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ABSTRACT This study focuses on the performance evaluation of underwater-to-air Optical Wireless
Communication (OWC) and data transmission between Autonomous Underwater Vehicles (AUVs) and
Autonomous Aerial Vehicles (AAVs). Facing challenges from the harsh marine environment and optical
signal attenuation, we utilized Monte Carlo (MC) simulations to comprehensively assess the system perfor-
mance. Our investigation incorporated crucial elements impacting signal attenuation, including particulate
matter, bubbles, rough sea conditions, and solar noise. By integrating the in-situ Inherent Optical Properties
(IOPs) data and Hall-Novarini (HN) model for bubble characteristics, we constructed a robust simulation
framework. To accurately estimate optical beam fluctuations caused by surface waves, we employed
the three-dimensional theoretical ECKV (Elfouhaily, Chapron, Katsaros, and Vandemark) model for the
water-air interface layer. The received power calculated for varying wind conditions, with and without
bubbles, revealed fluctuations attributed to surface waves’ interaction with the optical signal. Moreover,
we observed a decrease in received power due to the bubble effects and the water-air interface layer.
Solar radiation’s significant impact on the transmitted signal, especially at the airborne receivers, was
evident through the BER performance analysis. We conducted extensive experiments for measuring the
solar radiance and evaluating its influence on the BER performance, particularly noting degradation during
zenith sun positions and increased errors in scenarios with higher solar glint. Additionally, our investigation
highlighted the adverse effect of sea surface bubbles on received solar power and the findings revealed that
the BER performance is significantly reduced in the presence of bubbles rather than the scenarios without
bubbles.

INDEX TERMS Optical wireless communication, Monte Carlo, optical properties, bubbles, solar noise,
oceanic water.

I. INTRODUCTION
Underwater-to-air Optical Wireless Communication (OWC)
is a rapidly growing field because of its significant impacts
across a range of industries. It enables real-time data transfer
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from the submerged source to the surface systems, support-
ing scientific research, environmental monitoring, national
security, and industrial/maritime applications. Underwa-
ter Optical Wireless Communications (UOWC) offer high
bandwidth, making it a foundational tool for diverse appli-
cations due to the weak absorption of the water in the
blue-green wavelength region [1], [2]. Traditional methods

79652

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 12, 2024

https://orcid.org/0000-0002-5943-6816
https://orcid.org/0000-0002-5659-4464
https://orcid.org/0000-0001-8345-1226


B. R. Angara et al.: Performance Assessment of Underwater-to-Air OWC System

like acoustic [3], [4] and radio waves [5], [6] have lim-
itations in data rate and propagation. There is a growing
interest in exploring and exploiting marine natural resources,
which require an improved UOWC system for commu-
nication within/between the underwater sensor networks,
autonomous underwater vehicles (AUVs), remotely-operated
vehicles (ROVs), and from submarines to autonomous aerial
vehicles (AAVs). UOWC is a promising technology for
such applications, offering high data rates, low latency,
and energy-efficient communication links [7], particularly in
clear waters with distances of up to approximately 150 m
[8], [9].
Earlier researchers have conducted comprehensive stud-

ies on modelling the downlink (air-to-underwater) and
underwater-to-underwater OWC channel in various ocean
waters. When modelling the downlink UOWC channel,
researchers employed the Cox and Munk method to model
the sea surface. Nevertheless, this method lacks essential
spatial and temporal correlated information necessary for
accurately modelling the channel for laser communication.
Furthermore, their investigations were carried out without
considering solar noise. However, as of now, there have
been no studies conducted on modeling the underwater-
to-air OWC channel. The study of underwater-to-air OWC
systems is of paramount importance due to the increasing
demand for real-time applications in underwater environ-
ments. In scenarios such as underwater sensor networks
and AUVs, the need for timely and efficient transmis-
sion of data from the underwater devices to the surface
is crucial. This underwater-to-air communication plays a
vital role in applications where instant data collection and
monitoring are required, driving the focus on enhancing
the reliability and efficiency of the uplink UOWC sys-
tems to meet the growing demands of real-time underwater
communication.

In underwater-to-air OWC systems, there is a significant
challenge posed by an optical pathway transition from the
underwater environment to the above-surface air medium.
The wavy ocean surface produced by wind fields represents
one of the major constraints that impact the reliability and
performance of communication links. Wind-induced waves,
currents, and other environmental factors create disturbances
in the water-air interface layer, which can lead to fluc-
tuations in the refractive index gradient at the water-air
interface and cause scattering, diffraction, and turbulence
in the optical signal. Researchers have developed various
models to describe the air-sea interface and its impact on
optical communication. These models aim to simulate and
understand the behaviour of light as it traverses through this
complex boundary. Some of the commonly used sea sur-
face models include the Boussinesq and Korteweg-de Vries
(KdV) model [10], Cox and Munk model [11] and Fast
Fourier Transform (FFT) approximation [12]. The air-sea
interface models find extensive applications, particularly
in remote sensing. They play a crucial role in estimating

various parameters, including bidirectional transmission and
reflectance distribution functions (BTDF and BRDF) [13],
[14]. These models have proven useful in understanding how
the reflected light from the sea surface impacts our observa-
tions, especially when conditions such as sky radiance and
sun glint are present. Further, these models have been used to
analyse the water-leaving radiance in different atmospheric
and marine conditions [15], [16]. Earlier studies have relayed
on the probabilistic sea surface models, originally developed
by Cox and Munk, to study the effect of the air-sea inter-
face [14], [17], [18]. Numerous studies have utilised the Cox
and Munk model to analyse UOWC vertical links, particu-
larly when the light beam propagates from the air medium
(atmosphere) to the underwater environment. These studies
observed that the greater variability in sea surface slopes due
to wind speed (u) reduces the system performance, which
resulted in higher power loss and increased bit error rates
[19], [20], [21]. Studies have also utilised the KdV equations
to simulate the air-sea interface with an aim to analyse the
coverage area of an optical beam as it propagates from the air
into the underwater environment, considering the presence
of multiple light sources located in the air medium [22].
In a controlled laboratory setting, experiments were con-
ducted to study a short-range (0.66 m) water-to-air OWC
link. These experiments indicated fluctuations in the channel
link gain under both calm and wavy surface conditions [23].
In recent studies [24], researchers have developed a model
to simulate the vertical UOWC channel. This model takes
into account several factors simultaneously: oceanic turbu-
lence parameters, real-time depth-dependent temperature and
salinity, chlorophyll concentration, and the presence of bub-
bles. Additionally, it considers the transmitter beam’s oblique
incidence at various angles. The findings indicate that the
scintillation index rises as the transmitter tilt angle increases.
The study [25] evaluates UOWC links with on-off key mod-
ulation and selection combining (SC) receive diversity under
underwater conditions. It derives closed-form expressions for
BER and outage probability, validated through simulations,
showing SC diversity mitigates beam attenuation effects.
The study [26] examines vertical UOWC links affected by
non-mixing layers due to ocean stratification, causing turbu-
lence variations. It models the channel as a concatenation
of these layers, deriving closed-form expressions for BER
and analysing diversity gains. Results reveal inaccuracies in
assuming constant turbulence strength and provide insights
into the effect of layering on capacity. Another study [27]
explores the performance of vertical UWOC systems amidst
air bubbles and temperature gradients. A layered structure
with N layers is employed to model the vertical channel’s
turbulence inhomogeneity using an exponential generalised
gamma distribution. Asymptotic average BER and ergodic
capacity are derived using H-functions and validated through
simulation results. In our most recent investigation [28],
we thoroughly examined how sea surface waves and bub-
bles affect underwater-to-air OWC systems. Our analysis
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indicates a substantial variation in received power, depending
on the wind speed above the sea surface.

Another challenge in modelling the underwater-to-air
OWC channel is the presence of oceanic bubbles. These bub-
bles are generated by breaking waves in the upper ocean [29],
[30] and penetrate the lower water column at depths over
several meters, strongly contingent on wind speeds [31]. As a
consequence of these bubbles in the upper ocean layer, the
light beam is randomly affected and attenuated when passing
through the bubble layer. Under high wind speeds, bubble
scattering is rapidly enhanced and even more pronounced
than particulate scattering in the air-water interface layer.
Thus, it is crucial to understand the effect of bubbles on the
performance of the underwater-to-air OWC system. Numer-
ous studies revealed a substantial degradation in UOWC
system performance in the presence of bubbles (including
clean-coated variants) of varying sizes under different wind
speeds [19], [32].

Another significant effect on the UOWC system is the
interference of solar radiation with an optical signal received
by a photodetector. This interference is particularly more pro-
nounced when the receiver is situated in the atmosphere/air
medium rather than in the underwater environment. The spec-
trum of sunlight covers the entire visible wavelength range
and beyond in clear marine environments with high water
transparency, and it can penetrate several meters of water.
Particularly, longer blue to shorter green wavelengths of light
can penetrate deeper into the water due to low absorption
of water, which allows the penetrating radiation to be easily
detectable by sensitive detectors even at depths exceeding
600 m [33]. Previous studies have not paid much attention
to the influence of solar noise on the UOWC performance.
However, recent work has highlighted background noise’s
impact and how it affects the UOWC system through various
factors like the link length, receiver field of view, and different
types of photodetectors [34], [35], [36], [37], [38]. In [34], the
significant impact of solar light interference on the UOWC
system performance was focused, and effective noise cancel-
lation techniques were emphasised to optimise the UOWC
systems in high-intensity solar light conditions. This domain
becomes more complex when the receiver is located in the
air medium, where it is exposed to solar noise influenced by
several factors, including sky radiance, sea surface roughness,
water-leaving radiance (depending on the wind speed and
wave shape), the time of day, and sun glint.

In this study, our main focus is to incorporate the above
factors into the channel model and investigate the perfor-
mance of underwater-to-air OWC system under different
ocean and surface conditions. The Monte-Carlo (MC) tech-
nique is employed to simulate the underwater-to-air OWC
system with in-situ optical data collected from oceanic
waters in the Bay of Bengal and Southern Ocean. Ocean
bubble characteristics are determined using the widely recog-
nised Hall-Novarini (HN) model [39], and the distribution
of bubble sizes and their ability to penetrate deeper into
water depends upon the prevailing wind speed. Recognising

the limitations of the Cox and Munk sea surface model,
which lacks spatial and temporal correlation information,
we utilise the ECKV sea surface model because of its ability
to incorporate both spatial and temporal correlation data.
This information is essential in understanding how the light
beam propagates through the air-sea interface. We assess the
solar interference experienced by the receiver by analysing
the radiometric data collected above and below the water
surface. These data were collected at various times of the day
and under different sea conditions, including calm waters,
wavy surfaces, and conditions with wind-induced bubbles.
Our analysis reveals that the amount of solar power cap-
tured by the receiver varies significantly depending on these
parameters.

In addition, we examine the correlation between received
power, wind speed, and wind-induced bubbles in an
underwater-to-air OWC system. The results are compared
across a range of sea surface conditions. Finally, the
BER performance of underwater-to-air OWC systems was
assessed, considering the individual and combined effects
of waves, wind-induced bubbles, and varying levels of solar
interference.

II. UNDERWATER-TO-AIR OWC SYSTEM MODEL
This section presents the concepts of an underwater-to-air
OWC system under investigation (Fig. 1) and describes the
key components of the models considered in this study. Here,
the transmitter (laser source) is positioned at a specific dis-
tance beneath the sea surface, while the receiver is situated
several meters above the sea surface. As the optical signal
propagated from the source to the destination, it can undergo
attenuation due to the various phenomena depicted in Fig. 1.
Thus, it becomes crucial to comprehend the underlying the-
ories related to sea surface models, solar noise models, the
mechanisms involving bubbles in seawater, and the inher-
ent optical properties (IOPs) of seawater. The fundamental
IOPs include absorption (a), scattering (b), and attenuation
(c = a+ b) coefficients and scattering phase function, which
collectively play a pivotal role in characterising the optical
behaviour of seawater. These parameters were employed as
the essential inputs in our MC method for effectively simu-
lating the propagation of photons within the water column.

A. SEA SURFACE GENERATION USING ECKV MODEL
The two-dimensional ECKV (Elfouhaily, Chapron, Katsaros,
and Vandemark) spectrum serves as a fundamental tool in
oceanography and sea surface modelling [12]. It provides
a spectral description of wave energy distribution, which is
used to generate realistic sea surfaces through a combination
of mathematical operations and random phase introduction.
Its applications extend beyond sea surface generation to
include areas like remote sensing, environmental impact
assessment, and the study of nonlinear wave effects. To obtain
the sea surface elevation z

(
xi, yj

)
, the points on the sea

surface grid are sampled in a region of size Lx by Ly m
with Nx and Ny points along x and y-directions, respectively,

79654 VOLUME 12, 2024



B. R. Angara et al.: Performance Assessment of Underwater-to-Air OWC System

FIGURE 1. Schematic of the channel model for the underwater-to-air
OWC system.

as given by

z
(
xi, yj

)
=

∑Nx−1

u=o

∑Ny−1

v=0
ẑ(u, v)ei2π (xiu/Nx+yjv/Ny) (1)

where the harmonic components ẑ(u, v) are indexed by u
and v in the wavenumber k domain. For an understanding
of the ECKV sea surface model, the theoretical foundations
and derivations of this model can be found in a previous
study [12].

The process of generating a sea surface using the ECKV
spectrum involves several key steps. First, it requires the
computation of the two-sided discrete values of the elevation
variance, which essentially quantifies how wave energy is
distributed across different frequencies and directions in the
ocean. Next, in order to create a realistic sea surface, the
simulation employs random sampling techniques. Specifi-
cally, it samples the amplitudes of the harmonic components
from normal distributions. This introduces variability and
randomness into the wave field while preserving the spec-
tral characteristics defined by the ECKV spectrum. Finally,
to translate the spectral information into the spatial domain
and obtain the sea-surface elevation in two dimensions, the
Inverse Fast Fourier Transform (IFFT) is employed. This
mathematical operation is essential for generating a detailed
representation of the sea surface, complete wave crests,
troughs, and their variations across space and time. These
three interconnected steps collectively contribute to the cre-
ation of a realistic and dynamic sea surface based on the
ECKV spectrum.

The ECKV model originates from the linear superposition
theory and excels in accurately representing the complex
dynamics of the ocean’s surface. The ECKVmodel integrates
both spatial (between adjacent triangle vertices) and temporal
(from one time step to the next) correlation information into
the generated sea surface model. Thus, it is crucial to under-
stand the spatial and temporal correlation of sea surface data
in order to gain insights into the propagation of laser beams
across the water-air interface. The sea surfaces generated
using the ECKVmethod, with wind speeds of 3 and 10m s−1,
are depicted in Fig. 2. As the wind speed increases, the
sea surface becomes progressively rougher. Consequently,

FIGURE 2. The sea surface realisations using the ECKV model for a wind
speed of a) 3 m s−1 b) 10 m s −1.

the mean square slope value, which quantifies the degree of
surface roughness, increases in direct correlation with higher
wind speeds.

B. PHOTON PROPAGATION THROUGH THE WATER,
WATER-AIR INTERFACE AND AIR USING
MONTE-CARLO METHOD
The MC approach is invaluable for modelling and under-
standing the complex interactions between light and water,
finding diverse applications that extend to areas like under-
water communication. Figure 3 illustrates the key steps of
Monte Carlo simulations used to model the propagation of
photons from underwater to air medium. In the MC sim-
ulation method for photon propagation in a water column,
several key steps are involved. First, the optical properties
of water, including the absorption (a), scattering (b) and
attenuation (c) coefficients, are defined. Next, the photon’s
initial position and direction are determined. The simulation
then progresses through discrete steps, with the photon’s
trajectory being probabilistically determined based on these
properties. At each step, the photon’s interactions with the
medium are governed by the scattering or absorption events,
contingent upon the scattering albedo (ω = b

/
c) condi-

tion. The probabilities for these interactions are calculated
using the relevant optical properties. When the photon moves
within the water column, whether it is absorbed or scattered
is determined by comparing a randomly generated number
ξ , drawn from a uniform distribution [0 1], with the albedo
value (ω). If ξ is less than or equal to ω, the photon undergoes
scattering; otherwise, it is absorbed by the water particles.
In instances where a photon is scattered by a water particle or
bubble, the scattering angle is determined by referencing the
respective volume scattering function (VSF). A detailed dis-
cussion about the MC rules for photon propagation through
the water medium and air-sea interface is given in [19] and
[21]. In these simulations, we generated sea surface models
using the ECKV method, which relies on the FFT technique.
The sea surface is generated with an optimal selection of
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FIGURE 3. A flowchart of photon propagation from the underwater-to-air OWC system.

spatial grid resolution, a choice that depends on both wind
speed and maximum wavelength of the wave.

During the photon’s propagation, once it has traversed a
distance of (dw+ dbub) m within the water and bubble layer
and reached the sea surface, the simulation identifies the
point on the sea surface that is closest to the photon’s current
position. The photon’s position is then updated accordingly,
with the simulation choosing the point on the sea surface
that offers the minimum distance from the photon’s current

location. To compute the normal vectors (n̂) of the sea surface
at individual grid points, we employ bicubic interpolation.
This involves first applying a bicubic data fitting process
to grid data. Subsequently, we derive diagonal vectors and
employ them to ascertain the surface normal at each vertex
through a cross-product operation. We determine the angle
at which a photon strikes the wave surface, denoted as (θi),
by taking the scalar product of two vectors: the unit normal
vector (n̂) and the direction cosine vector (µ̂i) representing
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the photon’s direction just before it reaches the water-air
interface.

Subsequently, we calculate the angle of transmittance (θt )
and the transmission coefficient (ρ) specific to the wave facet.
These values are derived using the Snell’s law and Fresnel
equations [21], which provides essential insights into the
photon’s behaviour as it interacts with the wave.

As the photon travels a distance of a few meters through
the air before reaching the receiver, our working assump-
tion is that the maritime clear atmosphere remains free from
particulate matter. This implies that during its propagation,
the photon encounters no significant attenuation (c ≈ 0.9 ×

10−4m−1) phenomena that would alter its path or intensity.

C. IN-SITU IOPS OF SEAWATER WITH AND
WITHOUT BUBBLES
Previous studies have relied on the constant (single) values
of absorption and scattering coefficients, typically derived
from the Petzold measurements. However, these values are
suitable for horizontal UOWC links. For vertical links, it is
important to note that the attenuation and scattering pro-
files are not constant as these coefficients vary with depth
due to the particulate matters (including sediments, phyto-
plankton, detritus, and bubbles concentrated in the upper
sea surface layers). These IOPs were determined through
the measurements obtained from optical instruments (such
as the Wet Lab’s ACS and LISST-VSF) in Bay of Bengal
waters. These measurements were used as the inputs for MC
simulations. The in-situ measurements were collected under
normal sea state conditions without much bubbles. Statistical
information regarding the bubbles was obtained from the
HN model [39]. The IOPs of oceanic bubbles were then
calculated using the HN model and methods established in
earlier studies [31].
The VSF data, which include the influence of bubbles

(following a power law distribution), were also taken from
the measurements conducted in Southern Ocean waters [40].
These measurements were collected in clear waters where
the concentrations of chlorophyll and total suspended matter
were recorded as 0.72 mg m−3 and 0.5 g m−3 respectively.
The scattering phase function data were obtained by normal-
ising the VSF values with the scattering coefficients. The
resulting scattering phase functions are shown in Fig. 4,
where bubbles exhibit distinct scattering characteristics. The
results indicate a higher probability of scattering at larger
angles in the presence of bubbles compared to the cases
without bubbles.

Figure 5 presents the depth profiles of both total scattering
(bt ) and attenuation coefficients (ct ), which were measured
in open sea waters of the Bay of Bengal. For this study,
we considered a bubble distribution that reflects the preva-
lent bubble sizes under real-time oceanic conditions. These
bubbles follow a power law distribution characterised by the
minimum (rmin) and maximum bubble sizes (rmax) of 5 µm
and 200 µm respectively, with a distribution slope (α) of - 4.

FIGURE 4. Scattering phase functions compared between bubble-free
Bay of Bengal waters and bubble-containing Southern Ocean waters.

FIGURE 5. Depth profiles of (a) scattering and (b) attenuation coefficients
collected in Bay of Bengal waters (with and without bubbles).

Assuming the absorption coefficient of bubbles being negli-
gible, the scattering coefficients of bubbles were calculated
using [41]

bbub (z) = N (z) Q̄scaS̄ (2)

where N(z) represents the bubble density at a given depth
(z) within the water column, which was calculated using the
HN model, S̄ denotes the geometric mean cross-sectional
area of bubbles and Q̄sca represents the mean scattering
efficiency.

The measurements indicate that both bt and ct values
decrease towards the deeper water column as a result of
decreasing particulate matter concentrations. Additionally,
with an increase in wind speed, there is an increase in the
number density of bubbles N (z). Consequently, this leads
to an increase in the scattering and attenuation coefficients
attributed to bubbles (according to Eq. 2).
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D. SOLAR NOISE MODELLING
To quantify the solar radiance received by the receiver (posi-
tioned a few meters above the sea surface and looking verti-
cally downward toward the air/water boundary), we evaluated
its influence on the performance of the underwater-to-air
OWC system by analysing the total upwelling solar radiance
spectrum (denoted as Lt (θ , λ) in units of W m−2 nm−1 sr−1,
where λ and θ represent the wavelength and solar zenith
angle respectively). Due to the position of receiver in the air
medium, the optical signal of reflected solar radiation (direct
and diffuse reflection and the sky) and transmitted through the
water-air interface is collected by the receiver. Figure 6 shows
the various processes contributing to the total upwelling solar
radiance (Lt ), which includes the surface reflected sky radi-
ance (Ls), surface reflected radiance (Lg) due to sun glint,
and water-leaving radiance (Lw). The surface-reflected solar
radiance is the direct reflection of sun glint and sky radiation
from the water surface. The water-leaving radiance (Lw) is the
upwelling radiance emerging from the water column, which
is a fraction of solar radiation that penetrates the water. The
total upwelling solar radiance is written as

Lt = Lw + Ls + Lg (3)

1) DATA AND METHODS (RADIOMETRIC MEASUREMENTS)
The RAMSES TriOS hyperspectral radiometers were
employed for collecting radiometric data from the above-
surface and underwater setups. The above-surface dataset
(Fig. 6 (b)) includes the measurements of sky radiance (Lsky),
downwelling irradiance (Ed (0+)), and total upwelling radi-
ance (Lt ) and the below-surface measurements (Fig. 6 (c))
include the downwelling irradiance Ed (0−) and upwelling
radiance Lu(0−). The in-situ measurements of these prop-
erties were collected from Bay of Bengal waters during
the daytime from 12 pm to 4 pm (local time, IST). While
the direct measurements of Lt are available within the
dataset, these data do not provide sufficient insights into
the influence of specific parameters like Lw, Ls and Lg on
the solar power captured by the receiver. As illustrated in
Fig. 6 (a), these radiance (Lw, Ls and Lg) values are influ-
enced by numerous marine environmental factors (including
sea surface roughness, wind speed, sun glint intensity,
and bubble size/concentrations near the sea surface). Thus,
it becomes essential to thoroughly investigate the effects
of these parameters on the modelling of the underwater-to-
air OWC system’s performance. Our in-situ measurements
strictly followed the ocean optics protocols and methods
presented in Mobley [42], where the radiance sensor was
fixed at an angle of 40

◦

from nadir and approximately 1350

azimuth from the sun (see Fig. 6 (b)). The surface-reflected
radiance (Ls) can be calculated based on the Lsky values using

Ls= ρLsky (4)

Here, ρ represents the Fresnel reflectance coefficient at the
air-sea interface, indicating the proportion of light reflected

FIGURE 6. (a) Illustration of various processes contributing to the total
upwelling solar radiance, (b) Field setup of RAMSES-Trios above-surface
radiometers (downwelling irradiance Ed

(
0+

)
, sky radiance Lsky , and

total upwelling radiance Lt ) on an extended platform for measurements,
(c) Field setup of RAMSES-Trios underwater radiometers installed on an
underwater frame for measuring downwelling irradiance Ed

(
0−

)
and

upwelling radiance Lu
(
0−

)
below the sea surface.

from the sea surface. Its value typically varies with the
factors such as wavelength, wave shape, wind speed, solar
zenith angles, and specific viewing geometry [42], [43].
In the case of a flat sea surface and a uniform sky radiance
distribution, the value of ρ is 0.02 for a sensor viewing
angle (θ ) less than 300 and increases to 0.03 when θ equals
400 [44]. However, the sea surface is often wave-roughened
through the combined influence of wind’s energy transfer to
waves, the inherent turbulence within these waves, and the
length of the wind’s path over the water. Consequently, this
variability underscores that the parameter ρ cannot remain
constant and is often greater than the values mentioned ear-
lier. Thus, ρ cannot be a constant value and it is larger than the
reported values. Additionally, it is clear that determining this
parameter across diverse wind and sea conditions presents
a significant scientific challenge. Because of this complex
nature, many researchers have considered a fixed value of
ρ = 0.028 as previously suggested by Mobley [42]. This is
typically done under the conditions of a uniform sky radiance
distribution, low wind speeds (less than 5 m s−1), viewing
angles not exceeding 400, and with no influence from sun-
light reflection off the sea surface (sun glint). In this study,
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FIGURE 7. Schematic diagram of calculating ρ from the sea surface
model.

we determined the ρ value by employing the ECKV method
to model the sea surface. We conducted these calculations for
a range of solar zenith angles and wind speeds. This approach
was necessary because the sea surface roughness varies with
changing wind speed and direction, and the intensity of inci-
dent sunlight on the sea surface varies with changing solar
zenith angles and time intervals. Solar zenith angles can be
determined by considering both the time of day and the geo-
graphical location and hence vary accordingly. The schematic
diagram of calculating the ρ values from the sea surface
model is shown in Fig. 7. When parallel sunlight strikes the
mesh grid of the sea surface, we calculate the incident angle
(θ i) between the incoming sun rays and the normal vector
associated with the mesh grid point on the sea surface. The
solar zenith angle (θ) is determined from the time of day,
and the azimuthal angle (ϕ) is randomly generated within the
interval of [0, 2π]. The ρ value is subsequently determined
using Fresnel’s equations, based on this angle of incidence.

In our study, we considered wind speeds at 3, 5, and
10m s−1. To accommodate the wavelength scales of capillary
and gravity waves, we considered maximum wavelengths
(Lx and Ly) of 8, 25, and 100 m for wind speeds of 3,
5 and 10 m s−1 respectively, based on a previous study [45].
To maintain the optimal grid resolution (1Lx and 1Ly) of
0.09 cm, we sampled the sea surface at rates of 8192 ×

8192, 32768× 32768, and 131072 × 131072 grid points for
wind speeds of 3, 5, and 10 m s−1 respectively, depending
on the values of Lx and Ly. To enhance the accuracy of
determining the ρ values, we utilised 1000 different sea sur-
face realisations modelled using the ECKV method for each
wind speed in our simulations. Table 1 presents the average
reflectance (ρ) value for various solar zenith angles and wind

TABLE 1. The average reflectance (ρ) values for various solar zenith
angles and wind speeds.

speeds. The calculations revealed that the ρ value is not
constant, as previously assumed in earlier studies, but it varies
with both the position of the sun and wind speeds. As the
wind speed increases, the roughness of the sea surface also
increases, causing the incident angles to diverge further and
consequently leading to an increase in the average reflectance
value. Further, it was observed that the ρ value increases as
the solar zenith angle increases.

As shown in Fig. 6 (a), the water-leaving radiances
(Lw) were calculated using the underwater radiometer mea-
surements by incorporating sea surface roughness on the
upwelling radiance Lu

(
0−
)
just below the sea surface by

using the following expression

Lw = τLu
(
0−
)

(5)

where τ is the transmittance coefficient relative to the wave
facet and is calculated using Snell’s and Fresnel equations.
As previously discussed, when calculating the value of τ ,
we applied the same principles as those used for calculating
the ρ values. This implies that τ varies in response to changes
in sea surface roughness and wind speed.

2) IMPACT OF BUBBLES ON THE RADIOMETRIC
MEASUREMENTS
Wave breaking is a common phenomenon in open ocean
waters, predominantly driven by winds. It results in the for-
mation of bubbles on the sea surface, and the depth to which
these bubbles penetrate the water column is influenced by
both the characteristics of wind-generated waves and the con-
centrations of water constituents. To examine the impact of
bubbles on the radiometric measurements, radiometric mea-
surements were conducted continuously for approximately
3 minutes at a specific location in Bay of Bengal waters.
For analytical purposes, the average data from these 3-minute
measurements were utilised. These experiments were con-
ducted on a bright sunny day, specifically from 12:00 pm
to 4:00 pm (local time, IST), under two different water state
conditions: calm water and wave-breaking-induced bubbles,
as depicted in Fig. 8 (a) and (b). These measurements were
collected at four different times: 12:20 pm, 1:25 pm, 2:45 pm,
and 3:50 pm.
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FIGURE 8. Images from field experiments in Bay of Bengal waters on
February 15, 2020, between 12 pm and 3 pm, illustrating calm water and
bubble cloud formation resulting from wave breaking. (a) calm water;
(b) wave-induced bubble clouds; and (c) glint effect.

Figure 9 (a)-(c) displays the spectral sky radiance, down-
welling irradiance, and upwelling radiance just below the sea
surface at various time intervals in Bay of Bengal waters (all
measurements made under clear sky conditions). Using the
recorded time data and geographic location, we calculated
the respective solar zenith angles (θs). These measurements
clearly indicate a decreasing trend in spectral radiance and
irradiance values as the daytime progresses. This decline in
radiance and irradiance values is a direct result of the dimin-
ishing intensity of solar light, which decreases notably from
12:20 pm to 4 pm as the sun’s position changes throughout the
day. In Fig. 9 (c), the solid line corresponds to the upwelling
spectral radiance observed under calm water conditions,
while the dashed line represents the upwelling radiance spec-
trum when wave-breaking-induced bubbles formed. These
distinct lines provide a clear contrast between the two sce-
narios, allowing for a comprehensive comparison of radiance
spectra between calm and bubble-filled water states. The
wave-breaking-induced bubbles typically result in higher
radiance values compared to a calm water state because the
bubbles scatter and reflect sunlight more effectively. The
increased scattering and reflection contribute to higher radi-
ance values.

3) IMPACT OF SUN GLINT ON RADIOMETRIC
MEASUREMENTS
Sun glint refers to the bright, reflective appearance of the
sea surface when sunlight is directly reflected off it and
towards an observer (such as a satellite or aircraft). This
effect occurs due to the specular reflection of sunlight, where
light is reflected at the exact angle it strikes the sea surface
(as illustrated in Fig. 8 (c)). Even though the radiometric
measurements are obtained taking the aforementioned pre-
cautions, it is still possible to detect sunlight reflected (sun
glint) by the sea surface in the Lt data. Consequently, the
surface reflected solar radiance encompasses not just the
reflected sky light but also the sunlight reflected (sun glint)
from the sea surface. In [44], the sun glint is calculated from
the downwelling irradiance using

Lg = mEd
(
0+
)

(6)

The parameter ’m’ is a proportionality factor that signifies
the magnitude of Ed

(
0+
)
in the in-situ radiometric data.

It ranges between 0 and 0.07, with ’m’ equalling 0 indicating
the absence of glint conditions, while the higher values of ’m’

FIGURE 9. In-situ measurements collected at four different daytimes
under clear sky conditions: (a) downwelling irradiance (Ed

(
0+

)
), (b) sky

radiance (Lsky ), and (c) upwelling radiance (Lu
(
0−

)
) just below the sea

surface. Solid line - calm water radiance, dashed line -
wave-breaking-induced bubbles radiance.

correspond to the increased sun glint strength. Thus, the total
upwelling radiance Lt reaching the sensor is expressed as

Lt = τLu
(
0−
)
+ ρLsky + mEd

(
0+
)

(7)

Figure 10 shows the variation in Lt as influenced by sun glint
across a range of m values.

E. CALCULATING THE SYSTEM’S SIGNAL-TO-NOISE RATIO
(SNR) AND BER PERFORMANCE USING AVALANCHE
PHOTO DIODE (APD) RECEIVER
In our simulations, we utilised an Avalanche Photo Diode
(APD) as a receiver to evaluate the BER performance of
an underwater-to-air OWC system. The various electrical
noises produced at the UOWC receiver are due to the thermal,
shot and dark current noises. In [34], a complete model is
presented for analysing the received noise in UOWC sys-
tem. We used this model to calculate the received electrical
noises for the case of APD detector. The APD receiver used
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FIGURE 10. Variation in Lt as influenced by sun glint across various
values of m.

the approximated zero mean Gaussian model and Poisson
model for thermal and shot noises respectively. We reason-
ably assumed the dark current (Id ) values for APD as 10 nA.
The thermal noise variance is given as

σ 2
thermal =

4kBTmBn
RTIA

(8)

where Bn is the APD ‘s electrical bandwidth expressed in
Hz, Tm is the medium temperature, RTIA is the resistance of
the trans-impedance amplifier’s feedback resistor and kB is
Boltzmann constant.

Solar power reception is determined through the math-
ematical calculations using solar radiance spectra. This
quantity, however, varies significantly based on several cru-
cial parameters, including geographical location, time of
day, the elevation or depth of the receiving equipment, and
the aperture area’s dimensions that are utilised for solar
energy collection. The expression for the received solar power
(PR−solar ) at the receiver is given as follows:

PR−solar = Lt .Tθ .AApd .1λ.S (9)

where Tθ represents the transmission efficiency of the filter,
AApd is the effective area (m2) of the receiver, 1λ denotes the
optical filter band width (nm), and S is the solid angle of the
optical filter, measured in steradians. The expression for S in
terms of the field of view (FOV) of the photo detector can be
calculated using Eq. 10 and is given as follows:

S = 2π
(
1 − cos

(
FOV
2

))
(10)

The variance of shot noise at the receiver due to the recep-
tion of both solar (PR−solar ) and signal power (PR−signal) can
be expressed as

σ 2
shot = 2qM2

APD

[
RAPD

(
PR−signal + PR−solar

)
+Id

]
Bn (11)

where q is the electron charge, MAPD is the APD gain, RAPD
is the responsivity of APD.

In addition to these two noises, two electrical beat noises
(σ 2
sig−sol, σ

2
sol−sol) are generated at the detector using

σ 2
sig−sol = 4MAPDR2APDPR−signalPR−solar

Bn
BW opt

(12)

σ 2
sol−sol = RAPD

(
PR−signal

)2 [2 −
Bn

BW opt

]
Bn

BW opt
(13)

where BW opt is the bandwidth of the optical filter expressed
in Hz.

The total variance of noise that occurs during the transmis-
sion of optical signal (bit ‘1’) and no optical signal (bit ‘0’)
is expressed as

σ 2
total,1 = σ 2

shot + σ 2
thermal + σ 2

sig−sol (14)

σ 2
total,0 = σ 2

thermal

+ 2qM2
APD [RAPD (PR−solar ) + Id ]Bn (15)

The SNR of the underwater-to-air OWC system is

SNR =

[
MAPDRAPDPR−signal (1 − re)

]2
σ 2
total,1 + σ 2

total,0

(16)

where re is the extinction ratio between optical power associ-
ated with bit ‘0’ and ‘1’, and the value is assumed as 0.1.

The performance of the underwater-to-air OWC system
using OOK modulation can be expressed as [46]

BER =
1
2
erfc

(√
SNR

2
√
2

)
(17)

where erfc is the complementary error function.

III. RESULTS AND DISCUSSION
To quantify the effect of solar noise on the performance
of the underwater-to-air OWC system, numerical results are
presented for a range of scenarios, diverse oceanic conditions,
varying receiver configurations, and atmospheric conditions.
The parametric values for the transmitter and receiver used
in our simulations are specified in Table 2. The selection of a
green wavelength, specifically 515 nm, offers advantages for
an UOWC system due to reduced absorption and enhanced
signal transmission at this wavelength. This study employed
the MCmethod using in-situ optical measurement data as the
input parameters. Additionally, the HN model was integrated
to account for bubble populations during the wave breaking
events. In our simulations, the transmitter was situated 50 m
below the sea surface and the receiver positioned 2 m above
the sea surface. It was assumed that the transmitter is aligned
with the receiver. In order to achieve a realistic wireless
optical communication through the underwater-to-air system,
it is necessary to analyze the impacts of air-sea interface and
bubbles in the upper ocean layer.

The sea surfaces were modelled under different wind con-
ditions, specifically at wind speeds of 3, 5 and 10 m s−1.
To generate these varied sea surfaces, The ECKV model was
employed which accurately replicates the complex dynamics
of ocean waves influenced by the varying wind speeds. The
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spatial grid resolution for the sea surfaces generated in our
simulations is an important consideration in the present study.
When making the simplified assumption that the sea surface
is perfectly flat, there are no spatial or temporal variations
in its characteristics. Consequently, the power received by
this flat surface remains constant regardless of the changes in
time, wind speed or spatial location. Numerous studies have
employed the Cox and Munk sea surface model to analyse
the received power in wave surface conditions. However, it is
important to note that this model does not provide a com-
prehensive explanation of the spatial and temporal dynamics
of sea surfaces and wave shapes. When the model reveals
variations in the received power with varying wind speeds,
it is worth emphasising that for a single wind speed scenario,
the received power remains constant. This suggests that the
Cox and Munk model captures wind-dependent fluctuations
in the received power without accounting for the intricate
variations in the sea surface characteristics and waveforms
that occur under these conditions.

In reality, sea surfaces exhibit a diverse range of wave
shapes at different locations, which can encompass crests,
troughs, and various random patterns. These complex wave-
forms introduce dynamic variations in the sea surface over
time, making it a dynamic and ever-changing environment.
Consequently, the received power from such dynamic sea
surfaces can fluctuate considerably due to their temporal and
spatial changes.

To investigate the influence of wave shape on the received
power, the maximum wavelength (Lx and Ly) was divided
into 500 cross-sectional segments for each wind speed. After
travelling 50 m through the water, the optical beam passed
through the segmented wave cross sections. Observed was
a range of fluctuations in the laser beam’s intensity at the
receiver and this intensity variation was directly related to
the specific wave shapes encountered on the sea surface.
Consequently, the power received by the detector varied sig-
nificantly depending on the specific characteristics of the
encountered waves, highlighting the substantial impact of
wave shape on the received power.

A. NORMALISED RECEIVED POWER
In our analysis, we examined the wind speeds of 3, 5, and
10 m s−1 and calculated the received power at the detector
plane for each scenario by considering every cross section
of the sea surface. The receiver aperture size FOV were
considered as 4’’ and 1800 respectively. Our calculations
revealed that the presence of waves can significantly impact
the received power, potentially resulting in a reduction in the
received power and consequently limiting the data transfer
capability of the system.

In Fig. 11, we present a histogram depicting the fitting of
normalised received power derived from the contributions of
500 distinct cross-sections under varying wind speeds. Our
analysis revealed that the received power is not consistent
for a specific wind speed, but it falls within a defined range
that is influenced by the wind speed. When the wind speed

TABLE 2. The Parameters used for MC simulations.

FIGURE 11. The histograms of the normalised received power (aperture:
5’’, FOV: 1800) for 500 sea surface cross-sections at various wind speeds.

reaches 10 m s−1, the received power is observed to be lower
compared to the cases with wind speeds 3 and 5 m s−1. This
observation suggests that with the increasing wind speed, the
sea surface becomes rougher and leads to a more divergent
orientation of the sea surface normal. Consequently, this vari-
ation of the sea surface roughness is directly reflected in the
received power calculations, which highlight the sensitivity
of the system’s performance depending on the wind speed
and sea surface conditions.

In addition, we investigated the received power variations
in the presence of bubbles in the uppermost layers of the
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sea surface. These bubbles penetrate into the subsurface
layer depending on the wind speed. For the MC simulations,
we determined the depth towhich bubbles penetrated using an
exponential decay model that considers the decreasing bub-
ble concentrations with increasing water depth. Our analysis
revealed that the wave-breaking-induced bubbles penetrate to
water depths of 5, 7, and 10 m for wind speeds of 3, 5, and
10 m s−1 respectively.
Figure 11 shows the histograms of the normalised received

power (with a 5’’ aperture and a FOV 1800) calculated based
on the data collected from 500 different sea surface cross
sections and all of which incorporated the bubbles. Our
findings clearly demonstrate that the oceanic bubbles have
a substantial impact on the normalised received power. When
compared to the scenarios without bubbles, the received
power significantly decreases under these conditions. Fur-
ther observations revealed that the oceanic bubbles generated
at various wind speeds introduce significant variations in
the received power due to changes in the number den-
sity of bubbles according to wind speed fluctuations. The
bubble number density fluctuation is of utmost importance
for UOWC studies, as it directly influences both the scat-
tering and attenuation coefficients. Specifically, at higher
wind speeds, these coefficients are increased leading to the
increased photon loss owing to a greater number of scattering
events. A contributing factor to this phenomenon is that a pho-
ton scatters off a bubble at the higher angles when compared
to other particulates in the water column. This scattering
behaviour causes the optical beam to spread more quickly
and widely, ultimately leading to a reduction in the received
power intensity at the center of the beam.

B. UNDERWATER-TO-AIR OWC SYSTEM’S BER
PERFORMANCE
This section presents a detailed analysis of numerical results
to precisely quantify the influence of solar noise on the perfor-
mance of a typical underwater-to-air OWC link operating in
clear oceanic water conditions. We conducted a comprehen-
sive assessment of the system’s performance – specifically
focusing on BER under various solar noise scenarios. These
scenarios were dependent on the factors such as wind speeds,
time of day, and bubbles in the upper ocean layer. It is
important to note that our analysis assumes the ideal con-
ditions, including perfect beam alignment and precise time
synchronisation between the transmitter and the receiver.
Data transmission is executed using NRZ-OOK modulation
with a transmission speed of 500 Mbps, which allows us
to rigorously evaluate the system’s performance in realistic
operational settings. In the system that employs NRZ-OOK
modulation, the APD’s bandwidth efficiency is set at 1 bit
per second per hertz (1 bit/s/Hz). For this analysis, we have
considered an APD receiver and the receiver parameters as
provided in Table 2. In our study, we focused on a wave-
length of 515 nm. To determine solar power for our analysis,
we calculated it based on the solar spectrum specifically at
this wavelength under investigation.

FIGURE 12. BER as a function of the received signal power with an APD
receiver and the variations at different times of day and wind speeds
(a) 3 m s−1, (b) 5 m s−1, and (c) 10 m s−1.

1) THE IMPACT OF SOLAR NOISE ACROSS DIFFERENT
TIMES OF THE DAY
As previously discussed, solar radiation exhibits varying
intensities throughout the day. This fluctuation in solar inten-
sity plays a crucial role in influencing the system BER
performance in distinct ways at different times of the day.
For this analysis, we assumed no bubbles present on the sea
surface and performed the BER calculationswith the different
received signal power for particular wind speed conditions,
which determine the shape of the surface waves and hence
the solar power variations. Figure 12 presents the BER perfor-
mance of an underwater-to-air OWC system. It demonstrates
how the BER changes in response to the received signal
power at different wind speeds and various times of the day.
The simulations were executed using a receiver FOV value of
1800. Our findings indicate that when the Sun passes through
the zenith at noon, the BER exhibits poor performance across
all wind speed conditions. This deterioration in BER perfor-
mance is attributed to the increased collection of solar power
around midday. As the sea surface wave shapes cause varia-
tions in the received signal power, it is imperative to identify
the minimum power threshold as necessary to achieve the
improved BER performance, aligned with the constraints
of the Forward Error Correction (FEC) limit. According to
our analysis, we have established specific minimum power
requirements to achieve error-free data transmission at vari-
ous times of the day. These requirements vary depending on
the wind speed conditions, ensuring reliable communication
in different scenarios.

2) THE IMPACT OF SOLAR NOISE IN THE
PRESENCE OF SUN GLINT
The sun glint varies depending on its intensity at differ-
ent wavelengths, Sun angle and sea surface conditions.
In addition to the inherent solar noise from different sources,
the sun glint radiation also interacts / interferes with the
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FIGURE 13. BER as a function of the received signal power around
midday (noon time) with the varying glint intensities and wind speed
conditions (a) 3 m s−1, (b) 5 m s−1, and (c) 10 m s−1.

transmitted optical signal. This phenomenon of sun glint is
particularly prominent when the Sun is around midday. In our
study, we conducted a detailed analysis of the sun glint effect
on the optical signal and system BER performance. For this
analysis, the FOV was set at 900. Figure 13 shows the BER
performance of the OWC system under various sun glint
intensities when combined with the other sources of solar
noise at wind speeds of 3, 5, and 10 m s−1. The solid blue
line on each graph represents the system’s BER performance
in the absence of sun glint and other solid lines of varying
colors depict the BER performance at different sun glint
intensities. Our results highlight the substantial impact of sun
glint on the system’s BER performance. It is noteworthy that
if experiments or simulations are conducted on the conditions
of maximum possible sun glint, it will become challenging to
achieve error-free transmission at the lower received signal
power and all wind speeds.

It should be noted that sun glint occurs throughout the
day but exhibits higher intensities around midday (at high
noon). Consequently, there are fluctuations in the system’s
BER performance due to the prevailing sun glint conditions.
To avoid sun glint during the in-situ experiments in marine
environments, one may consider scheduling these measure-
ments during early morning or late afternoon hours when the
sun is at a lower angle. Also to adjust the instrument angles
and use polarising filters or anti-glare shields to minimise
glare from the water’s surface.

3) THE IMPACT OF SOLAR NOISE IN THE PRESENCE OF
WAVE-INDUCED BUBBLES ON THE SEA SURFACE
Wave breaking is a common occurrence in the marine envi-
ronments due to the prevailing winds. This oceanographic
process generates bubbles in the upper ocean layer and hence
it becomes virtually unavoidable to simulate the system’s
BER performance without accounting the oceanic bubbles.

FIGURE 14. BER as a function of the received signal power at different
times of the day and wind speeds with and without bubbles. Subplots
(a1) through (a4) correspond to a wind speed of 3 m s−1at 12:20 pm,
01:25 pm, 02:45 pm, and 03:50 pm, respectively. Subplots (b1) through
(b4) correspond to a wind speed of 5 m s−1, while subplots (c1)
through (c4) represent a wind speed of 10 m s−1.

In this study, we made a significant observation from our
simulations. The presence of bubbles generated by wave
breaking conditions results in distinct variations in the solar
power collected at the receiver, in contrast to the scenarios
in the absence of bubbles. In our measurements conducted
at various times of the day, the wind speed was consistently
observed around 5 m s−1 when making the measurements of
upwelling solar radiance (Lu

(
0−
)
). There were no Lu

(
0−
)

data collected for instances when bubbles were generated at
wind speeds of 3 and 10m s−1. For these twowind speed con-
ditions, we made the assumption that the solar radiation at the
detector was similar to that at a wind speed of 5 m s−1. Nev-
ertheless, the transmittance parameter was taken into account
that corresponds to the sea surfaces generated by wind speeds
of 3 and 10 m s−1. As a result, the solar noise reaching the
detector differed from the condition at 5 m s−1 due to the
variability of the transmittance parameter associated with
the wind-generated sea surfaces. Figure 14 shows the BER
performance of the underwater-to-air OWC system for two
scenarios: with bubbles and without bubbles at different wind
speeds, while considering a receiver FOV of 900. According
to these simulations, the presence of bubbles in the uppermost
ocean layer leads to a reduction in the transmitted power at
the detector, and these bubbles have the effect of enhancing
the solar radiation reaching the receiver. Consequently, the
BER performance deteriorates when bubbles are present at
the sea surface as compared to the system’s performance in
the absence of bubbles.
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IV. CONCLUSION
A robust model was presented in this study for evaluating
the performance of underwater-to-air OWC system using
Monte Carlo technique. Using the simulation and experimen-
tal results, we comprehensively assessed the impact of solar
noise on the system BER performance by taking into account
the various marine environmental factors such as bubbles,
wavy surface conditions, and solar noise under different
atmospheric and marine conditions. To ensure an accurate
simulation of the system’s performance, we incorporated
the in-situ optical measurements, including IOPs and solar
radiance data obtained from Bay of Bengal waters. Addition-
ally, the measurement data were collected from the Southern
Ocean to derive and account for the bubble properties using
the theoretical HNmodel. Themodelling of wavy surfacewas
achieved through the utilisation of the ECKV model, which
incorporates both spatial and temporal dependencies in the
generation of sea surfaces. This approach was crucial for our
understanding of the optical signal behaviour when propagat-
ing through the air-sea interface. This study highlighted the
significant influence of both sea wave shapes and bubbles
on the received signal power of a laser beam at different
wind speed conditions. The findings indicate that the received
signal power varied depending on the wind speed and sur-
face wave structure at the air-sea boundary. Additionally, the
oceanic bubbles were found to decrease the received signal
power as the wind speed increased. Finally, we analysed the
system’s BER performance under different times of the day,
varying sun glint intensities, and different receiver setups.
Our findings indicate that the BER performance is signifi-
cantly deteriorated aroundmidday (when the sun at noon) and
improved at other times of the day. Additionally, we observed
that the sun glint has a significant impact on the system’s
BER performance. The higher intensities of sun glint result
in reduced BER performance, leading to an increased occur-
rence of data transmission errors. Additionally, our analysis
revealed that the presence of bubbles in the upper ocean layer
enhances the reception of solar signal power at the receiver.
Consequently, this increase in solar power due to the oceanic
bubbles leads to a reduction in the system’s BER performance
as compared to scenarios in the absence of bubbles. These
findings offer essential guidance for system designers as they
create and refine underwater-to-air OWC systems by taking
into account the various marine and atmospheric conditions
encountered in real-world applications.
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