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Abstract

We develop a new power spectrum of the refractive-index fluctuations turbulent oceanic
based on the marine atmospheric spectrum developed in the literature. This power spec-
trum is global, it allows to describe the refractive index variations in turbulent oceanic,
turbulent biological tissue and turbulent marine atmosphere.
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1 Introduction

The determination of the propagation properties of laser beams through random media,
such as the atmosphere, the ocean and the biological tissue, represents the subject of sev-
eral research active fields, such as free space optical communication, underwater optics
communications, remote sensing, imaging and targeting systems (Baykal 2016; Khan-
nous and Belafhal 2018; Doronin et al. 2019; Luo et al 2018; Chib et al. 2020, 2023a,
b). Furthermore, the ocean environment has different effects on the propagation of opti-
cal waves through it compared with the atmosphere above land or ocean. This medium is
characterized by temperature and salinity fluctuations which lead to spatial variations of its
refractive index. Therefore, the introduction of the spatial of the power spectrum of oceanic
refractive-index fluctuations, which describes the spatial changes of the index of refraction,
is important for researchers to obtain the accurate and reliable theoretical model of optical
communication in the oceanic turbulence. In the literature, some models have been inves-
tigated and developed to describe the power spectrum of oceanic turbulence (Nikishov and
Nikishov 2000; Yao et al. 2017; Li et al. 2019). Recently, Li et al. (2019) have developed a
new spectrum of the refractive-index fluctuations for the unstable stratification ocean based
on the linear combination of the temperature spectrum, salinity spectrum and coupling
spectrum that all include the outer scale. This spectrum is used to describe the behavior of
turbulence in a turbulent oceanic environment.
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On other hand, Chib et al. (2023b) are proposed a global spectrum model characterizing
the refractive index variations in turbulent biological tissue based on the spectrum model of
Khannous and Belafhal (2018). Also, since the atmosphere, the ocean and the biological tis-
sue mediums are the turbulent media. So, we must have a single model that describes its three
mediums and which depends on the characteristic parameters of each medium. In this manu-
script, we propose a new spectrum model which describes the fluctuations of the index of
refraction in the ocean medium. An analytical expression of this spectrum has been developed
based on the general form which was introduced by Khannous and Belathal (2018). The rest
parts of the paper are organized as follows: In Sect. 2, we present the theoretical model of the
power spectrum of the refractive-index fluctuations turbulent oceanic. Finally, conclusion of
the present work is presented in Sect. 3.

2 Theoretical model

Oceanic turbulence is represented by the spectrum of oceanic refractive-index variations,
which are primarily brought on by changes in temperature and salinity. Therefore, we aim to
find relations between variations in temperature and salinity and changes in oceanic refrac-
tive index. According to the study (Nikishov and Nikishov 2000), in the linear approximation,
we can structure the refractive-index fluctuating n as a linear function of the temperature and
salinity fluctuations

n=—AT + BS, (1)

where A = 2.6 x 107*liter/ deg, B = 1.75 x 10~*liter/ gram, T indicates the temperature
fluctuations of the refraction index and S is the salinity fluctuations of the refraction index.

The three correlation functions of temperature, salinity, and coupling fluctuations may be
used to determine the structure function of the refractive-index fluctuations for locally homo-
geneous and isotropic turbulence (Nikishov and Nikishov 2000; Yao et al. 2017). Using the
relationship between the spatial power spectrum and the scalar spectrum (Lu et al. 2006), as
well as the spectral expansion of the structural function of the refractive-index variations, the
Nikishov’s spatial power spectrum of oceanic refractive-index fluctuations is written as (Nik-
ishov and Nikishov 2000; Yao et al. 2017)

(k) = A’®S (k) + B DS(x) — 2ABDS ((k), 2)

where « represents the spatial wave number, @7.(x) is the scalar spectrum of temperature
fluctuations, @(x) is the scalar spectrum of salinity fluctuations and @7 (x) is the scalar
spectrum of coupling fluctuations.

In the following, we will propose the three separate spatial power spectra of oceanic turbu-
lence based on the approximations of the oceanic spectra (Yao et al. 2017) of the temperature,
salinity, and coupling fluctuations

(k) = (ko k) ;G(kmFi(kn), 0 <k < oo, with (i=T, S, TS), 3)

where k, = i—”, L, is the outer scale of the turbulence, y; is the rate of the dissipation of
0

mean-squared temperature, yg is the rate of the dissipation of mean-squared salinity, g is

the rate of the dissipation of mean-squared coupling and they are related by the equation

(Nikishov and Nikishov 2000; Lu et al. 2006) y, =A%y, + By — 2AB yy,
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G,(kn) = exp [—(xn)’ /R?|. n = (v3/5)1/4 is the inner scale of turbulence with v is the
kinematic viscosity and € represents the rate of dissipation of turbulent kinetic energy of
fluid, R, = \/g[Wl -1/3+1/ (9Wi)]3/2/ 0%?, with Q is the non-dimensional

1/3

constant, W, = { [Prl.z/ (GﬂQ—2)2 —pr,/ (81ﬁQ—2)]1/2 - [1/27-Pr,/ (68072)] } ,

Pry¢ = 2Pr; Pr; / (PrT + Prs), Pr; and Prg are the Prandtl numbers of the temperature and
salinity, respectively, and f is the Obukhov-Corrsin constant.
(K, %)

A, 3T(D/ 2)

K . . . . .
= o () is the power spectral density that characteristics the light scattering

with D being the fractal dimension and determines the shape of the distribution.
Substituting Eq. (3) into Eq. (2), the spectrum of the oceanic refractive-index fluctua-
tions can be expressed as

(k) = (k. k) [A% 47 Gr(kmF(kn) + B xsGs(kn)F(kn) — 2AB ysGrs(cn)Frs(km))|.

“

If we consider the same correction of the corresponding spectra, one obtains
Fr(xn) = Fg(kn) = Frg(kn) = F(kn), 5)

where
2 7/6 2
F(kn) = 1+bmexp —a@ +C(H> exp —ﬁ@ (6)
Ky Ky KL Ky
Consequently, Eq. (2) becomes

@ (k) = @(Kg. ) F(cn) [A* yrGricn) + B xsGg(kn) — 2AB y15Grg(icn)| )
We will choose that y, = BZAﬁ yrand yrg = Az(;;? xr with 8 being the eddy diffusivity

ration and w defines the contributions of the temperature and salinity distributions to the
distribution of the refractive-index (Lu et al. 2006). Note that the eddy diffusivity ration 0,
in the unstable stratification, is expressed as (Elamassie et al. 2017)

w |1/ (1= Vi@l =D/1@]) o>
§="F—= 1.85|w| — 0.85 052wl =1, (®)
g 0.15|w| |w| <0.5

where Ry, is the eddy flux ratio. By replacing y¢ and y; by their expressions in Eq. (7), this
last equation becomes
c 1 (1+90)
q),,(’f) = (P(Ko’ K)F(Kﬂ)AZZT Gr(xn) + _ZGs(Kﬂ) — ———Gr(xn)
w0 w6 9)
= A’ (k) + B*®(x) — 2ABD ((x),

where
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2

() = (i, k) Fon) - exp l—(’;'? ] : (10.2)
T
. A2 (kn)’*
(k) = @ (k9. k) Flkm) 17 75— exp l— % ] : (10.b)
and
. A (1+0) (kn)’

(02 = — F —

75(K) = 0 @ (Ko, &) F(kn) x7 exp l R, ] (10.0)

By the use of the following expression

A2 2 Xs
2 - w0,
I w . (11)
)(TAz/BZ
g T 2
and
Ad+0)
trp e = s (13)
we can write
. (kn)*
(k) = (K. k) F(kn) x5 exp = |’ (14)
s
and
. k)’
D% (k) = (/7(’(0, K)F(Kﬂ))(TS exp l_ (RZ ] (15)
TS

Finally, our oceanic spectrum of the refractive-index in the unstable stratification case
(0 # 1) is given by

(k) = @ (Ko, k) F(kmA® 7

(Kn)z] 1 [ (Kn)z} (1+6) [ (Kn)z] }
X< exp |[— + ——exp |— - exp |— ,0< Kk < o0.
{ [ RZT @0 R§ wd R%s

(16)

Equation (16) is our main result which is used to describe the refractive index variations

in turbulent oceanic. b, ¢, « and f are constants to be determined. k; is a parameter inversely
proportional to the inner scale of turbulence.
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3 Conclusion

In summary, the oceanic optical turbulence is primarily caused by fluctuations in tem-
perature and salinity concentration and might grow significantly in areas where cold and
warm waters mechanically interact. Turbulence in the ocean boundary layer during rains
is one example of this. In this paper, we propose a new spatial power spectrum of oceanic
refractive-index fluctuation expressed by Eq. (16). In this analyze, the structure function
of the refractive-index fluctuations for spatially homogeneous and isotropic turbulence is
identified by using the three correlation functions of temperature, salinity, and coupling
fluctuations.
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