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[1] Turbulence in the upper ocean generates fluctuations in temperature and salinity, which
result in variations in inherent optical properties (IOPs) and further change the underwater
light field. A simulation-based study is performed for the radiative transfer (RT) of
natural light in the turbulent flows in the upper ocean. For a canonical problem of turbulent
shear flow interacting with the sea surface with and without surface waves, large-eddy
simulations are performed for fluid motions and the transport of temperature and salinity.
Based on the resolved turbulence temperature and salinity fields, IOP variations are
quantified, and the inhomogeneous RT equation is then simulated using a Monte Carlo
method. Through the simulations of a variety of cases with different flow, temperature, and
salinity conditions, the statistics of downwelling irradiance are quantified and analyzed.

It is found that the vertical profile of the mean downwelling irradiance is mainly determined
by the vertical structure of the mean values of the IOPs; and turbulence effect is manifested
in the horizontal variations of the downwelling irradiance. The magnitude of the irradiance
variation is governed by the differences in the temperature and salinity between their
values at the surface and in the deep region. In the presence of surface waves, the irradiance

variation is enhanced due to the surface deformation, which is also largely affected by
wave—turbulence interaction. The LES and inhomogeneous RT simulation may provide
a useful tool for the characterization of upper-ocean turbulence processes based on

underwater RT measurements.

Citation: Xu, Z., X. Guo, L. Shen, and D. K. P. Yue (2012), Radiative transfer in ocean turbulence and its effect on underwater
light field, J. Geophys. Res., 117, COOH18, doi:10.1029/2011JC007351.

1. Introduction

[2] The fluctuations of solar irradiance and radiance in the
upper ocean have been studied experimentally and theoreti-
cally for half a century. Existing analytical and numerical
models are based on the assumption that the in-water irradi-
ance and radiance variations are associated with the focusing
and defocusing of sunlight at the air—water interface and the
light scattering and absorption within the ocean body. Scat-
tering acts like a low-pass filter and smooths out the high
frequencies of the light field. The fluctuation magnitude
of downwelling irradiance decreases when the single scat-
tering albedo increases. Experimentalists including Snyder
and Dera [1970], Dera and Stramski [1986], Stramski and
Legendre [1992], and Gernez and Antoine [2009] built spe-
cific instruments to measure temporal variations of under-
water solar irradiance and radiance. Recently, You et al
[2009] theoretically investigated the wave-induced irradi-
ance fluctuation with direct simulation. Shen et al. [2011]

'Department of Mechanical Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts, USA.

“Department of Civil Engineering, Johns Hopkins University, Baltimore,
Maryland, USA.

Copyright 2012 by the American Geophysical Union.
0148-0227/12/2011JC007351

developed an analytical model for the probability distribu-
tion of underwater irradiance induced by wind-driven surface
waves. Both the above two theoretical studies employed
empirical linear wave spectral models and assumed that the
solar light propagates in a homogeneous ocean medium.
However, it should be noted that wave nonlinearity can
sometimes be important and that due to oceanic turbulence,
fluctuations of temperature and salinity may cause varia-
tions of inherent optical properties (IOPs) to change the solar
light field.

[3] Although the light propagation affected by atmospheric
turbulence and clouds has been widely studied, less attention
has been paid to the turbulence effect on the ocean side.
A pioneering work was done by Chilton et al. [1969], who
investigated the effect of oceanic turbulence on underwater
images. Gilbert and Honey [1972] also studied this effect and
found that the fluctuations in temperature and salinity can
be large enough to degrade image quality, especially for
coherent light. Bogucki et al. [1998, 2004] numerically and
experimental studied the effect of refractive index change
caused by oceanic turbulence on the scattering coefficient
and volume scattering function at near-forward angles.
Bogucki et al. [2007a] then developed a method to extract the
rate of temperature variance dissipation from light scattering
measurements; Bogucki et al. [2007b] also numerically
investigated the effect of turbulence-induced IOP variations
on returning lidar signals. Recently, Lu et al. [2006] studied
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Figure 1. Schematics of the turbulent shear flow in the
upper ocean considered in the present study.

the propagation of a partially coherent beam in oceanic tur-
bulence and illustrated the dependence of the normalized
root-mean-square (RMS) width of the beam on turbulence.
Korotkova and Farwell [2011] investigated the effect of
oceanic turbulence on the polarization of stochastic beams.
The above studies focus on the propagation of fully or par-
tially coherent light beams within the oceanic turbulence. In
these cases, the variation of refractive index is the major
factor contributing to the distortion of light beams. Both Lu
et al. [2006] and Korotkova and Farwell [2011] used the
spectral model of refractive index for the seawater, which
was developed by Nikishov and Nikishov [2000] with the
approximation of single scattering for coherent light.

[4] In oceans under natural conditions, the incoherent solar
light is dominant. It has been found that turbulence has rel-
atively weaker effect on incoherent light than on coherent
light [Mobley, 1994; Lu et al., 2006]. Duntley [1974] showed
that for solar light, the very small change of refractive index
due to turbulence does not significantly affect the distribution
of radiant energy in water. The scattering change in turbulent
flows was found unimportant to the overall redistribution of
radiant energy by Mobley [1994]. Nevertheless, it has been
observed that turbulence leads to changes in time-averaged
volume scattering function. Honey and Sorenson [1970]
studied the turbulence-induced optical absorption and scat-
tering properties in ocean and found enhancement of forward
scattering at very narrow angles. Bogucki et al. [1998, 2004]
built a theoretical model and reproduced the same behavior
of volume scattering function at very small forward scatter-
ing angles. Besides the volume scattering function, the
dependence of absorption and scattering coefficients and
refractive index of pure seawater on temperature and salinity
was illustrated in many studies including Pegau et al. [1997],
Zhang et al. [2009], McNeil [1977], Pope and Fry [1997],
and Quan and Fry [1995]. The models obtained from their
studies are discussed in section 2.2.

[5] With the increasing capability of underwater light
sensing, which has become a potential way of passive mea-
surement of upper ocean conditions, it has become possible
and worthwhile to quantify the small fluctuations in natural
underwater light. Instead of the Maxwell equations with the
approximation of single scattering or first-order treatment of
multiple scattering, radiative transfer equation (RTE) with
spatially dependent absorption and scattering coefficients
and phase function has become amenable to solve to yield the
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solar radiant energy propagation in oceanic and atmospheric
turbulence. In general, changes of refractive index in real and
imaginary parts are interpreted as the respective changes of
scattering and absorption coefficients in the RTE. Recently,
derivations of modified RTE accounting for continuously
changing refractive index were reported [Shendeleva and
Molloy, 1999; Tualle and Tinet, 2003; Premaratne et al.,
2005; Bal, 2006]. Their derivations are based on approxi-
mation of geometric optics, and the bending effect of light
is explicitly expressed in the RTE.

[6] In this paper, we report a simulation based study on the
effect of oceanic turbulence on natural underwater light field.
We develop numerical models for the large-eddy simulation
(LES) of turbulent flows in the upper ocean and the transport
of scalars (section 2.1). Based on empirical formula in lit-
eratures, we incorporate IOP variations due to temperature
and salinity fluctuations (section 2.2) to our radiative transfer
simulations. Starting from the general RTE that accounts for
refractive index changes, we show the validity of ignoring
the refractive index term in the upper ocean environment
in Monte Carlo (MC) simulations (section 2.3). In section 3,
we show the simulation results of downwelling irradiance
with and without dynamic ocean surface waves. Finally, we
present the conclusions and discussion in section 4.

2. Numerical Models

2.1.

[7] We consider a turbulent shear flow in the upper ocean
with the presence of surface waves (Figure 1). The frame of
references has axes x, y, and z pointing to the streamwise,
spanwise, and vertical directions, respectively. The origin
of the coordinate system is located on the undisturbed sea
surface.

[8] The governing equations of LES are the filtered
momentum equations for incompressible and Newtonian
flows

Ocean Turbulence Model

ou;  O(wiy)
Ot 0ox;

1P ory®
pox;, ox

and the filtered continuity equation

G
3 =0 )

Here, “(-)” denotes the filtered (i.e., resolved at grid scale)
value in LES; u; (also denoted as u, v, and W) is the resolved
velocity; p is the water density; P is the resolved dynamic
pressure; and 757° = ua; — w;y; is the subgrid-scale (SGS)
stress, which represents the effect of turbulence eddies
smaller than the grid scale on the resolved motion [Sagaut,
2006]. We use the Smagorinsky model [Smagorinsky,
1963] to represent T;j-GS as

7565 — o (cuﬁ)zjé

y

Si (3)

where C,, is the Smagorinsky coefficient for velocity; Ais the
filter width (which equals to grid size in this study); S;;=
(u;; + 1;,;) /2 is the filtered strain rate; and |S| = (2S,~j8,-j-)1/2.
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[9] Note that the use of the Smagorinsky model for bound-
ary layer flows requires some caution [see, e.g., Sagaut,
2006]. Shen and Yue [2001] performed an extensively anal-
ysis on the inter-scale energy transfer in turbulent flows with
a free surface based on data of direct numerical simulation
(DNS) on fine grid, and assessed the performance of SGS
models through a priori and a posteriori tests on coarse grid.
It is found that it is important to correctly represent the var-
iation of the model coefficient in free-surface turbulent flows,
and a dynamic procedure to determine the model coefficient
is necessary for capturing the physics of free-surface turbu-
lence. In the present study, we have employed the dynamic
Smagorinsky model of Germano et al. [1991] and Lilly
[1992] as well as a particular variant of it, namely the scale-
dependent Lagrangian dynamic model [Bou-Zeid et al.,
2005]. The latter has two attractive features especially suit-
able for the present wave—turbulence interaction problem.
First, in the dynamic procedure [Germano et al., 1991; Lilly,
1992] of determining model coefficient, Lagrangian aver-
aging along fluid paths [Meneveau et al., 1996] is used to
overcome the difficulty of lacking homogeneous direction
for performing spatial averaging to reduce model coefficient
fluctuations (for review, see, e.g., Meneveau and Katz
[2000]) in the flow field that is heterogeneous due to the
presence of waves. Second, the complex disequilibrium
turbulence field near the boundary can be better addressed
with the scale-dependent treatment of the model coefficient
[Porte-Agel et al., 2000]. More discussion on the scale-
dependent and Lagrangian dynamic modeling approach can
be found in the work of Bou-Zeid et al. [2004, 2005]. In
the present paper, all the results are based on LES using this
model.

[10] At the sea surface, the nonlinear kinematic boundary
condition (KBC) is

z=1, )

where 7 is the surface elevation. We assume the local wind
to be weak and model the air as a region with constant
pressure. The nonlinear dynamic boundary conditions (DBCs)
atz=mn,

—T —

h[a]-n =0, n -

— —T

tl-[?ﬂ'n =0,

represent the balance of the stress at the free surface. In
equation (5), o; = —(P/p — gz)6; + TgGS , where g is the
gravitational acceleration and 0 is the Kronecker delta; 7,
and #, are the tangential directions of the sea surface and n
is the normal direction of the sea surface pointing from the
water to the air. They are expressed as

0.1Ln) -

Al 2 o=
,/7)}2,+1

( 3 7773/’ 1

N

- (170777)() ) .
1
(6)
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At the bottom of the computational domain (z = —H) that is
deep enough to have negligible effect on the near-surface
motion, a shear-free boundary condition is applied as

ou v

In the horizontal directions, we use a periodic boundary
condition.
[11] For the transport of a scalar in the flow, the governing

equation for the scalar concentration, 6, is

o0  ouh 00}

ot ij 6x,- ’ (8)
where ©7° representing the subgrid-scale diffusion of the
scalar is modeled as

0% — (C@)TE‘ 2—3 9)

Similar to the velocity field simulation, the Smagorinsky
coefficient for the scalar, Cy, is calculated based on the scale-
dependent Lagrangian dynamic model.

[12] Two types of scalars, which respectively correspond
to temperature and salinity, are considered here. For the
temperature, 7', because its turbulence transport is mainly
controlled by the heat flux due to air-side processes (e.g.,

evaporation), its boundary conditions are [Handler et al.,
1999; Kermani et al., 2011]

oT
5 = s'urfacey at z=mn, (10)
T = Theep, at z=—H. (11)

In the simulation, we take T geep = 5°C and Tgyace 18 adjusted
to make the average value of T'gypee equal to 10°C, 15°C,

or 20°C. For the salinity, S, because its turbulence transport
process is governed by the concentration difference, the
boundary conditions are

S = Ssurfacev at (12)

z=n,

g = Sbonolm at z=-H. (13)
We take Spottom = 35 ppt and Sgurface = 32 ppt, 33 ppt, or
34 ppt. Here, ppt stands for “parts per thousand.”

[13] To accurately capture the flow motion under the
unsteady sea surface, we use a boundary-fitted grid that fol-
lows the surface undulatory motion. An algebraic mapping
is used to transform the irregular physical domain bounded
by the wave surface into a rectangular computational domain
by normalizing z with the distance from the sea surface to
the computational domain bottom. The governing equations
for the flow, (1) and (2), subject to the boundary conditions
are integrated in time with a fractional step method [Kim
and Moin, 1985]. The surface elevation is advanced in time
through the integration of the KBC with a Runge—Kutta
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scheme. For the spatial discretization, a pseudo-spectral
method is used in the horizontal directions. In the vertical
direction, we use a finite-difference method. The details
of the numerical schemes and the validations are provided
by Guo and Shen [2009, 2010] and Yang and Shen [2011a,
2011b]. The numerical scheme for the scalar governing
equation, (8), is similar to that of the momentum equation,
with an additional treatment for the scalar flux to conserve
scalar mass and prevent unphysical extrema and oscillations
in scalar concentration that sometimes occur due to numer-
ical dispersion and diffusion [Chamecki et al., 2008]. We
combine a positive-definite flux limiter [Skamarock, 2006]
that prevents the occurrence of negative scalar concentration
values, and a monotonic flux limiter [Zalesak, 1979] that
prevents the maxima amplification problem, in a way similar
to Skamarock and Weisman [2009] and Wang et al. [2009].

[14] The size of the computational domain is L, x L, x
H=260m x 260 m x 100 m. In the horizontal directions,
an evenly distributed 192-point grid is used. In the vertical
direction, we use a 97-point grid that is clustered toward the
sea surface to have higher resolution near the surface.

[15] Superposed with small velocity noises as seed for
turbulence (and a long-crested wave train if surface wave is
considered), the simulation starts with a shear flow with a
mean velocity profile

(14)
0

() 2 z
U= 0.9988 sech (0.88137L0)7
which is representative of wake flows near the sea sur-
face [Triantafyllou and Dimas, 1989]. An Orr-Sommerfeld
stability analysis of equation (14) has been performed by
Triantafyllou and Dimas [1989]. The nonlinear evolution of
the mean profile is studied by Dimas and Triantafyllou
[1994] and Shen et al. [2000]. Shen et al. [2001, 2004] and
Khakpour et al. [2011] studied the turbulence structures and
scalar field.

[16] In this study, for wave effect, two scenarios are con-
sidered. One is that the initial wave train propagates in the
same direction as the mean flow; and the other is that they
travel in opposite directions. In both scenarios, the wave-
length of the wave train is L = 65 m and the initial wave
amplitude is ¢’ = 1 m. In the simulations, the sea surface
dynamically interacts with the underlying turbulent flow and,
as a result, the wave train is distorted and additional small-
amplitude, short waves are generated. In addition to these
wave scenarios, cases with a flat surface are also simulated to
represent a calm ocean surface.

2.2. Atmosphere and Ocean IOPs Models

[17] We consider the solar light propagating in the
atmosphere-ocean system. A plane-parallel geometry is
assumed for the atmosphere, which is modeled as a two-layer
system based on the Maritime Aerosol Model I (MAR-I)
[Adams and Gray,2011]. The upper layer contains continental-
type aerosols, and the lower layer contains maritime-type
aerosols. Assume 7. is the optical thickness of the continental
haze layer, 7, is the optical thickness of the maritime haze
layer, and 7. is the optical thickness of the Rayleigh scatter-
ing layer. We have

Te=0.025, 7, = 0.114, wy = 0.957 (15)
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for the upper layer, and

7w = 0.05, 7, = 0.031, wy =1 (16)

for the lower layer. Here, wy is the single scattering albedo.
The volume scattering function for the Rayleigh scattering
layer is approximated as the Rayleigh scattering phase
function, and the volume scattering function for the conti-
nental and maritime haze layers uses the Henyey—Greenstein
(HG) phase function.

[18] The case 1 water [Morel and Prieur, 1977] is assumed
for the ocean model. For simplicity, for most of the cases
considered in this study, we assume that the chlorophyll
concentration along the depth is uniformly distributed with
a value C = 0.1 mg m >, which corresponds to very clear
(oligotrophic) water. Empirical models of absorption coeffi-
cient a(T, S, C; \N), scattering coefficient b(7, S, C; \), and
refractive index n(7T, S; \) are described below.

2.2.1. Absorption Coefficient

[19] A model for the absorption coefficient a(7, S, C; \)

in units of m~' was given by Haltrin [1998] as:

0.602
a(T,S,C; \) = ay(T, S; \) + a§(N) (a> —|—af°C/»e*k/A

+ aiChe*k")‘.

(17)

Here, a,(T, S; ) is the pure water absorption coefficient
inm™" with \ being the wavelength of light in nm; ag is the
specific absorption coefficient of chlorophyll in m™'; C'is the
total concentration of chlorophyll in mg m~>; C? is a con-
stant with the value C0 =1 mg m >; a}) =35.959 m* mg~!
and aj, = 18.828 m? mg ' are the specific absorption coeffi-
cients of fulvic acid and humic acid, respectively; Crand C;,
are respectively the concentrations of fulvic and humic acids,
both in mg/m?*; and the two remaining constants in the above
equation are k;, = 0.0189 nm ' and &, = 0.01105 nm™'. The
relations among C, Cj; and C,, are given by Haltrin [1998] as

Cr = 1.74098 - C - *1327°C, (18)

Cp = 0.19334 - C - *1B48°€ (19)
According to Pegau et al. [1997], one can write the pure
water absorption coefficient a,, as a function of temperature
T and salinity S as

aw(T,S; \) = ay(T,,0; \) + Ur (T — T,) + UsS, (20)

where T, is the reference temperature, and W7 and Uy are
coefficients of temperature and salinity, respectively. Their
values at different light wavelengths are given in Tables 2
and 4 of Pegau et al. [1997].And a,(T, 0 ; \) and aj were
measured by Bricaud et al. [1995], who parameterized ag
with the following formula:

a§(N) = A(N)CEW. (21)
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Table 1. The Values of a,(7, 0; A\) in Equation (20) and
Coefticients A(\) and B(\) Used in Equation (21)

Anm) (T, 0; ) AN B
400 0.00663 0.0263 0.282
500 0.0204 0.023 0.0321
600 0.2224 0.054 0.092

The values of 4 and B for representative A considered in the
present study are listed in Table 1. Putting the above equa-
tions together, we have the following formula

a(T,S,C; ) = ay(T,,0;\) + U7 (T — T,) + UsS
0.602
ca(G) G 4G

(22)

In this study, the total chlorophyll concentration is assumed
to be independent of the temperature and salinity.
2.2.2. Scattering Coefficient

[20] For the scattering coefficient H(7, S, C; A) that is in
units of m ™', we use the model presented by Haltrin [1998]
and Zhang et al. [2009], which is written as

b(T,S,C; \) = by, (T,S; \) + bY(N)Cs + bY (V). (23)

Here, b,,(T, S; \) is the scattering coefficient of pure water in
m~'; b%(\) and b()) are respectively the specific scattering
coefficients for small and large particular matters, both in
units of m?> g~'. The spectral dependence of »2(\) and
bY(\) was given by Kopelevich [1983] as

BN = (11513 m*g ™) (4%0) ]'7, (24)
400\ "
BY(\) = (0.3411m2g’1)(T) . (25)

And C, and C,, both in g m !, are respectively the con-
centrations of small and large particulate matters and they are
determined using the following relations [Haltrin, 1998]:

Cy = 0.01739 - C - O11631°C, (26)

C; = 0.76284 - C - *03092:C, (27)
[21] According to Morel and Prieur [1977], the scattering
coefficient of pure water can be obtained as

A\ 4.32
by(T,S; \) = 16.06 (70) B,(90;T.S; N),  (28)

where ), is the reference wavelength of light;
6,(90; T, S; \o) is the volume scattering function at 90°.
The detailed expression of (3,(90; T, S; Ag) can be found
in equation (2) and Table 1 of Zhang et al. [2009]. Putting
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above formula together, we obtain the scattering coefficient
b(T, S, C; )\) as

4.32
b(T,S,C; \) = 16.06 (%) B, (90; T, S; Xo) + b2(N)

-0.01739 - C - M1OTC L pY(N)

-0.76284 - C - 0B392C, (29)
2.2.3. Refractive Index

[22] For the refractive index n(T, S; A), we employ the
expression of McNeil [1977], who used the data provided by
Austin and Halikas [1976] to obtain an empirical equation for
the refractive index of seawater as a function of light wave-
length, temperature, and pressure. In the upper ocean, the
influence of pressure on refractive index is very small.
Therefore, the empirical equation is simplified as

n(T,8;0) =13247-25x10°T° +5(2x107* -8 x 107'T)
3300 3.2 x 107
XA

(30)

2.2.4. Phase Function

[23] According to Mobley [1994], the phase function of
the seawater p(T, S; ©; X) can be written as a summation
of phase functions of different components. Here we con-
sider two components, pure seawater and particles:

bu(T, S5 \)
b(T,S; \)

by(N)

p(T,8;0; ) = BT.5; %)

Pw(©) + pp(©),  (31)

where O is the scattering angle; b,(7, S, A) is the depth-
independent scattering coefficient of pure seawater; b,(\)
is the particle scattering coefficient; b = b, + b,, is the
total scattering coefficient; p,(O©) is the phase function
of pure water, which is expressed as p,(©) = 0.06225
(1+0.0835 cos*0); and pp(©) is the Petzold average particle
phase function [Petzold, 1972].

2.3. Monte Carlo Method for the Simulation
of Inhomogeneous RTE

[24] Considering an incoherent and unpolarized light beam
propagating in an isotropic and inhomogeneous medium,
its propagation characteristics can be described by a general
RTE that considers inhomogeneity in absorption coefficient,
scattering coefficient, and refractive index:

Q- VI(r;Q; ) = —FI(r; 2 \) — c(r; VI (r; Q; \)
+ b(r; A)/ p(r; 2, Q5 NI (r; Q' \)dgY’
47

+ O(r; ; \). (32)

In the above equation, /(r; 2; \) in W m 2 st nm™! is the

radiance, which is a function of location r, solid angle €2, and
wavelength \. The solid angle €2 in units of sr represents the
direction of the light beam. The relation between the solid
angle €2 and the direction in polar coordinates (6, ¢) can be
expressed as df2 = sinf d #d¢. The wavelength dependence
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is defined by averaging the radiance over a small interval
A and imposing AX — 0. V is the gradient in cartesian
coordinates; c(r; A) and b(r; \) are respectively the attenua-
tion and scattering coefficients; p(r; €2, 2'; \) is the scatter-
ing phase function; and Q(r; €2; \) are the source terms. All
of the above variables are functions of location r. F is
an operator imposed on the radiance to govern the bending
of light beam due to the refractive index changes. Several
authors reported slightly different forms of F [Shendeleva
and Molloy, 1999; Tualle and Tinet, 2003; Bal, 2006]. But
all these forms include the term of the gradient of refractive
index, Vn.

[25] The general RTE with variable refractive index can
be solved with a MC method combined with a ray-tracing
technique [e.g., Born and Wolf, 1970]. In the upper ocean,
say, within the top 100 m below the sea surface, the typical
magnitude of temperature and salinity variations is AT ~
10°C and AS ~ 2 ppt [e.g., Hansen and Thacker, 1999].
Using the empirical models in section 2.2, for A ~ 500 nm,
T ~ 10°C, and S ~ 34 ppt, say,

on 4 0 —1
57~ 100

on

on | -4 -1
P 2 x 107 (ppt) . (33)

Therefore, the gradient of refractive index can be estimated
as

<(A”)2>1/z 1| (on) on\ 2
N T T KW) (AT)* + (%) (AS)?

~1x107°m™".

(34)

[26] As a result, compared with the magnitudes of
absorption and scattering coefficient fluctuations, which is
about 1 x 107> m™', the effect of the variation of refractive
index on the solar radiance energy distribution for natural
light is thus two orders of magnitude smaller and can gen-
erally be ignored [Mobley, 1994]. To simplify the picture, we
subsequently focus primarily on the effects of variations of
absorption coefficient and volume scattering function on the
radiative transfer, and neglect those directly due to variations
of the refractive index. The numerical simulations now can
be based on the well-known form of RTE in inhomogeneous
medium by assuming F = 0, obtaining substantial computa-
tional efficiency and simplification.

[27] The MC method is regarded as the most straightfor-
ward and physics-orientated method for the prediction of the
RT. In this study, we develop a three-dimensional forward
MC radiative transfer model to simulate the natural unpo-
larized light propagation inside the ocean turbulent flow.
During each absorption and scattering cycle in the MC sim-
ulation, four random numbers, R;, where i =1, 2, 3, and 4, are
generated to determine the photon traveling distance ¢, scat-
tered polar angle ©, and azimuthal angle ®. The traveling
distance is obtained by satisfying the condition

Ri=1—exp [_ ./o.[ o(r: A)}, (35)
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where the integral is taken in the direction of photon prop-
agation. After traveling by a distance ¢, it is determined
if the photon is scattered (R, < wp(r; A)) or absorbed
(Ry = wo(r; N)). If scattered, the scattered polar angle © and
azimuthal angle ® are obtained by satisfying

[C]
Ry =27 / (6)sind do, (36)
0

and

® = 27Ry, (37)
where for the seawater the scattered azimuthal angle ® with
respect to the incident direction is uniformly distributed over
[0, 27].

[28] To validate the MC code, we have compared our
simulation with that of Mobley [1994]. Consider a water
body of case 1 water with variation of IOPs caused by the
vertical profile of chlorophyll. The chlorophyll profiles can
often be approximated by a Gaussian [Lewis et al., 1983]:

exp[—1/2 (Z_%)Z}

sV 2

Here, the parameters Cy, /4, s, and z,,,x are chosen as Cy =
0.2 mg m >, h= 144 mg m 2, s=9m,and z, = —17 m.
The total absorption coefficient a(z; \) was obtained by
Morel [1991] as

C(z) =Co+ (38)

a(\) = [aw(\) + 0.06a*(\)C¥S] [1 + 0.2 exp(—0.014(\ — 400))],
(39)

where a¥()) is a nondimensional, statistically derived chlo-
rophyll-specific absorption coefficient; a,()\) and aX()\) are
given in Table 3.7 of Mobley [1994]. The total scattering
coefficient b(z; \) is obtained from the bio-optical model
given by Gordon and Morel [1983]:

550

b()\) = <T)0.30c°-62.

(40)
The phase function used is the same as in equation (31). The
solar incidence is in the direction of 57°; the ratio of sky-total
incident irradiance is 0.3 [Mobley, 1994]; and the ocean
surface is assumed to be flat.

[20] Figure 2 shows the comparison between the present
Monte Carlo model with that of Mobley [1994] in terms of
downwelling and upwelling irradiance for the light wave-
lengths of A =400 nm, 500 nm, 600 nm, and 700 nm. It can
be seen that the agreement is good.

3. Simulation Results

[30] From the LES, we obtain instantaneous, three-
dimensional flow and scalar fields, based on which we per-
form MC simulations for the RTE. This paper focuses on
the discussion of downwelling irradiance, Er, t; A), which
is defined as

27 /2
Ea(r,t:) = / / 6,60 0) fcosf] 40, (41)
¢=0 J6=0
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Figure 2. Comparison of the present Monte Carlo method with Mobley [1994]. Plotted are vertical pro-
files of (a) the absorption coefficient a, (b) the scattering coefficient b, (c) the downwelling irradiance E,,
and (d) the upwelling irradiance E,. The results with different light wavelengths including A = 400 nm
(black), 500 nm (red), 600 nm (blue), and 700 nm (purple) are shown. In Figures 2c and 2 d: solid lines, the
results of the present RT simulation; open squares, the data from the simulation of Mobley [1994].

where ¢ is the time. Two statistical quantities are of particular
interest to the study of the variations of downwelling irradi-
ance, namely its mean value and the coefficient of variation.
The mean value of E; is defined as

o]
E (r,t; \) dx dy dt,
LxLy t Jx Jy ( )

where L, is the duration of the simulation, and L,L, is the area
of the horizontal plane. Here and hereafter, () denotes the
averaged value. Accordingly, the coefficient of variation of
E; is defined as

ENEN =1 (42)

(iEatr, 0 — Eal )

CVia(z; A) = (Ea(z; N))

(43)

[31] For the results shown below, for simplicity, we con-
sider only the cases with the Sun’s position at zenith and solar
incidence normal to the ocean surface. It is assumed that at
the bottom of the computational domain (z = —100 m, which
we denote as the “deep region” in this study), the temperature
and salinity have the asymptotic values of Tgce, = 5°C and
Saeep = 35 ppt, respectively. The differences in the tempera-
ture and salinity between the deep region and the sea surface
play an important role in affecting the underwater light pat-
terns and variations. A variety of surface values of 7" and S

are considered, including T'gyface = 10°C, 15°C, and 20°C
and Sgurface = 32 ppt, 32 ppt, and 34 ppt. Hereafter, we
denote these cases as the temperature difference AT =
Tsurface — Taeep = 5°C, 10°C, and 15°C and the salinity dif-
ference AS = Sgeep — Ssurface = 1 PP, 2 ppt, and 3 ppt. Note
that here, the surface temperature is warmer than below,
while the surface salinity is lower than below.

3.1.

[32] We first consider the case where the wave is absent to
investigate the effect of the underwater turbulence. For the
case of light wavelength A = 500 nm, temperature difference
AT = 15°C, and salinity difference AS = 2 ppt, the vertical
profiles of the mean values and the coefficients of variation
of the attenuation coefficient ¢ and the single scattering
albedo wy are shown in Figure 3. From Figure 3a, we can see
that as the location becomes deeper, (c¢) decreases while {wy)
increases. The majority of their change occurs near the sea
surface over a depth of around 20 m. From Figure 3b, we can
observe that CV,. and CV,, are quite close to each other. Their
maximum values are located very close to the sea surface.

[33] For the same case as above, Figure 4 shows an
example of the instantaneous distributions of the attenuation
coefficient ¢, single scattering albedo wy, and downwelling
irradiance E, on a horizontal plane that is 12.5 m below the
ocean surface. Figure 4a shows that the horizontal variation
of cis O(10~*) m ' Figure 4b shows that the instantaneous

Under Calm Ocean Surface
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Figure 3. Vertical profiles of (a) the mean value and (b) the coefficient of variation of the attenuation coef-
ficient ¢ (black) and the scattering albedo wy (red). The case with the light wavelength A\ = 500 nm, the tem-
perature difference AT = 15°C, and the salinity difference AS =2 ppt is shown here.

wp has a distribution pattern similar to that of ¢, and the
magnitude of wy variation is also small. The distribution of
E, (plotted in Figure 4c) has high correlation with those of ¢
and wy and, not surprisingly, the relative fluctuations of E is
weak because the change in IOPs is small.
3.1.1. Turbulent Flow With and Without Turbulence
Fluctuation

[34] In oceanic turbulent flows, temperature and salinity
vary in the vertical direction due to the difference between
their sea surface and deep region values, as well as in the
horizontal directions due to turbulence fluctuations. We use
numerical simulation to illustrate these two effects by con-
sidering two cases. The first case is the one discussed earlier,
which has the light wavelength A = 500 nm, temperature
difference AT = 15°C, and salinity difference AS=2 pptina
turbulent flow under a calm ocean surface. The attenuation
coefficient ¢ and single scattering albedo wy in this flow have
the profiles of the mean values shown in Figure 3a and the
profiles of the coefficients of variation shown in Figure 3b.

100 150
x(m)

100

Figure 4.

150 2
x(m)

(a) (b)

The second case is an artificial one, which has the same
vertical profiles of the mean IOPs as in the first case, but with
the turbulence-induced horizontal fluctuations in the IOPs
removed. That is, the second case has uniform IOPs in the
horizontal directions.

[35] We perform MC simulations for the above two cases
and plot the results in Figure 5. Figure 5a shows that these
two cases have the almost identical vertical profiles of the
mean E,. This result indicates that the vertical structures of
the mean IOPs, which are identical between the two cases,
play a dominant role in the vertical variation of the irradiance
on average. Mobley [1994] pointed out that “turbulence-
induced scatter is unimportant in the overall redistribution of
radiant energy in lakes and oceans.” Our result is consistent
with this statement as far as the mean irradiance is concerned.
The turbulence effect is, on the other hand, manifested in the
horizontal variation of E,, which is quantified through CVy,
and is plotted in Figure 5b. As shown, CVg, behaves differ-
ently between the two cases. For the second case in which the

Iﬂ 789

10.788

0.534 ‘b“—— Hll 787
i

0.786

0.785

|
‘I
‘o

Instantaneous horizontal distributions of (a) the attenuation coefficient ¢, (b) the single scatter-

ing albedo wy, and (c) the downwelling irradiance £, at the depth of 12.5 m. The case of calm ocean surface
with the light wavelength A = 500 nm, the temperature difference AT = 15°C, and the salinity difference

AS =2 ppt is shown here.
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turbulence fluctuations are removed, CVg, is zero by defini-
tion. In the numerical result shown in Figure 5b, it has small
values due to the numerical noise in MC simulation. Never-
theless, the noise magnitude is appreciably smaller than the
CVpgs value of the first case, which shows the turbulence
effect. The figure also shows that in the turbulence case,
away from the ocean surface, CVg, increases and reaches its
maximum value around the depth of 20 m and then decrea-
ses. This result is consistent with the IOP variations depicted
in Figure 3b, which has relatively large magnitude in the
region of —20 m <z < 0 m. Below z ~ —20 m, the scattering
effect, which reduces the variation of the light field, becomes
more important, and CVpg,; decreases gradually when the
depth increases.
3.1.2. Effects of Light Wavelength

[36] Lights of different wavelengths have different IOPs,
which lead to different radiant energy distributions in oceanic
turbulent flow. To illustrate this effect, we consider A =400 nm,

500 nm, and 600 nm. Based on section 2.2, we calculate the
corresponding IOPs. On average, the attenuation coefficient
¢=0.0590 m ', 0.0535 m~ !, and 0.595 m~!, respectively,
and the single scattering albedo wy = 0.62, 0.54, and 0.43,
respectively. Mainly affected by wy, the cases of A =400 nm
and 600 nm have respectively the slowest and fastest atten-
uation rates, as shown in Figure 6a.

[37] The coefficients of variation for the attenuation coef-
ficient and single scattering albedo behave differently from
their mean values. Using the parameterizations given in
section 2.2, we found that the case of A = 400 nm has the
largest CV, and CV,, values among the three wavelengths,
with the remaining two wavelengths having similar profiles
of CV,and CV,, between them (not plotted here). As a result,
as shown in Figure 6b, the coefficient of variation of down-
welling irradiance is the largest for A =400 nm, and is similar
between A = 500 nm and 600 nm.

0 : .
-10r  —e—A=400 nm .
20l TFA=500 mm |
—+—A=600 mn 7
=-301 = 1
T‘/ -40+ N E
=50} . —&—A=400 mn -
F
a5 }_*’* —£— 4=500 mn
= *_*«* ——A=600 nm
. I L
10'1 3 4x103

(Eq) (Wm?nm?)

(a)

Figure 6. Vertical profiles of (a) the mean value and (b) the coefficient of variation of the downwelling
irradiance E, for different light wavelengths including A = 400 nm (black), 500 nm (blue), and 600 nm
(red). The case of calm ocean surface with the temperature difference AT=15°C and the salinity difference
AS =2 ppt is shown.
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Figure 7. Vertical profiles of the coefficient of variation of the downwelling irradiance E, for (a) salinity

difference AS = 2 ppt and various values of temperature difference of AT =

5°C (black), 10°C (blue), and

15°C (red); and (b) temperature difference A7 = 15°C and various values of salinity difference of AS =
1 ppt (black), 2 ppt (blue), and 3 ppt (red). The case of calm ocean surface with the light wavelength A =

500 nm is shown here.

3.1.3. Effects of Temperature and Salinity Differences

[38] To understand how the differences in temperature and
salinity between the sea surface and deep region affect the
turbulence effect on the light field, we calculate a variety of
cases with AT and AS varying independently.

[39] Assuming light wavelength A =500 nm, we first keep
AS fixed at 2 ppt and consider AT = 5°C, 10°C, and 15°C,
respectively. This corresponds to the typical ocean con-
ditions of the deep ocean having temperature 5°C while the
sea surface temperature ranges from 10°C to 20°C. Based on
the parameterizations in section 2.2, for the temperature of
5°C, 10°C, 15°C, and 20°C, the attenuation coefficient ¢
is respectively 0.0533 m~ ', 0.0534 m~', 0.0535 m !, and
0.0536 m™', and the single scattering albedo wy is respec-
tively 0.541, 0.540, 0.539, and 0.538. Due to the very small
change in ¢ and wy, it can be expected that the difference in
the mean value of downwelling irradiance E, is negligibly
small among the different AT cases. The effect of AT is
mainly manifested in the coefficient of variation of E,;, which
is plotted in Figure 7a. As shown, relatively larger tempera-
ture difference leads to relatively bigger CVg,.

[40] We next consider the effect of salinity difference.
Simulations with A7 =15°C and AS=1 ppt, 2 ppt, and 3 ppt
are performed. Because the variations of the mean values of
¢ and wy are small, the effect of AS on the mean values of E;
is almost indiscernible in our simulation results. The coeffi-
cients of variation of E, for different AS are shown in
Figure 7b. From the comparison between Figures 7a and 7b,
it can be concluded that the influence of salinity fluctuations
on the underwater light variation is weaker than that of
temperature fluctuations.

3.2. Under Dynamic Ocean Surface Waves

[41] In this section, we discuss the cases in which the wave
is present to investigate the combined effect of wave and
turbulence on underwater irradiance. The majority of previ-
ous studies used linearization approximation at the ocean
surface. It has been shown that with linearization approxi-
mation of the Snell’s law, the power spectrum density of

downwelling irradiance has a linear dependence on the
spectra of surface elevation, surface slope, and surface cur-
vature [Walker, 1994]. Recently, the downwelling irradiance
has been found to be governed by a Poisson distribution with
its mean value being a function of surface slope and surface
curvature [Shen et al., 2011].

[42] To illustrate the effect of surface deformation on the
underwater light field, Figure 8 shows instantaneous surface
elevation and downwelling irradiance on a horizontal plane
below the surface for the case of light wavelength A =
500 nm. The focusing and defocusing effect of the surface
geometry on the underwater irradiance is clearly seen. Due to
wave—turbulence interaction, the surface wave is distorted,
which results in complex patterns in the underwater light
field. In the case shown in Figures 8a and 8b, the wave and
the turbulent shear flow are in the same direction. Compared
with the case plotted in Figures 8c and 8d in which the wave
and shear flow are in opposite directions, the first case has
larger wave amplitude because of wave—turbulence inter-
action, and more coherent distribution of the underwater
downwelling irradiance.

[43] The statistics of downwelling irradiance is shown in
Figure 9. In addition to the above two cases, we also consider
the scenario of having the wave only but without the turbu-
lent shear flow. As shown in Figure 9a, the difference in the
mean downwelling irradiance is small among these three
cases. This similarity indicates that the averaged effect of
light attenuation is governed by the mean IOPs, which have
similar vertical variations among the three cases. Similar
results are shown for the calm ocean surface cases discussed
in section 3.1. The turbulence effect is manifested in the
magnitude of horizontal variation of the downwelling irra-
diance. Due to the fluctuations in IOPs caused by turbulence
and, more importantly, due to the distortion of the wave
surface caused by wave—turbulence interaction, the CVpgy,
profiles are different among the three cases as shown in
Figure 9b. When the wave and turbulent shear flow are in
opposite directions, CVy, has the largest magnitude, consis-
tent with the observation in Figure 8d that the spatial
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Figure 8. Instantaneous (a) sea surface elevation and (b) downwelling irradiance E, at the depth of 12.5 m
for the case that the surface wave and the shear flow are in the same direction; and instantaneous (c) sea
surface elevation and (d) downwelling irradiance £, at the depth of 12.5 m for the case that surface wave
and the shear flow are in opposite directions. The case of the light wavelength A = 500 nm, the tempera-
ture difference AT = 15°C, the salinity difference AS = 2 ppt, and the wave train with the initial amplitude
@ =1 m is shown here.

variation of E,; is relatively larger compared with that in
Figure 8c. If there exists wave only, Figure 9c shows that
CVgg has smaller magnitude compared with the turbulence
case, indicating the turbulence effect. We also note that in our

0 5 0 . . : :
wk —* opposite direction 10
—+— same direction
20 —= wave only J 2200 g
~ -30f 1 = -30t |
N0} 1~ ol |
50k _ .50 —=—opposite direction i -
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10! 10° 0 0.02 0.04 0.06 0.08 0.1

(Ey) (Wm?nm™) 2
(a) (b)

Figure 9. Vertical profiles of (a) the mean value and (b) the coefficient of variation of the downwelling
irradiance E, for the cases in which the surface wave and shear flow are in the opposite (blue) and the same
(red) directions as well as the case with a wave train but without turbulence (black). The cases with the light
wavelength A = 500 nm, the temperature difference AT = 15°C, the salinity difference AS =2 ppt, and the
wave train with the initial amplitude ¢” = 1 m are shown here.
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results, the maxima of CVpg, occur at a depth around 60 m,
which is shallower than the focal point discussed by
Zaneveld and Hwang [2001]. This discrepancy is associated
with the scattering by ocean particles. Moreover, the wave
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Figure 10. Vertical profiles of (a) the mean value and (b) the coefficient of variation of the downwellin%

irradiance E, with different cut-off wavenumbers in

the sea surface elevation presentation: k. = 6.98 m

(black), 4.65m™" (blue), and 2.32m ' (red). The cases with the light wavelength A = 500 nm, the temper-
ature difference AT = 15°C, the salinity difference AS =2 ppt, and the wave train with the initial amplitude

a’ = 1.5 m are shown here.

surface modulation due to wave—turbulence interaction,
which is captured directly in our fully-nonlinear dynamic
ocean surface calculation, also affects the location of the
maximum variation of E,.

[44] Finally, to show that the resolution of our simulation is
adequate, we plot in Figure 10 the results of (£,) and CVpy
profiles with different cut-off wavenumbers, k., of the ocean
surface representation. The results shown in previous figures
all have k. = 4.65 m~'. When the resolution is increased to
k.=2.32m ' ordecreased to k,=6.98 m !, Figure 10 shows
that the difference in the simulation results is negligibly
small, indicating the adequacy of the simulation resolution
used in this study.

4. Conclusions and Discussion

[45] In this study, we have numerically studied the effects
of turbulence in the upper ocean on the underwater irradi-
ance. We obtained the ocean turbulence data by performing
large-eddy simulations. We quantified the turbulence struc-
tures of IOPs with empirical models for the dependence of
IOPs on temperature and salinity. We then used a Monte
Carlo method to simulate the radiative transfer process in
the turbulence field, and quantified the natural solar light
distribution inside the inhomogeneous ocean body.

[46] With the simulation data, we have investigated the
effect of oceanic turbulence on the statistics of underwater
light field in terms of the mean value and the coefficient
of variation of downwelling irradiance. A variety of flow,
temperature, and salinity conditions are examined. It is found
that the vertical profile of the mean downwelling irradiance
is mainly determined by the vertical structure of the mean
values of IOPs. Turbulence effect is manifested in the hori-
zontal variation of the downwelling irradiance, which corre-
lates with the variations of the attenuation coefficient and
single scattering albedo. This effect is illustrated by simula-
tions of different light wavelengths which have different
IOPs. It is also found that the relative magnitude of down-
welling irradiance variation is largely affected by the

differences in the temperature and salinity between the sea
surface and the deep region, because the differences deter-
mine the magnitude of IOP variations. Under typical ocean
conditions, between the temperature and salinity, the former
has a relatively stronger effect on the irradiance than the latter
does. In the presence of ocean surface waves, the horizontal
variation of downwelling irradiance is enhanced due to
surface deformation, which is largely affected by wave—
turbulence interaction.

[47] From this study, it is shown that oceanic turbulence
induces variations in temperature and salinity and modulates
the wave surface through wave—turbulence interaction. The
variation in the underwater irradiance field due to the
turbulence-induced IOP change inside the ocean body has
small magnitude. As such, measurement instruments need to
have high resolutions to capture such phenomenon. On the
other hand, from Figure 4, we see that high correlation exists
between the downwelling irradiance and oceanic IOPs. If
high-quality underwater irradiance measurement is avail-
able, using the relations between IOPs and temperature and
salinity, one may be able to deduce the frequency spectra of
temperature and salinity in the ocean by measuring the time
series of downwelling irradiance.

[48] We note that the present simulation approach is
employed because the light source in question is the inco-
herent solar light. Therefore, the radiative transfer equation is
chosen over the Maxwell’s equations for the purpose of
obtaining underwater radiant energy distribution. We also
note that in this study, the chlorophyll concentration is
assumed to be constant along the depth and thus does not
fluctuate with turbulence. For some other applications, the
mixing of chlorophyll by oceanic turbulence plays an
important role in the underwater radiative transfer. The
present numerical simulation approach can be extended
to these applications, if the chlorophyll transport and other
processes, such as the interaction with nutrients and the
photosynthetically active radiation, are included to the com-
putational framework.
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