and Mobley, 1986). But we would conclude that there is an effect at low
sun positions, because then more light is reflected at the stronger roughened surface.

4 Summary

This paper presents the first systematic analysis of the influence of various wind and
wave regimes on the downwelling irradiance variability within the upper ocean mixed
layer down to 100 m depth. The study is based on a two-dimensional Monte Carlo ra-
diative transfer model the principle suitability of which is proven by comparisons with
several corresponding in-situ measurements and with the radiative transfer model Hy-
droLight (Hieronymi et al., 2012). We assume model conditions that favor the develop-
ment of extreme light fluctuations within the entire lit water column, i.e. monochromatic
light at 490 nm, high standing sun (0°), a very low portion of diffuse sky radiation (10 %),
and very clear well-mixed sea water with a low chlorophyll a content of 0.1 mg m=3. Any
arbitrary wave profile can be implemented into the model in order to simulate the result-
ing underwater light field. Two model resolutions are chosen, the near-surface model is
resolved with 2.5 mm horizontally and the deep-water model with 10 cm, respectively.
The basic difference is that the latter considers all direct and diffuse radiation in the
water, while the near-surface model considers the direct light beam only.

In a first step we look at the influence of wind on the light field near the surface.
As a locally occurring event, wind primarily affects the steepness of small waves in
the transition region from capillary to ultra-gravity waves. The near-surface light field is
dominated by the focusing effect of these small waves. In case of high wind speeds, we
have steep capillary-gravity waves that build up focal points closer to the surface than
flatter waves that develop at low wind speeds. For this reason we have a vertical shift
of the maximum light fluctuations towards the surface at growing wind. However, max-
imum irradiance peaks can be observed at relatively low wind speeds of 3 to 5m s
(where 3 ms~' is the lowest wind speed under consideration); within the depth range
of 0.5 to 3m, maximum light flashes can exceed 7L-:d. At low wind, the strength of ir-
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radiance fluctuations can be even amplified under the influence of further developed
ultra-gravity waves, thereby ., €xceeds 12. OSD
In the second step we investigate fully developed sea states that can occur in the

open sea (some of the cases occur very rarely and are of rather theoretical interest). 9, 1231-1272, 2012

The applied wave spectra cover all magnitudes of ocean waves, ranging from directly
wind-dependent capillaries to swell waves which are independent of local wind. Gravity Underwater light
waves influence the light field to much greater depths; they are the reason for (low- field fluctuations
amplitude) irradiance variability at 80 m and deeper. According to the model it should

be possible to observe light flashes (with 1.5E,) still at 30 m water depth under realistic e llzeiinl e

sea conditions; theoretically light flashes can reach 75m. Our simulations show that A lEeke

the light variability at greater depths more clearly depends on the wave steepness H/L

of the characteristic wave of a sea state than on the wave height; the steeper a wave —— ‘
itle Page

system, the stronger are the underwater light field fluctuations.
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Fig. 1. Wave spectra for different local wind conditions that are used for our near-surface un-
derwater light field simulations (short-wave part only); the dashed lines show the modification
due to the long-wave part of the unified spectra.
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Fig. 2. Sea states under consideration for underwater light field simulations with dx = 10cm
horizontal resolution; left: input parameters (wave height H, wave period 7, and wind speed
U,,) 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).
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Fig. 3. Wave-induced mixed layer depth z,  for the wave classes under consideration (Eq. 2).
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Fig. 6. The influence of local wind on the underwater light field near the water surface; (a)
coefficient of variation CV of Ej fluctuations; (b) significant irradiance enhancement y, /10; ()
mean fluctuation length L,; (d) spectral peak length L,,.
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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 % E 4 depth level (z, = 19.7, 38.5, 62.0, and 79.2 m,
respectively) based on the model with dx = 10 cm resolution; (a—d): coefficient of variation CV;
(e—h): significant irradiance enhancement x;10; (i-l): maximum normalized irradiance Ymay;
(m—p): mean fluctuation length L ,; (q-t): spectral peak length L.
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Fig. 10. Summary of light field statistics of all sea states under consideration with the dx =
10 cm model; the gray lines show the respective minimum and maximum values, the red lines
present the average of the values due to the sea states with highest occurrence probability (in
the white framed in Fig. 2); (a): coefficient of variation CV/; (b): maximum normalized down-
welling irradiance .., (€): mean fluctuation length L.
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Fig. 11. Range of waves that influence the light field at depth; the red lines represent the
minimum and maximum wavelengths that contribute at least 0.1 % (one per-mille) to the first
spectral moment m, of S, (integral of the wavenumber-weighted variance spectrum of y fluctu-
ations, Eq. 6); top: near-surface model with dx = 2.5 mm; below: dx = 10 cm model resolution.
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