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Abstract
In this paper, the anisotropy of optical convective underwater turbulence is investigated in terms
of the variance of angle of arrival (AOA) fluctuations of a narrow laser beam propagating
through it in different sections of the medium. The collimated laser beam with a wavelength
532 nm and a diameter 1 cm, which passes through a convective underwater turbulence. The
turbulence is generated in a water tank with dimensions of 20 cm × 36 cm × 20 cm, which is
installed on a flat surface electrical heater. During the experiments, the mean water temperature
(MWT) can be changed from room temperature to 34 ◦C by increasing the heater temperature.
The use of the heater also generates a temperature gradient in the medium. The laser beam
propagates along a horizontal path with a length of 20 cm inside the tank at different altitudes
from the heater source, as well as at different distances from one of the side walls of the
turbulent medium. After passing the laser beam through the turbulent medium, the fluctuations
of the AOA components in the vertical and horizontal directions are measured. From the time
series of the measured AOA fluctuations, their variances are determined. The anisotropy of the
medium is investigated by comparing the variance of AOA components measured in the vertical
and horizontal directions. We show that the variances of both of vertical and horizontal
components of the AOA fluctuations are increased with the MWT, and they are saturated at
higher MWTs. In addition, different anisotropic behaviors are observed for the variances of the
measured AOA fluctuations at the vicinity of the lateral wall and upper surface of the water. At
the vicinity of the lateral wall the variances of the AOA fluctuations in the horizontal component
are larger, but at the vicinity of the upper surface the variances of the AOA fluctuations in the
vertical component are dominant. This behavior may be caused by the change of the convection
motion direction in the turbulent fluid.
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1. Introduction

In recent years, underwater turbulence has attracted the atten-
tion of researchers in the field of military and sciences owing
to its various applications [1]. A variety of applications such as
underwater imaging [2–4], underwater optical wireless com-
munications [5–8], remote sensing [9, 10] and military uses,
have made laser beam propagation through underwater turbu-
lence one of the most attractive topics. The propagation of a
laser beam through such amedium is limited by some phenom-
ena including absorption, scattering, and optical turbulence.
The temperature fluctuations and salinity are two main origins
of the optical underwater turbulence [1]. Unlike atmospheric
turbulence, in addition to the temperature and salinity fluctu-
ations, their average values also affect the light signal propaga-
tion through underwater turbulence [11]. Thermal convection
turbulence is a common process in nature. Rayleigh–Bénard
convection is a simplest paradigm system to study a turbu-
lent thermal convection. In this system, a fluid layer is heated
from below and cooled from above. However in some stud-
ies the turbulent medium is only heated from below [12–20].
The effects of convective turbulence have been studied on
the propagation of a light beam through convective air turbu-
lence [12–20] and underwater [21–28]. Bissonnette [21] and
Gurvich et al [22] were among the pioneers in the studying
of the optical properties of underwater convective turbulence.
Bissonnette by calculating the refractive index structure con-
stant as well as the structure function of refractive index fluc-
tuations showed that the artificial convective turbulence obeys
the Kolmogorov model. He also revealed that the statistical
properties of the medium is similar to atmospheric turbulence.
In addition, the strength of underwater-created turbulence was
approximately 200 times stronger than the strength of the
atmospheric turbulence. Elliott et al [23] created a convect-
ive turbulence in a scattering cell by maintaining an unstable
temperature gradient in the ethanol and investigated the spatial
spectrum of the temperature fluctuations as well as the struc-
ture function of refractive index fluctuations. They also studied
the turbulence strength versus the heater power that used for
heating the liquid. Maccioni and Dainty [24] by the use of a
Shack–Hartmann sensor, analyzed the angle of arrival (AOA)
correlations of a wavefront that has propagated through a con-
vective turbulent water cell. Computing the mean variance of
the AOA fluctuations in single column and single row, they
studied isotropy and homogeneity of the turbulence medium.
Results showed that the turbulence is homogeneous but aniso-
tropic. The reason of anisotropy was cited by the existence
of temperature gradients in the medium. The fluctuations of
the AOA (indirectly with the Fried parameter) were studied as
a function of the temperature difference between the heated
and cooled plates in [25, 26]. An argument about the volume
of effective isotropy is also presented. The propagation of a

laser beam through Rayleigh–Bénard turbulence was invest-
igated experimentally and by a numerical simulation method
in [27], and using centroid motion of the beam, the refract-
ive index structure constant, C2

n, was determined. In addition,
the strength of the convective underwater turbulence and its
effects on the image degradation and velocity vector maps
were investigated in [28].

Various models are proposed to describe atmospheric tur-
bulence based on the turbulence homogeneity and isotropy,
and have been generalized to study the underwater one.
Many studies have shown that the atmospheric turbulence
[19, 29–31] as well as the underwater [32, 33] are anisotropic.
Recently, many papers have been published about the effects
of anisotropic underwater turbulence on the optical commu-
nication systems [34–48].

As can be concluded from the above-reviewed articles,
the effects of anisotropic underwater turbulence on the beam
propagation have been frequently investigated. However,
based on our knowledge, the source of anisotropy and aniso-
tropy behavior in different regions of underwater convective
turbulence have not been studied. It is worth mentioning that
in [23–26] characteristics of turbulence have been investigated
in a small section of medium. In this work, in the presence of
a varying temperature gradient a convective underwater tur-
bulence with different mean water temperatures (MWTs) was
generated, and for different MWTs, the variances of two com-
ponents of AOA in different sections of turbulent medium
were investigated.

In addition, we report observation of different anisotropic
behaviors for the variances of the measured AOA fluctuations
at the vicinity of the lateral wall and upper surface of the tur-
bulent water.

2. Experiment

Figure 1(a) shows a schematic diagram of the experimental
setup used in this work. As is seen a narrow beam laser with
a Gaussian intensity profile and a wavelength 532 nm passes
through a telescopic system to be a collimated wave with a
diameter 1 cm, then propagates through an underwater turbu-
lent medium. The underwater turbulent medium consists of
a water tank with dimensions of 20 cm × 20 cm × 36 cm
where the laser beam propagates along the tank side having a
length 20 cm. The water tank is placed on an electrical heater
with adjustable temperature. This system evokes a Rayleigh–
Bénard convection. The beam path altitude from the heater
surface can be easily adjusted using a jack installed under the
heater. The MWT increases as the heater temperature rises.
After passing through the turbulent medium, the laser beam
is focused on a charge-coupled device (CCD) camera using
a positive lens having a focal length 2.5 cm. The position of
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Figure 1. (a) Schematic diagram of the experimental set up, (b) cross section of water tank and paths used the laser beam propagation
through the underwater turbulence.

the focus point of the light beam on the CCD camera depends
on the beam AOA. The AOA components fluctuate due to the
optical turbulence. The temperature fluctuations are the main
origin of the optical turbulence in a convective underwater tur-
bulence. The frame rate of image recording and exposure time
are set to 600 frame per second and 0.3 ms, respectively. The
MWT of the medium can be varied from 19 ◦C to 34 ◦C with
a step size of 0.5 ◦C with an accuracy 0.1 ◦C. To study the
effect of dominant direction of the fluid motion on the AOA
fluctuations, as well as the underwater turbulence anisotropy,
the light beam propagates through the medium at different dis-
tances from the bottom, Y, and side walls, X, of the water tank.
Figure 1(b) shows the water tank cross section as well as the
locationswhere the light beam propagates through themedium
in different experiments. In locations denoted by a, b and c, the
distance of the beam path from thewater surface is 0.7 cm, also
in h, i and g locations, the distance of the beam path from the
bottom of tank equals to 0.7 cm, and the distance of the beam
path from the right wall of the tank in a, d, and e locations
is also equal. As mentioned, the water salinity in all experi-
ments is considered zero and the optical turbulence is caused
by the temperature fluctuations. At the end of the beam path,
the AOA of the light beam is measured in two directions per-
pendicular to the propagation’s direction denoting by x and y.

Finally, the variance of these fluctuations is calculated in the
two directions from 20 000 recorded frames for each experi-
ment. Each experiment with a given path of the beam inside
the tank (illustrated by a to i letters in figure 1(b)) was per-
formed in one day. To cancel out the unwanted vibrations, the
whole arrangement is placed on a pneumatic optical table.

3. Results and discussion

Details of determining and calculation of AOA components
have been previously described in [19, 29]. In brief, the x-
component of AOA is determined from the displacement of
the laser beam focal spot as follows:

αxi =
lx(xgi− x̄gi)

f
, (1)

where lx is pixel size in x-direction on the image plane, xgi
and x̄gi are, x-coordinates of the image center and it is mean
position and f denotes the focal length of the positive lens. The
y-component of AOA is calculated with the same way. The
image center or centroid is defined as the center of intensity
gravity and determined by the wavefront gradients averaged
over the spot image. Its x-component is calculated by
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Figure 2. Time series of AOA fluctuations in x- and y-direction for different paths of the beam in underwater turbulence shown in
figure 1(b) at the MWT of 34 ◦C.

xg = I−1
tot

ˆ ˆ
xI(x,y)dxdy, (2)

where Itot is the total flux and I(x,y) is the light intensity dis-
tribution on the spot image at the focal plane of the convex
lens.

To study the effects of MWTs on the AOA fluctuations,
two components of AOA in two directions perpendicular to
the propagation direction are determined for different MWTs.
Figure 2 shows the time series of AOA fluctuations of the light
beam in two directions at different MWTs and different paths
of the beam in the turbulent medium. As is seen, in both dir-
ections, the amplitude of the AOA fluctuations increases as
the distance from the bottom of the water tank decreases. The
variance of the AOA fluctuations in x and y directions is calcu-
lated from the displacements of image centroids. According to
equation (1) the variance of AOA in x direction can be written
as

σ2
αx

=
l2x
f 2
σ2
x , (3)

where σ2
αx

and σ2
x are the variance of AOA fluctuations and

variance of centroid fluctuations. The uncertainty or error in
σ2
αx

can be found by using the rules of propagation of uncer-
tainty. If the original uncertainties are independed and random,
the error of the σ2

αx
is calculated from [49]

δσ2
αx

σ2
αx

=

√(
δσ2

x

σ2
x

)2

+

(
δl2x
l2x

)2

+

(
δf 2

f 2

)2

, (4)

where δ shows the measurement error of corresponding para-

meter. In these measurements δσ2
x

σ2
x
=
√

2
N−1 , and N is the total

number of the data set. For N= 20000, δσ2
x

σ2
x

was obtained

as 0.01. Considering δlx is negligible and δf= 10−4 m,
δσ2

αx
σ2
αx

was obtained as 0.03. It should be noted that for all different
propagation paths shown in figure 1(b), using the jack, only
the location of the water tank was shifted and the relative pos-
itions of the beam and the imaging system were fixed during
different experiments. Therefore, the error sources such as the
focal length of the lens are same in all experiments.

Figure 3 shows the variance of the AOA fluctuations in x
and y directions as function of theMWT in the locations shown
in figure 1(b). As is seen the dependence of the AOA fluctu-
ations variance on MWT in each direction exhibits two differ-
ent trends: increasing and saturated behaviors. Since, the value
of AOA variance is proportional to the intensity of the turbu-
lence, therefore the turbulence intensity differs in two regions.
The variance of AOA fluctuations in the first region with the
MWTs of less than 24 ◦C, increases with the MWT while for
the MWTs of more than 24 ◦C, it is saturated. The index of
refraction structure constant, C2

n, for Gaussian beam can be
calculated from variance of AOA fluctuations by [50]

σ2
α
∼= 1.093C2

nLD
−1/3

[
a+ 0.618Λ11/6

(
kD2

L

)−1/3]
,

× (L/k)1/2 ≪ D, (5)

where L, D and k are the propagation length, lens diameter,
and optical wave number, respectively, and a= 1−Θ8/3

1−Θ and
Θ= 1+ L

F , where F denotes the receiver plane phase front
radius of curvature. Figure 4 shows the calculated C2

n as func-
tion of theMWT in the locations shown in figure 1(b). The res-
ults of the simulation in [27] confirm the similar incremental
and saturation behavior of C2

n with the temperature gradient
between hot and cold plates.
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Figure 3. Variance of the AOA fluctuations in x and y direction versus MWT for different paths of the beam in the underwater turbulence
shown in figure 1(b).

Figure 4. The index of refraction structure constant, C2
n, versus MWT for different paths of the beam in the underwater turbulence shown in

figure 1(b).

In the literature, underwater turbulence is divided into
weak, strong and saturated cases in terms of its intensity [1].
In this research, with increasing the MWT, strong and satur-
ated turbulence is produced. The turbulence intensity is more
for the paths are closer to the heat source and thus in paths g, h
and i in figure 1(b), the measured variance values and related
C2
n are greater than the other paths. Contrary to [21–28], in the

current work, there is no a cold water chamber above the tank.
In the first glance, this might limit the experimentation time
under constant conditions. To investigate this issue, the total
data collection time was divided into two equal time intervals.
Each time interval contains 10 000 frames. TheAOAvariances
for the first and second time intervals were plotted versus the

MWT in figures 5 and 6, respectively. By comparing the res-
ults shown in the figures we see that they show a similar beha-
vior. This means that, the experiment condition was approx-
imately constant during the experimentation time.

Concerning figure 3, another feature is the anisotropy of the
convective underwater turbulence. As it is seen, the variance of
the AOA fluctuations are not equal in two directions at most
MWT and locations. In other words, convective underwater
turbulence is an anisotropic one.

For a better visualization of the anisotropy, the difference
of the variance of AOA components in two directions, is plot-
ted in figure 7. As it is seen, for all the beam paths shown in
figure 1(b), the difference of the variance of AOA components
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Figure 5. Variance of the AOA fluctuations in x- and y- direction versus MWT for different paths of the beam in the underwater turbulence
shown in figure 1(b). Initial 10 000 frames were used to calculate the variance of the AOA fluctuations.

Figure 6. Variance of the AOA fluctuations in x- and y- direction versus MWT for different paths of the beam in the underwater turbulence
shown in figure 1(b). final 10 000 frames were used to calculate the variance of the AOA fluctuations.

is not equal to zero. This guarantees anisotropy of the turbu-
lent medium at any location and any MWT. In addition, for
two beam paths of b and c where the distance of the light beam
path from the water surface is 0.7 cm, the difference of vari-
ance of AOA components is positive at most of the MWTs,
i.e. for these locations, the anisotropy is positive. The fluid
rising from the bottom due to the convection, is expected to
move toward the sides of the water tank. Thus in locations b
and c, the x-component of the fluid velocity is greater than the
y-component. In other words, predominant direction of motion
in these locations is x-direction. While in location a, the fluid
moves dominantly downwards, i.e. in y-direction. For loca-
tions d and g, a similar result is achieved. The difference of
the x and y components of the fluid velocity in locations d and

g are greater than the location a. Accordingly, in locations d
and g, the difference between the variance in the two direc-
tions increases with MWT. With this justification, it can be
said that at the upper edge of the fluid, Y = 17 cm and X = 9,
18 cm, the fluid mostly moves in x-direction and at Y = 0.7,
8.5 cm and X = 0.7 cm, the dominant direction of motion is
along y-direction. This means that the anisotropy can be char-
acterized in the underwater turbulence in the presence of tem-
perature gradient by the fluid motion direction. Figure 8 shows
the y-component of AOA variance versus its x-component at
three beam path heights of 0.7, 8.5 and 17 cm. Aforementioned
results are better perceived in this figure. As it is seen from
figure 8(a), the data of locations b and c are above the line
σ2
y = σ2

x , while for locations d (Y = 8.5 cm, X = 0.7 cm) and

6
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Figure 7. Difference of the AOA variances in two directions versus MWT in underwater turbulence for the different beam paths shown in
figure 1(b).

Figure 8. Y-component of the variances of AOA fluctuations versus its x-component at different heights (h) and different distances from the
tank wall (d). The dash line is σ2

y = σ2
x .

g (Y = 0.7 cm, X = 0.7 cm) in figures 8(b) and (c) the data are
below it.

As mentioned in the introduction section, Maccioni and
Dainty [24] have studied the anisotropy of the convective
underwater turbulent but only in a cross-section having an
area of 5× 5 mm2. In addition, they have averaged the vari-
ance of AOA fluctuations over the horizontal (vertical) rows
(columns). This averaging (on the rows/columns) removes
some features of the anisotropy behavior. In the current work,
we investigated the anisotropy in different parts of the turbu-
lence medium with averaging in a direction.

4. Conclusion

In this work, based on the analysis of the variance of AOA
fluctuations in two directions perpendicular to the propaga-
tion path of the light beam, the anisotropy of convective
underwater turbulence and its origin were investigated. The

studied convective underwater turbulencewas created using an
electrical heater under a water filled tank. A light beam with
a wavelength of 532 nm and a diameter of 1 cm propagated
in different paths in the medium. At the end of the path, the
AOA of the light beam in two directions perpendicular to the
propagation direction, was measured. The MWT varied from
19 ◦C to 34 ◦C and its effect on the variance of AOA fluc-
tuations in different sections of medium were investigated.
The results showed that with increasing the MWT, the vari-
ance of the AOA fluctuations exhibits two different trends:
incremental and saturated behaviors. In addition, by compar-
ison of variances of the components of AOA fluctuations it
was founded that the convective underwater turbulence is an
anisotropic medium. We also find that the anisotropy behavi-
ors different near the boundary of the fluid with air or side
walls of tank in comparing with the other locations. The fluid
rising from the bottom due to the convection, is expected to
move toward the sides of the water tank. Thus along propaga-
tion paths near the liquid-air separation surface, predominant
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direction of motion is x-direction. While in locations near the
side walls of the tank, the fluid moves dominantly downwards,
i.e. in y-direction. The dominant movement in the x-(y-) direc-
tion will cause the variance of y-(x-) component of the AOA
fluctuations to dominate. This means that the anisotropy can
be characterized in the underwater turbulence in the presence
of temperature gradient by the fluid motion direction.
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