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A B S T R A C T

The interactions of radiation with saline water facilitate various energy-related applications, such as radiative
evaporation at the air–water interface, radiation-driven underwater vapor generation, and underwater photo-
voltaic systems. However, these applications require a comprehensive understanding of radiation propagation
through saline water, considering both its spectral and directional characteristics, which are often inadequately
explored. This study introduces a three-dimensional Monte Carlo radiative transfer model equipped with fine
spectral resolution and detailed angular considerations. The model simulates the transfer of radiation from
the air to the air–water interface and throughout the saline water body to thoroughly examine the effects
of spectral and directional properties of incident radiation on its propagation across different depths of saline
water. The findings reveal that within the solar spectrum, radiation entering the water at a 62.7-degree angle of
incidence and completely diffuse radiation exhibit similar absorption effects in water layers less than 2 meters
deep. In addition, the incident angle has little impact on the absorption rate of both the water surface and the
water body when the angle is below 62.7◦. Spectrally, radiation wavelengths longer than 1.4 μm, 1.14 μm, and
1 μm are fully absorbed within the first 1, 8, and 50 centimeters of saline water, respectively, representing
approximately 20%, 30%, and 50% of incident solar radiation. Additionally, radiation from blackbody sources
below 1300 Kelvin is absorbed entirely within the top 1 centimeter of saline water. Empirical correlations are
then developed to easily estimate the absorption rate based on the depth of the water and the temperature of
the blackbody heat source. The findings elucidate the influence of the spectral and directional characteristics
of incident radiation on its underwater propagation, offering essential guidance for the design and performance
evaluation of various energy-centric applications.
1. Introduction

Radiative transfer, which encompasses the absorption, emission,
and scattering processes, is a key factor in the analysis of atmospheric
and oceanic circulation, which also significantly influences climate
patterns [1]. Radiative transfer processes are also vital for various
energy applications. For example, solar radiation transmitted through
the atmosphere drives solar energy systems, while solar radiation trans-
mitted in shallow water (<2 m) supports technologies such as radiative
evaporation, seawater desalination [2–7], contamination discharge [8],
steam sterilization [9], and underwater photovoltaic (PV) [10,11].
These technologies have underscored the importance of understanding
how radiation interacts with air, pure water, and saline water. Con-
sidering that more than 97% of Earth’s water is seawater and many
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energy applications are likely to be deployed in saline environments,
comprehending the interactions between radiation and saline water is
particularly crucial [2].

Interfacial evaporation applications utilize spectrally selective ab-
sorbers to localize incident radiation on the water surface [8]. These
absorbers either conduct heat (contact evaporation) or emit longwave
radiation on the surface of the water (contactless evaporation), facil-
itating the direct utilization of heat for evaporation [12,13]. Some
applications employ PV panels as absorbers to maximize the full use
of the solar spectrum [10,14,15]. The interfacial evaporation effi-
ciency is significantly influenced by the radiation spectrum emitted
by these absorbers and the corresponding quantity received by the
water surface [2,8]. However, few studies have clearly quantified how
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Nomenclature

Variables

(𝑟𝑥, 𝑟𝑦, 𝑟𝑧) Direction vector of a photon
(𝑥, 𝑦, 𝑧) Position of a photon in Cartesian coordi-

nates, [cm]
(𝑥𝑒, 𝑦𝑒, 𝑧𝑒) Coordinates of a side surface, [cm]
𝑑𝑏 Distance to the next boundary along the

propagation path, [cm]
𝑑𝑐 Distance to next collision point, [cm]
𝑑𝑒 Distance to the nearest edge along the

propagation path, [cm]
𝑒𝜈 Monochromatic energy carried by a single

photon, [W/cm−1]
𝐸𝑏 Total emissive power of a blackbody,

[W/m2]
𝐸𝑏𝜈 Monochromatic blackbody emissive flux at

wavenumber 𝜈, [W∕(m2 cm−1)]
𝐺𝜈 Monochromatic solar irradiance at

wavenumber 𝜈, [W∕(m2 cm−1)]
𝑛w Refractive index of water
𝑟𝑐 Convergence rate
𝑇 Temperature, [◦C]

Constants

𝜅𝐵 Boltzmann constant, 1.3806485×10−23
[J/K]

𝜎 Stefan–Boltzmann constant, 5.67037×10−8
[W/(m2 K4)]

𝑐 Speed of light, 2.99792458×108 [m/s]
ℎ Planck constant, 6.62607015×10−34 [J s]
𝑛air Refractive index of air, 1.003

Greek symbols

𝛼𝜈 Absorptivity of water at wavenumber 𝜈
𝛼𝑠 Absorptance of a surface
𝛥𝜈 Spectral resolution in terms of wavenum-

ber, [cm−1]
𝛾az Solar azimuth angle in the range of 0 to 2𝜋
𝜅abs Absorption coefficient of water, [cm−1]
𝜅e Extinction coefficient of water, [cm−1]
𝜅sca Scattering coefficient of water, [cm−1]
𝜆 Wavelength, [μm]
 Total transmission rate
𝜈 Transmissivity of water body at wavenum-

ber 𝜈
𝑠 Transmittance of a surface
𝜈 Wavenumber, [cm−1]
𝜌𝜈 Single scattering albedo of water at

wavenumber 𝜈
𝜌𝑠 Reflectance of a surface
𝜏 Optical depth
𝛩 Angle between incident direction and re-

flected/scattered direction
𝜃 Angle
𝜃z Solar zenith angle in the range of 0 to 𝜋
2 
α Total absorption rate
ρ Total reflection rate
𝜁 Random number uniformly draw in the

range of 0 to 1

Subscripts

𝜈 Wavenumber
∥ Parallel plane
⟂ Perpendicular plane
abs Absorption
sca Scattering
0 Initial status of variables
in Incidence
tr Transmission
b Blackbody

Superscripts
′ Updated status of variables

Abbreviations

LBL Line-By-Line
MAPE Mean Absolute Percentage Error
MC-RTM Monte Carlo Radiative Transfer Model
PV Photovoltaic
RMSE Root Mean Squared Error
RTM Radiative Transfer Model
TOW Top Of the Water

the spectral characteristics of radiation emitted by the absorber affect
its absorption by the water body. In the underwater environment,
applications such as spectrally selective nanoparticles for steam gen-
eration [16–20] and underwater PV systems [11,21–23] are highly
dependent on the distribution of the solar radiation spectrum at var-
ious depths to optimize energy conversion efficiency. When optical
concentrators are used underwater to enhance solar energy intensity,
it is also crucial to quantify the directional distribution of radiation
as it passes through water [24–26]. In sum, these applications require
a comprehensive understanding of the interaction between water and
radiation with various spectral and directional characteristics.

The theoretical foundation of radiative transfer in water is robust,
and extensive research on the distribution of solar radiation in shallow
water ponds is well documented in the literature [27–29]. Despite this,
the effects of the spectral and directional properties of incident radi-
ation, particularly non-solar sources, remain inadequately quantified.
Initial studies on the impact of spectral and directional characteristics
of incident radiation on water absorption in solar ponds employed
band models, which were resolved using numerical fitting methods
that relied heavily on various assumptions [27,30–32]. These studies
emphasized analysis, and quantification was constrained by limited
accuracy. Subsequent research has leveraged Monte Carlo radiative
transfer solvers, including commercial ray tracing software and Monte
Carlo codes, to analyze radiation effects in various applications. For
example, commercial software such as OptisWorks [33,34] and ZEMAX
OpticStudio [35] have been employed to assess the performance of con-
centrated solar devices under direct and diffuse radiation conditions.
Monte Carlo RTM codes have been used to simulate radiation propaga-
tion in the upper ocean [36,37] and within a body of nanofluids [38].
These advanced solvers have significantly improved the reliability of
optical simulations in radiation-driven applications.
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Fig. 1. Overview of the radiative transfer processes in a saline water pond. (a) Illustration of the geometry of the pond and the layout of the computational grid. (b) Physical
processes that occur within the pond. The labeled processes (I, II, III) correspond to their respective positions (I, II, III) within the grid structure of the pond.
Although some studies have analyzed the spectral and directional
impacts of radiation on water within a specific application environ-
ment [8,12,23], the findings are application-oriented and lack gener-
alizability. For example, Menon et al. [8] and Wang et al. [39] demon-
strated that converting solar radiation to the mid-infrared spectrum
can significantly improve the efficiency of photothermal devices. Liang
et al. [40] demonstrated the spectral splitting of solar radiation into two
parts: sunlight near the band gap of the PV cell was used for electricity
generation, while the remaining sunlight, at other wavelengths, was
harnessed for thermal output. Wu et al. [41] proposed a solar spectral
splitting and cascade utilization method and developed a thermody-
namic model to evaluate the performance of the proposed system. Röhr
et al. [23] examined how the solar spectrum varies at different depths
of saline water to assess the efficiency of underwater photovoltaic
systems [22,23]. Despite these advances, there remains a gap in existing
studies that comprehensively consider the effects of both the angular
and spectral characteristics of radiation during its interaction with
water. Moreover, the majority of existing research focuses solely on
solar radiation as the heat source, often overlooking the potential
influences of radiation emitted by blackbodies (e.g. solar absorbers) at
various temperatures. Consequently, it is essential to comprehensively
quantify the effects of both the spectral and directional characteristics
of incident radiation from various sources on its propagation through
saline water, thereby providing more precise guidance for optimizing
energy applications in related fields.

To address the identified research gaps, this study introduces a
detailed Line-By-Line (LBL) Monte Carlo Radiative Transfer Model
(MC-RTM) specifically designed to simulate the propagation of solar
and blackbody emissive radiation in a saline water pond. This model
allows for a comprehensive investigation on how the unique spectral
and directional attributes of incident radiation influence its transport
through saline water. Compared to commercial software such as Ze-
max, this Monte Carlo code offers high flexibility in modifying optical
properties, handles complex geometries, ensures accurate simulations,
adapts easily to various computational platforms, and is cost-effective.
The insights derived from this research will offer essential guidance for
the engineering and optimization of various energy systems, such as
interfacial evaporation processes, subaqueous vapor generation tech-
nologies, and PV systems designed for underwater use. Specifically, the
key contributions of this work are as follows:

• Development of a comprehensive radiative transfer model that
retains the full complexity of spectral and angular dependence
of radiation. This approach ensures that the model accurately
reflects the true nature of radiation, without any spectral and

angular simplification.

3 
• Detailed quantification of how incident radiation is absorbed at
varying depths of saline water. Three types of incident radiation
are considered: direct solar (beam) radiation, scattered solar (dif-
fuse) radiation, and blackbody (diffuse) emissive radiation. This
comprehensive approach caters to the different ways in which
radiation enters the water, accounting for its varied directional
and spectral qualities.

• Derivation of straightforward empirical formulas that correlate
the rate of radiation absorption to specific factors: the depth of
the saline water and the temperature of the blackbody radia-
tive source (or intensity of solar radiation). These correlations
enable an easy prediction of radiation behavior based on key
environmental parameters.

Section 2 details the algorithm of the MC-RTM model and its
physical foundation. Based on the MC-RTM, Section 3 examines the in-
teraction of radiation with water from the perspective of directionality
and spectrum (and the heat source temperature). Finally, the findings
and future outlook are summarized in Section 4.

2. Methodology

Section 2.1 presents a detailed description of the radiative transfer
processes in the saline water pond, focusing on its model parameters
and general physical processes. Section 2.2 introduces the evaluation
of the optical properties of saline water and discusses the impacts of
temperature and salinity on the optical properties. The characteristics
of the incident radiation are presented in Section 2.3. The algorithms
of MC-RTM in Section 2.4 include the simulation of absorption (Beer’s
law) and isotropic scattering, as well as diffuse reflection and reflection
on the water surface (Fresnel law) [29].

2.1. Radiative transfer processes in water pond

As shown in Fig. 1a, the water pond consists of a Top Of the Water
(TOW) interface, a water body, four sides, and one bottom surface.
At the TOW, 𝑁𝑏 number of radiative energy carriers (i.e., photons)
uniformly impinge on the entire surface of water. The water body
is divided horizontally into multiple layers based on a resolution of
𝛥𝑙 [42]. Each water layer has an upper and a lower boundary where
radiative flux through each layer will be evaluated. The bottom surface
and the four sides of the pond are composed of soil. The physical
processes at each location (I, II, III) are illustrated in Fig. 1b. (I) At
the TOW, incident photons are either reflected off or refracted by the
interface according to the Frensel law [29]. (II) Once entering the water
body, photons are subject to absorption or isotropic scattering. (III)
Interactions with the bottom surface or sides of the pond result in
absorption or diffuse reflection of the photons.
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Fig. 2. Overview of the radiative transfer modeling process.
T
P

In the modeling process, the following presumptions are made: (i)
he MC-RTM is constructed within a 3D Cartesian coordinate system.
ii) The system is considered to be in a steady state, disregarding
luid dynamics such as natural convection. (iii) The water surface is
ssumed to be plane-parallel and the saline water medium is considered
omogeneous, with uniform temperature and salinity throughout. (iv)
he reflections of light at the bottom surface and the sides of the water
ody are considered to be diffuse. (v) The scattering of light within the
ater is isotropic.

The boundary conditions for TOW, the four sides and the bottom
f the pond are: (i) At the TOW, the initial grids and the zenith angle
f the incident photons are as presented in Section 2.4.1. The energy
arried by each photon is described in Section 2.3. (ii) The bottom and
our sides have a constant reflectance of 0.01 for the visible band and
.093 for all other spectral bands (𝜆 > 0.4 μm), as sourced from the
COSTRESS spectral library [43,44]. Note that the TOW and the pond
urfaces are considered as boundaries. Only reflection or transmission
ill occur at the TOW, whereas reflection or absorption will occur
t the pond surfaces. The ‘‘water surface’’ in the following context
s denoted as the top one centimeter of saline water, within which
hotons can be absorbed or scattered.

These radiative transfer processes are then simulated by the MC-
TM model (Section 2.4), with model inputs related to the saline water
ond and incident radiation, as shown in Fig. 2. The modeling outputs
re radiative flux at any location in the water pond.

The values of parameters related to the saline water pond are tabu-
ated in Table 1. The dimensions of the pond are set at 20 × 20 meters
n length and width, and depths varying from 0 to 2 m, which is the
ypical depth range of traditional evaporation ponds [8]. These dimen-
ions ensure an aspect ratio greater than 10:1, which could effectively
inimize the influence of pond edges [45]. These depths and water
roperties are selected to simulate scenarios relevant to contactless
vaporation and seawater desalination [18,46]. The zenith angle of the
ncident photon, denoted 𝜃z,0, is a variable that can be considered for
ncident radiation with different directional characteristics. Note that
he incident azimuth angle is set to zero degree, considering that the

ptical properties are often azimuth-independent.

4 
able 1
roperties of the saline water pond.
Name Symbol Value

Pond length 𝐿 20 m
Pond width 𝑊 20 m
Pond depth 𝐷 0 to 2 m
Water temperature 𝑇 20 ◦C
Water salinity 𝑆 35 ppt
Photon initial zenith angle 𝜃z,0 Variable
Photon initial azimuth angle 𝛾az,0 0
Photon initial position (𝑥0 , 𝑦0 , 𝑧0) (0 < 𝑥0 < 𝑊 , 0 < 𝑦0 < 𝐿, 0)
Number of photon bundles at
each wavenumber

𝑁𝑏 1000

The resolution of water stratified
layers

𝛥𝑙 1 cm

Spectral resolution 𝛥𝜈 3 cm−1

Spectral reflectance of soil 𝜌𝑠,𝜈 0.01 (𝜆 ≤ 0.4); 0.093 (𝜆 > 0.4)

2.2. Optical properties of water

This section first presents methods for calculating the absorption
and scattering coefficients of saline water. Then, how temperature (0–
40 ◦C) and salinity (0–360 ppt) affect the scattering and absorption
coefficients are investigated.

The index of refraction of water in Fig. 3a determines the reflection
of radiation at the air–water interface via the Fresnel law. Additionally,
the real and imaginary parts of the index of refraction determine the
scattering and absorption of light in a water body, respectively. Both
the absorption and scattering coefficients are influenced by factors such
as temperature and salinity. The empirical equations from Röttgers
et al. [47] are used to calculate the absorption coefficients, whereas the
scattering coefficients are derived by integrating the volume scattering
function across all directions, as detailed in studies [29,48]. According
to the analysis by Mobley [29], water with lower salinity and higher
temperatures typically exhibits higher absorption coefficients and lower
scattering coefficients.

Fig. 3b displays the range of the absorption and scattering coef-
ficients of water with salinity of 0 to 360 ppt and temperature of 0
to 40 ◦C, while the solid line represents values at a fixed temperature
(20 ◦C) and salinity (35 ppt). Generally, absorption is more prevalent

than scattering for photons with wavelengths ranging from 0.45 to 4
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Fig. 3. Spectral optical properties of salt water of a wide range of temperature (0–40 ◦C) and salinity (0–360 ppt). (a) Index of refraction of water; (b) Absorption and scattering
coefficients; (c) Single-scattering albedo and deviations due to the range of temperature and salinity.
Fig. 4. (a) AM1.5 direct and circumsolar solar spectrum. (b) The monochromatic emissive power of a blackbody with various surface temperature.
μm, whereas photons with wavelengths shorter than 0.45 μm are more
prone to scattering.

In the Monte Carlo simulation, the absorption and scattering pro-
cesses in saline water are predominantly governed by the single scat-
tering albedo (𝜌𝜈) of the water particles, as shown in Fig. 3c (see
Section 2.4.3 for details). Compared to fixed temperature and salinity,
the deviation of the single scattering albedo is zero for the infrared
band (𝜆 > 0.7 μm) and is less than 4% for the visible and UV bands
(𝜆 < 0.7 μm). Given this small deviation, the optical properties of water
in this work are set to those at a constant temperature of 20 ◦C and a
salinity level of 35 ppt.

2.3. Spectral and directional characteristics of incident radiation

In this study, two distinct categories of incident radiation are ex-
amined, each characterized by its unique spectral distribution profile,
as illustrated in Fig. 4. The first category encompasses solar radiation,
which adheres to the standard AM1.5 direct and circumsolar spectrum
and spans the wavelength range of 0.1 to 4 μm [49]. The second
category pertains to blackbody radiation, which is evaluated across an
extensive wavelength spectrum ranging from 0.1 to 200 μm, following
Planck’s law for spectral distribution [50,51],

𝐸𝑏,𝜈 (𝑇 ) =
2𝜋ℎ𝑐2𝜈3 , (1)
(eℎ𝑐𝜈∕𝜅𝐵𝑇 − 1)

5 
where 𝑇 [K] is the heat source temperature, ℎ [J s] is the Planck
constant, 𝑐 [m/s] is the speed of light, 𝜅𝐵 [J/K] is the Boltzmann
constant, and 𝜈 [cm−1] is the wavenumber.

Directional distribution-wise, the incident radiation rays are either
parallel with the same zenith angle (representing the solar beam) or
diffuse with various zenith angles (for diffuse solar and blackbody heat
sources). The incident photon then undergoes reflection and refraction
at the air–water interface, altering its traveling direction. The angle of
refraction adheres to Snell law,

𝑛air sin 𝜃in = 𝑛w,𝜈 sin 𝜃tr,𝜈 , (2)

where 𝑛air is the refractive index of air, which is set to 1.003, and 𝑛w,𝜈 is
the refractive index of water, which varies with wavelength (as shown
in Fig. 3a) [29]. 𝜃in is the angle of incidence (which is equal to the
zenith angle for a horizontal surface), and 𝜃tr,𝜈 is the wavenumber-
dependent refraction angle. The spectral reflectance of the air–water
interface 𝜌𝑠,𝜈 follows the Fresnel law,

𝜌𝑠,𝜈
(

𝜃in
)

= 1
2

⎧

⎪

⎨

⎪

⎩

[

sin
(

𝜃in − 𝜃tr,𝜈
)

sin
(

𝜃in + 𝜃tr,𝜈
)

]2

+

[

tan
(

𝜃in − 𝜃tr,𝜈
)

tan
(

𝜃in + 𝜃tr,𝜈
)

]2⎫
⎪

⎬

⎪

⎭

. (3)

In Fig. 5, the modeled reflectance at the air–water interface is
depicted as a function of both wavelength and angle of incidence.
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Fig. 5. Spectral reflectance with respect to angle of incidence for (a) incident radiation from air-to-water and (b) incident radiation from water-to-air.
When radiation approaches from the air side, the interface reflectance
remains at less than 0.1 until the angle of incidence increases to 60
degrees. However, as the angle of incidence surpasses 70 degrees, the
influx of photons entering the water body decreases substantially due
to strong reflection. In contrast, for photons traveling from water to air,
the reflectance of the interface is near unity beyond the critical angle
of 46 degrees, as defined by Mobley [29], delineating the limit above
which total reflection occurs. All these modeled results are consistent
with well-established optical theories [29].

2.4. The Monte Carlo radiative transfer model

An LBL radiative transfer model based on the Monte Carlo method
is developed to simulate how each photon propagates in saline water
bodies. The model can be easily generalized to simulate radiative
transfer in various media, including nanofluid, the atmosphere [52],
and soil [53]. As a technique to trace each photon instead of solving
the radiative transfer equations, the Monte Carlo method is based on
a rigorous definition of the traveling probability of photons based on
inherent optical properties and is more flexible and intuitive than other
numerical analytical solutions [29]. It can be applied to any geomet-
ric configuration, which is particularly advantageous when additional
objects make the geometry more complicated [29]. Recent advances in
computational technology have made the Monte Carlo method more
feasible for addressing complex problems [52]. The MC-RTM in this
paper is an adaptation of the atmospheric MC-RTM developed by Li
et al. [52]. The effects of polarization are not considered, as multipath
scattering diminishes polarization in shallow water [54]. Furthermore,
polarization mainly affects the directionality of the radiation rather
than its quantity [29]. In the subsequent section, the principal ele-
ments of the aquatic MC-RTM are briefly described, with more details
available in the work of Li et al. [52]. The MC-RTM generates output
that includes the spectral and directional radiative intensity at various
locations within the saline water pond, as well as the spectrum of
radiative energy absorption in different horizontal water layers. Results
from model convergence tests and the verification process are detailed
in the Appendix.

2.4.1. Photon initiation
After setting model inputs (Table 1) at each wavenumber, photons

start their journey as depicted in the algorithm flowchart in Fig. 6. Each
photon’s initial position in the Cartesian coordinate system is assigned
as (𝑥 , 𝑦 , 𝑧 ), uniformly distributed within the pond’s surface area, with
0 0 0

6 
predefined zenith angle 𝜃z and azimuth angle 𝛾az (Section 2.3). Each
photon’s initial direction vectors (𝑟𝑥, 𝑟𝑦, 𝑟𝑧) are defined as:

𝑟𝑥 = sin 𝜃z cos 𝛾az, 𝑟𝑦 = sin 𝜃z sin 𝛾az, 𝑟𝑧 = −cos 𝜃z. (4)

In the LBL calculation mode, the monochromatic energy 𝑒𝜈 carried
by each photon for solar and blackbody heat sources is:

𝑒𝜈 =
𝐺𝜈 ⋅ 𝐿 ⋅𝑊

𝑁b
,

𝑒𝜈 =
𝐸b,𝜈 ⋅ 𝐿 ⋅𝑊

𝑁b
,

(5)

in which 𝐿 ⋅ 𝑊 is the surface area of the water pond. The 𝐺𝜈 and
𝐸b,𝜈 are monochromatic solar irradiance and blackbody irradiance at
wavenumber 𝜈 in unit of [W/(m2 cm−1)], respectively.

Each photon undergoes a series of transport and collision events
until all photons are either absorbed by the medium or exit the water
pond through the air–water interface. The total number of photons
traversing each boundary and those absorbed within each layer are
recorded. This data is then used to multiply the energy carried by
each photon, which in turn enables the calculation of the total energy
reflected and absorbed by the water pond.

2.4.2. Photon transport
After entering the water body, the traveling distance of a photon

before its next collision with water particles is denoted as 𝑑c. The
distances to the next boundary and the pond sides along its path are
𝑑b and 𝑑e, respectively, as defined in [52]:

𝑑𝑐 = −
ln 𝜁
𝜅e

,

𝑑𝑏 =
𝑧𝑏 − 𝑧
𝑟𝑧

,

𝑑𝑒 = min
(

|

|

|

|

𝑥𝑒 − 𝑥
𝑟𝑥

|

|

|

|

,
|

|

|

|

|

𝑦𝑒 − 𝑦
𝑟𝑦

|

|

|

|

|

)

,

(6)

where 𝜁 is a uniformly generated random number between 0 and 1; 𝑧𝑏
is the 𝑧-coordinate of the next boundary; 𝑥𝑒 and 𝑦𝑒 are the coordinates
of a side surface. The photons will travel layer by layer, resulting in
three potential collision scenarios before they reach 𝑑𝑐 , as illustrated
in Fig. 6: (i) reflection or refraction on the air–water interface; (ii)
collision with a side surface if 𝑑𝑒 = min (𝑑𝑐 , 𝑑𝑏, 𝑑𝑒); (iii) collision within
the current layer if 𝑑𝑏 < 𝑑𝑐 . If none of these occurs, (iv) the photon
advances to the layer boundary. At boundaries other than the bottom
surface or TOW, the photon’s coordinate updates to 𝑑′𝑐 (as derived
in [52]) and undergoes another round of (i–iv). These parameters 𝑑′ , 𝑑′,
𝑏 𝑒
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Fig. 6. The Monte Carlo process: (i) Photon collision at the air–water interface; (ii) Photon collision at the pond sides or bottom; (iii) Photon interaction with water particles; (iv)
Photon travels to the next layer. The processes within the dashed boxes use a random number generator. ∗ and † indicate the random number is generated at the collision point
nd TOW, respectively.
nd (𝑥′, 𝑦′, 𝑧′) are continually updated until the photon collides with
articles, four sides, the bottom, or escapes from the TOW.

.4.3. Photon collision with medium
A photon experiences three types of collisions as depicted in Fig. 6:

i) collision with the air–water interface, resulting in refraction or
eflection; (ii) collision with the bottom or the side surfaces, leading to
eflection or absorption; and (iii) collision with water particles, leading
o absorption or scattering.
i) Collision with air–water interface: refraction or reflection

At the air–water interface, a photon can undergo refraction or
eflection, altering its trajectory according to the Snell law and the
resnel law (Section 2.3). According to the principle of conservation of
nergy, the spectral transmittance is 𝑠,𝜈 = 1 − 𝜌𝑠,𝜈 [29]. In the Monte
arlo simulation, the photon is reflected if the generated 𝜁 < 𝑠,𝜈 ;
therwise, it undergoes refraction. For photons incident from air to
ater, reflected photons will be recorded as having left the system. In

ontrast, for water-to-air incident photons, reflected photons embark on
new journey. Both refraction and reflection are strongly influenced by

he angle of incidence and the refractive index of the saline water.
ii) Collision with bottom or sides: absorption or diffuse reflection

When a photon impinges onto the bottom or one of the four sides
f the water pond, it will be reflected or absorbed. All surfaces are
onsidered Lambertian surfaces made of soil. If a generated random
umber 𝜁 < 𝜌𝜈 , the photon with wavenumber 𝜈 will be reflected,
therwise it will be absorbed. The direction of reflection is sampled
y a bunch of new random numbers in the perpendicular plane 𝜁⟂
nd parallel plane 𝛾∥ using the expressions cos 𝜃⟂ =

√

𝜁⟂ and 𝛾∥ =
2𝜋𝜁∥ [52]. For different collision faces, the expressions corresponding
to the 𝑥𝑦𝑧-axis should be modified according to the right-hand rule for
rotation. For example, if a photon is reflected diffusely by the bottom,
the updated direction vectors (𝑟′𝑥, 𝑟′𝑦, 𝑟′𝑧) are:

𝑟′𝑧 = cos 𝜃⟂ =
√

𝜁⟂,

𝑟′𝑥 = sin 𝜃⟂ cos 𝛾∥,
′

(7)

𝑟𝑦 = sin 𝜃⟂ sin 𝛾∥.
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(iii) Collision with particles: scattering or absorption
When a photon interacts with water particles, it undergoes either

absorption or elastic scattering, altering only its direction. If a gen-
erated random number 𝜁 is smaller than the single scattering albedo,

𝜁 < 𝜌𝜈 =
𝜅sca,𝜈

𝜅abs,𝜈 + 𝜅sca,𝜈
, (8)

it will be scattered, otherwise it will be counted as absorbed by the
water layer. The 𝜅sca,𝜈 and 𝜅abs,𝜈 are the scattering coefficient and
the absorption coefficient at the wavenumber 𝜈, respectively. The
scattering angle is approximated using the isotropic scattering phase
function [52]:

𝑃 (cos𝛩) = 1
4𝜋

(9)

where 𝛩 is the angle between the incident direction and the scattering
direction.

3. Results and discussion

The developed MC-RTM is used to generate results for three re-
search questions, as presented in Table 2: (1) the impact of the di-
rectional characteristics of incident radiation on its propagation and
absorption in saline water; (2) the impact of spectral characteristics
of diffuse radiation on its absorption in saline water; and (3) the
relationship between water absorption rate and the depth of the water
pond, as well as the nature of incident radiation.

Section 3.1 is designed for applications that employ optical concen-
trators to enhance the solar radiation received by devices submerged in
water. The efficiency of a concentrator in harnessing radiation depends
on the angle of incidence. Section 3.2 relates to applications that
exploit underwater solar or longwave radiation for processes such as
radiation-driven interfacial evaporation, underwater vapor generation,
and underwater photovoltaic systems. These applications focus on the
spectral distribution of radiation at various depths of saline water body.
Section 3.3 offers user-friendly empirical equations for estimating the
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Fig. 7. Under solar radiation, the impact of the angle of incidence on water absorptive behavior. (a) Transmission rate of solar radiation on the air–water interface; (b) Effect of
incident angle on the absorption and reflection rate distribution. The absorption behavior of diffuse radiation is similar to that of incident radiation at 62.7◦.
Table 2
Parametric analysis for the three research questions.

Research question Angle of incidence Incident spectrum Pond depth

Directional characteristics
(Section 3.1)

0–85◦ and diffuse Solar spectrum 2 m

Spectral characteristics
(Section 3.2) Diffuse Solar spectrum 2 m300–5800 K

Empirical correlation
(Section 3.3) Diffuse Solar spectrum 0.3–2 m1800–5800 K

absorption of radiation based on the temperature of the blackbody heat
source and the depth of the saline water. The water domain analyzed
includes the water surface (0 to 1 cm deep), the main saline water body
(1 to 199 cm deep), the bottom surface of the pond and four sides, as
illustrated in Fig. 1.

3.1. Effects of the directional characteristics of incident radiation

This subsection analyzes the impacts of directional characteristics
of incident radiation on its propagation, focusing on two primary
processes: reflection at the water surface and absorption within the
water body. Here, the incident radiation considered only includes
solar radiation, since the blackbody emission is often diffused. Using
the reflectance data illustrated in Fig. 5, the integrated transmission
rate  is calculated for solar spectra at various angles of incidence.
These angles of incidence correspond physically to different solar zenith
angles 𝜃𝑧:

 (𝜃𝑧) =
∫ 𝑒𝜈,in ⋅ 𝜈 (𝜃𝑧)

∫ 𝑒𝜈,in
(10)

in which 𝑒𝜈,in is monochromatic solar flux.
The integrated transmission rate at the water surface is depicted in

Fig. 7a. For air-incident radiation, as long as the angle of incidence
is less than 62.7◦, almost all radiation will transmit into the water
without being reflected. For water incident radiation, once the angle of
incidence is larger than 49.5◦, the radiation will be reflected back into
the water. In particular, the transmission rate of diffuse solar radiation
is approximately 0.93, which corresponds to the angle of incidence of
62.7◦ for air-incident beam radiation. This result is in agreement with
previous studies [30,32].

In perspective of the absorption within the water body, Fig. 7b
shows that once the angle of incidence is less than 62.7◦, the absorption
8 
rate remains almost the same at water surface, water body and pond
sides, since the aspect ratio of the modeled shallow water pond is
10:1 (width to depth), the edges have little impact on water body
absorption [45]. However, the increase in the incident angle results in
a slightly decrease in the absorption rate at the pond bottom surface. It
is because the reflection rate at the air–water interface increased. The
water absorption properties of diffuse radiation are similar to that of
beam radiation incident from 62.7◦, which agrees with Fig. 7a.

3.2. Effects of the spectral characteristics of incident radiation

This subsection examines how the spectral characteristics of diffuse
radiation affect its absorption in saline water pond. It is analyzed first in
terms of the solar spectrum and then in terms of the blackbody emissive
spectrum with different heat source temperatures. Fig. 8 depicted the
spectral distribution of the absorbed solar flux density in the water
pond. The initial 50 cm of water absorbed radiation greater than 1 μm,
accounting for about 50% of the energy of incident radiation, while
the 50–200 cm depth only absorbs about 10% of incident radiation,
mainly the visible band (0.4–0.7 μm) and a part of the near-infrared
band (0.7–1 μm). The water surface absorbs all radiation greater than
1.4 μm (20% incident radiation). The first 8 cm depth of the water
absorbs all radiation greater than 1.14 μm (more than 30% incident
radiation). Most radiation in the visible band is absorbed by the bottom
and sides of the water pond. These findings are in agreement with
previous studies [55].

Blackbody heat source with different temperatures displays a dif-
ferent spectrum. Analyzing the impacts of the temperature of the heat
source will provide more distinctive guidance for industrial applica-
tions such as contactless evaporation. Fig. 9 illustrates the distribution
of radiation absorption rates in the saline water pond, subjected to
radiation from blackbodies with various temperatures. It can be noticed
that reflection rates for all temperatures remain around 0.06, and the
absorption rate of the water surface keeps at 0.94 before 1300 K,
then gradually declines to 0.23 as temperature increases, demonstrating
that the water surface can absorb almost all radiation emitted by the
blackbody whose temperature is less than 1300 K. Furthermore, the
absorption rate within the water body slightly rises from zero to around
0.38 at 4300 K before stabilizing there. The absorption rate of the first
50 cm depth of the water is approximately 0.93 for temperatures below
1300 K, then gradually declines to 0.45 for temperatures of 5800 K.
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Fig. 8. Under diffuse solar radiation, the spectral distribution of absorbed flux density and total absorption rate at various layers of water pond. The first 50 cm depth of water
(including the surface) absorbs all radiation greater than 1 μm, accounting for about 50% of incident diffused solar radiation.
Fig. 9. Distribution of radiation absorption rates in the saline water pond exposed to radiation from blackbodies at various temperatures. Almost all radiation emitted by the
blackbody 𝑇 < 1300 K is absorbed by the water surface.
3.3. Empirical correlations for water absorption rate

This section presents empirical correlations to relate the absorption
rate with depth in water and the spectrum of incident radiation, includ-
ing diffuse solar and blackbody emission. Note that the reflectance of
the bottom and sides of the pond is notably low (less than 0.1). Addi-
tionally, with an aspect ratio of 10:1, the influence of edge reflection
on overall water absorption is minimal [45].

3.3.1. Solar radiation
Under diffuse solar radiation, Fig. 10 illustrates the empirical corre-

lation between the total water absorption rate and the depth of water.
Here, the total absorption rate is fitted over two segments of the solar
spectrum, with a cutoff at 1 μm. The selection of the cut-off point is
based on experimental tests as shown in Fig. 8, with three distinct peaks
in the absorption spectrum at 1.4, 1.14, and 1 μm. Here, an ideal cut-
off point was determined to be 1 μm. The correlation was evaluated
using four types of formulas, denoted by 𝑓1,2,3,4. Formula 𝑓1 is selected
because it is based on the Beer’s law,

α = 1 − e−𝜏 , (11)

in which 𝜏 is the optical depth, equating to the product of the ab-
sorption coefficient and the depth of water. The regressed empirical
9 
correlations for the two spectral segments are:

αseg1 = 1 − exp(−29.2𝐷 − 2.38) − 0.74, 𝜆 > 1 μm
αseg2 = 1 − exp(−2.25𝐷 − 1.29) − 0.67, 𝜆 ≤ 1 μm

(12)

in which the water depth 𝐷 > 0. The total absorption rate α = αseg1 +
αseg2.

As illustrated in Fig. 10 a, radiation with wavelengths greater than 1
μm is completely absorbed within the initial 0.5 meters of water depth.
The absorption rate is approaching the value of (1 + C3), which is the
fraction of radiation with 𝜆 > 1 μm in the solar spectrum. In contrast,
radiation with wavelengths less than 1 μm is not fully absorbed by a
water body with a depth of 2 m, as demonstrated in Fig. 10 b. Although
the proposed correlation might underestimate the absorption rate for
deep water bodies, its accuracy for shallow bodies of water remains
well-supported.

3.3.2. Blackbody emissive radiation
Using a similar approach of fitting empirical correlations of solar

radiation, a piece-wise function with a cutoff was used to fit the
total absorption rate of water under blackbody emission (1300–5800
K). However, unlike the correlations of solar radiation, the regression
equations of blackbody emission are divided into three ranges based on
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Fig. 10. Absorption rate of water under diffuse solar radiation as a function of depth. α(𝐷) = αseg1 + αseg2.
Table 3
Empirical correlations of absorption rate with respect to water depth and the temperature of blackbody heat source.

Temperature [K] Band [μm] Correlations (α = αseg1 + αseg2) Correlations coefficients C1,2,3 as the
function of 𝑇 ′ = 𝑇 ∕1000

𝑇 ≤ 1300 0.25–4 0.93, Fig. 9 –

1400 ≤ 𝑇 < 2300

𝜆 > 1.14
C1 = 496.32𝑇 ′2 − 265.56𝑇 ′ + 41.61

αseg1 = 1 − e(−C1 ⋅𝐷+C2 ) + C3 C2 = −159.1𝑇 ′2 + 81.47𝑇 ′ − 12.56
Fig. 11a C3 = 6.64𝑇 ′2 − 0.88𝑇 ′ − 0.99

Fig. 12a–c

𝜆 ≤ 1.14
C1 = 1749.64𝑇 ′2 − 830.9𝑇 ′ + 107.06

αseg2 = 1 − e(−C1 ⋅𝐷+C2 ) + C3 C2 = −117.76𝑇 ′2 + 61.52𝑇 ′ − 10
Fig. 11b C3 = 2.99𝑇 ′2 + 1.45𝑇 ′ − 1.21,

Fig. 12d–f

2300 ≤ 𝑇 ≤ 5800

𝜆 > 1
C1 = 49.25𝑇 ′2 − 54.11𝑇 ′ + 45.64

αseg1 = 1 − e(−C1 ⋅𝐷+C2 ) + C3 C2 = −8.82𝑇 ′2 + 6.22𝑇 ′ − 3.18
Fig. 13a C3 = 2.24𝑇 ′2 − 3.43𝑇 ′ + 0.5 Fig. 14a–c

𝜆 ≤ 1
C1 = 13.31𝑇 ′2 − 16.69𝑇 ′ + 7.15

αseg2 = 1 − e(−C1 ⋅𝐷+C2 ) + C3 C2 = −16.41𝑇 ′2 + 16.68𝑇 ′ − 5.52
Fig. 13b C3 = −2.45𝑇 ′2 + 2.62𝑇 ′ − 1.37

Fig. 14d–f
temperature, as shown in Table 3. The reasons for the division are: (i)
Blackbody emission of 𝑇 ≤ 1300 K is fully absorbed by the first 1 cm
of water body, as shown in Fig. 9; (ii) Blackbody emission from heat
sources of 1300 K < 𝑇 < 2300 K can penetrate the first 1 cm depth of
the water and 1.14 μm is determined as the cut-off point as indicated in
Fig. 8. (iii) The fitting processing for blackbody emission of 2300–5800
K is the same as that of solar radiation with 1 μm as the cut-off point.

Figs. 11 and 13 illustrate the fitting results of absorption rate with
blackbody heat source of 1400 K ≤ 𝑇 < 2300 K and 2300 K < 𝑇 <
5800 K, respectively. The Mean Absolute Percentage Error (MAPE),
Root Mean Squared Error (RMSE), and R2 are used to evaluate the
accuracy of the regression, as shown in Figs. 11 and 13. The regression
coefficients have been found to vary as a function of the heat source
temperature. To facilitate simpler computations across a broad spec-
trum of heat source temperatures, these coefficients have been modeled
using a quadratic function, as shown in Figs. 12 and 14.

3.4. Discussion

This work used an MC-RTM to investigate the effects of the spectral
and directional properties of incident radiation on its propagation at
various water depths:
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• The analysis of directional characteristics indicates that if the
incident angle of solar radiation is less than 62.7◦, the angle has
a negligible impact on the absorption rates of both the water
surface and the water body. This finding could be applied to the
design of more efficient solar concentrators.

• The spectral characteristic analysis shows that radiation with
wavelengths longer than 1.4 μm, 1.14 μm, 1 μm is completely
absorbed within the first 1, 8 and 50 cm of the water, respec-
tively. For contactless interfacial evaporation applications, it is
recommended to consider utilizing a heat source spectrum pre-
dominantly above 1.4 μm. Furthermore, it may be beneficial to
maintain the temperature of the emitting heat source at or below
1300 K to maximize interfacial absorption of incident radiation.

• Empirical correlations have been developed to facilitate the esti-
mation of absorption rates at varying water depths. These corre-
lations can be used effectively to determine the optimal depth for
applications such as underwater vapor generation and submerged
photovoltaic systems.

Note that the empirical formula derived in this work is based on
saline water with a fixed temperature of 20 ◦C and a salinity of 35 ppt.
In conditions of lower salinity or higher temperature, the absorption
rate will be slightly higher, and conversely, in environments with



N. Deng et al. Applied Thermal Engineering 258 (2025) 124536 
Fig. 11. Absorption rate as a function of water depth and the temperature of blackbody heat source when 1400 K ≤ 𝑇 < 2300 K ; (a) 𝜆 > 1.14 μm. (b) 𝜆 ≤ 1.14 μm. The pale blue
curve indicates the regressed correlations. (c) The RMSE of fitted result of each temperature.
Fig. 12. The R2 for regression coefficients as a function of heat source temperature. (a,b,c) R2 when 𝜆 > 1.14 μm corresponding to Fig. 11a ; (d,e,f) R2 when 𝜆 ≤ 1.14 μm
corresponding to Fig. 11b.
higher salinity or lower temperature, the absorption rate will be slightly
lower [29]. Furthermore, the MC-RTM model does not account for po-
larization and photomolecular effects [56,57]. Polarization may cause
slight deviations in the trajectory of photons, whereas photomolecular
interactions can enable a photon in the green spectrum to transition
liquid water directly to the vapor phase, potentially enhancing evap-
oration rates. Furthermore, the model is limited to saline water as
the medium of study. Future research should consider incorporating
a broader range of mediums, such as nanofluids and colored dissolved
organic matter, to extend the applicability of the model to a wider array
of aquatic environments.

4. Conclusions

Comprehensive knowledge of how radiation propagates in saline
water considering its spectral and directional characteristics provides
11 
guidance for applications such as radiative evaporation at the air–water
interface, underwater vapor generation and underwater photovoltaic
systems. In this work, a Monte Carlo radiative transfer model is de-
veloped considering the full complexity of the spectral and angular
dependence of the radiation to simulate the transfer of radiation in a
saline water pond. The incident radiation includes not only diffuse and
beam solar radiation, but also diffuse blackbody (300–5800 K) emissive
radiation.

For directional characteristics, the effect of diffuse radiation is
comparable to beam radiation at about 62.7◦. In addition, the incident
angle has little impact on the absorption rate of the water surface and
water body if the incident angle is less than 62.7◦. For spectral charac-
teristics, radiation with wavelength less than 1.4 μm, 1.14 μm and 1 μm
are completely absorbed by the first 1 cm, 8 cm and 50 cm depth of
the water layers, accounting for 20%, 30% and 50% of incident diffuse
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Fig. 13. Absorption rate as a function of water depth and the temperature of blackbody heat source when 2300 K < 𝑇 < 5800 K ; (a) 𝜆 > 1 μm. (b) 𝜆 ≤ 1 μm.
Fig. 14. The R2 for regression coefficients as a function of heat source temperature. (a,b,c) corresponds to Fig. 13a when 𝜆 > 1 μm ; (d,e,f) corresponds to Fig. 13b when 𝜆 ≤ 1 μm.
solar radiation. Moreover, empirical correlations have been established
to enable more straightforward calculations of the water absorption
rate at varying depths and for different types of incident radiation.
These results will serve as valuable tools for efficiently estimating
how radiation propagates through a body of saline water. They will
provide data and insights that guide the selection of spectrum-shifting
materials and the strategic placement of underwater absorbers/devices
for a range of applications in the energy-water nexus.

However, the current model has certain limitations, such as its
exclusion of polarization and photomolecular effects, and its appli-
cability only to homogeneous saline water as the study medium. To
improve the robustness and applicability of the model, future work will
explore a broader range of medium, including nanofluids and colored
dissolved organic matter, and will also consider the effects of medium
inhomogeneity. Additionally, integrating the MC-RTM code with other
energy-related processes, such as natural convection, could address
more complex research questions and significantly expand the scope
of use of the model in diverse aquatic environments.
12 
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Appendix

Grid convergence test

Grid convergence tests are conducted to determine the optimal
number of photon bundles 𝑁𝑏 per wavelength, as well as the required
spectral resolution 𝛥𝜈, to balance accuracy and computational effi-
ciency. The depth of water layers 𝛥𝑙 was established at 1 cm to facilitate
the analysis of water absorption behavior with a vertical resolution
of 1 cm. The parameters for these independent tests are detailed in
Table A.1.

The model parameters are determined by calculating the conver-
gence rate 𝑟𝑐 ,

𝑟𝑐 =
(

1 −
|𝑦𝑖 − 𝑦𝑎|

𝑦𝑎

)

× 100%, (13)

where 𝑦𝑖 represents the result of the current test, while 𝑦𝑎 corresponds
to the result of the most accurate test, which is computed when the
spectral resolution 𝛥𝜈 is set to 1 cm−1 and the number of photon
bundles 𝑁𝑏 equals 5000. A value of 𝑟𝑐 that approaches 100% indicates
a higher accuracy of the 𝑖th test. The simulations were executed on
an Intel i9-13900K with 32 cores, utilizing Python’s multi-processing
capabilities for parallel execution. As indicated in Fig. A.1, the op-
timal spectral resolution, 𝛥𝜈, for both solar and blackbody spectrum
is 5 cm−1. This resolution achieves an 𝑟𝑐 exceeding 99.99%, while
doubling the computational speed compared to a resolution of 3 cm−1.
The ideal number of photon bundles, 𝑁 , is identified as 1000. This
𝑏
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quantity delivers performance nearly identical to that of 5000 bundles
(𝑟𝑐 = 99%) but requires only a fifth of the computational time.

In sum, the model resolution and grid settings are 𝑁𝑏 = 1000, 𝛥𝜈 = 5
cm−1, and 𝛥𝑙 = 1 cm for all the cases examined in this work.

Model validation

The Monte Carlo model presented in this work is validated against
the mathematical formulation developed by Cengel and Özişik [30] and
the Ansys Zemax commercial software. The case considered by Cengel
and Özişik [30] involves a one-dimensional pure water pond with a
depth of 2 m. Their assumptions include: (i) a constant reflectivity at
the air–water interface of 0.066 for the air side and 0.477 for the water
side, (ii) no scattering, and (iii) a pond bottom albedo of 0.3. Fig. A.2a
shows that the results of the developed MC-RTM are consistent with
those of Cengel and Özişik [30], achieving a RMSE of less than 0.05.
The MC-RTM results indicate higher absorption at the bottom and
lower absorption within the water body. This difference arises because
the reference formulation assumes that all radiation reflected back to
the water body at the water-air interface is absorbed by the water
body without reaching the pond bottom again. In contrast, the MC-
RTM provides a more accurate representation by effectively tracking
multiple reflections between the bottom of the pond and the water-air
interface.

To validate the model against Zemax, Fig. A.2b presents a compar-
ison of the transmission of monochromatic radiation in a 2-meter-deep
saline water pond, using data generated by MC-RTM and Zemax simu-
lations. Five wavelengths are considered: infrared (1.5 μm), red (0.75
μm), green (0.5 μm), blue (0.46 μm), and UV (0.35 μm). The results
from the MC-RTM simulations are consistent with those from Zemax,
exhibiting an average RMSE of less than 0.01.
Table A.1
Settings for independent test parameters.

Model setting Incident radiation Saline water pond

𝛥𝜈 = 1, 3, 5a, 10 Solar spectrum/blackbody 𝑇 = 5800 K 𝐿 = 10 m, 𝑊 = 10 m, 𝐷 = 2 m
𝑁𝑏 = 100, 500, 1000a, 5000 Angle of incidence = 0◦ 𝑇 = 20 ◦C
𝛥𝑙 = 1 cm Randomly distributed incident location 𝑆 = 35 ppt

a Denotes parameters determined in accordance with the grid convergence test results.
Fig. A.1. Grid convergence test for (a) Spectral Resolution, and (b) Bundle Quantity. The symbols 𝑠 and 𝑏 represent solar and blackbody emissive radiation, respectively. The grid
convergence rate 𝑟𝑐 achieving 99% is the baseline for grid convergence.
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Fig. A.2. Validation of the MC-RTM Model. (a) Comparison with theoretical results from Cengel and Özişik [30] on the propagation of solar radiation in a pure water pond. (b)
Comparison with Zemax for the propagation of five monochromatic radiation in a saline water pond. The RMSEs for both validation cases are below 0.05.
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