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Abstract

Accurate knowledge of seawater optical properties is essential for underwater imaging,
sensing, and optical communication, particularly in coastal and shallow-water environ-
ments where geometric light propagation effects can influence measurement accuracy.
While empirical formulations describing the refractive index of seawater are well estab-
lished and widely used in the visible spectral range, their applicability in the near-ultraviolet
region has received limited experimental validation. In this work, the applicability of an
established empirical seawater refractive-index formulation in the near-ultraviolet band is
investigated through a combined numerical and experimental approach. First, the empirical
model is evaluated numerically to examine its spectral behavior across the visible—near-
ultraviolet transition. The results indicate smooth and physically consistent refractive-index
variation near the ultraviolet boundary. Second, a controlled laboratory experiment is con-
ducted in which near-ultraviolet beam refraction through stratified seawater is measured
using a multi-compartment tank designed to emulate discrete ocean depth intervals. Beam
displacement measurements at two near-ultraviolet wavelength bands are compared di-
rectly with predictions obtained from a multi-layer ray-tracing simulation based on the
empirical formulation. The close agreement between simulated and experimentally mea-
sured beam displacement across multiple depth configurations provides physical validation
of the empirical refractive-index model in the near-ultraviolet region under the investigated
conditions. These findings support the use of established refractive-index formulations for
near-ultraviolet underwater optical modeling and contribute to a more reliable foundation
for near-UV marine optical sensing and measurement applications.

Keywords: seawater optics; refractive index; near-ultraviolet; underwater optical sensing;
beam refraction; coastal and shallow waters
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with an average depth of about 55 m and extensive coastal and archipelagic zones, where
shallow-water light propagation effects are particularly relevant for environmental obser-
vation, monitoring, and optical measurement systems [4].

The performance of underwater optical systems is fundamentally governed by the
interaction of light with seawater. Absorption and scattering processes have been studied
extensively and are known to strongly limit optical range and signal strength [5,6]. In
addition to these loss mechanisms, the geometric propagation of light, how optical beams
refract, bend, and shift as they traverse water and interfaces, plays a critical role in system
calibration, alignment, and quantitative interpretation of measurements. Accurate mod-
eling of light propagation is therefore essential for both the design of underwater optical
systems and the interpretation of their data products.

Ultraviolet (UV) and near-ultraviolet wavelengths have attracted renewed attention
in marine optics due to their potential advantages in specific applications. Shorter wave-
lengths can enhance sensitivity to certain biological and chemical constituents, improve
spatial resolution in imaging systems, and enable new sensing modalities [6,7]. At the same
time, advances in ultraviolet light sources, detectors, and narrowband filtering technologies
have made controlled UV and near-UV measurements increasingly feasible in laboratory
and field settings. These developments motivate a closer examination of the fundamental
optical properties that govern light propagation in seawater at shorter wavelengths.

Among these properties, the refractive index of seawater occupies a central position.
The refractive index determines how light rays bend at interfaces, how beam directions
evolve within the water column, and how optical paths are mapped between source and
detector. In many underwater optical systems, particularly those employing narrow beams,
geometric measurement principles, or stratified water columns, small refractive-index
variations can lead to measurable beam displacement and systematic effects that must be
accounted for to achieve accurate results [1].

Empirical formulations describing the refractive index of seawater as a function of
wavelength and environmental parameters have been established and are widely used in
ocean-optical modeling. However, these formulations have been developed and validated
primarily in the visible spectral range, reflecting the historical focus of optical oceanogra-
phy and the availability of experimental data. When such models are applied at shorter
wavelengths, particularly in the near-ultraviolet region, their validity is often assumed
rather than experimentally confirmed.

From a physical standpoint, this assumption warrants careful examination. Optical
dispersion increases toward shorter wavelengths, potentially amplifying sensitivity to
environmental parameters such as temperature and salinity. As a result, even modest
deviations in refractive-index behavior at near-ultraviolet wavelengths could influence
beam propagation and measurement accuracy in optical experiments and sensing systems.

The objective of the present work is to address this gap by experimentally examining
the applicability of an established empirical seawater refractive-index formulation in the
near-ultraviolet spectral region. Rather than introducing a new refractive-index model,
this study focuses on physical validation. A controlled laboratory approach is adopted
in which near-ultraviolet beam refraction through stratified seawater is measured and
compared against predictions derived from the empirical formulation. By linking numerical
evaluation with direct beam-displacement measurements, this work provides experimental
insight into the consistency of refractive-index modeling at near-ultraviolet wavelengths
and contributes to a more reliable foundation for near-UV underwater optical applications.
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2. Related Works

The present study lies at the intersection of ocean-optical property modeling, ultra-
violet (UV) light interaction with seawater, and underwater optical systems that rely on
accurate light propagation physics. While each of these areas has been investigated exten-
sively, their overlap, specifically the experimental validation of seawater refractive-index
models in the near-ultraviolet spectral region, has received comparatively limited attention.

2.1. Refractive Index Modeling in Ocean Optics

The refractive index of seawater is a fundamental optical property governing refrac-
tion, beam steering, and optical path geometry in marine environments. In ocean optics,
refractive index is typically treated as a wavelength-dependent quantity influenced by
temperature, salinity, and pressure, and it is routinely incorporated into radiative-transfer
models and underwater optical simulations [1].

Empirical refractive-index formulations for seawater have been developed based on
laboratory measurements and in situ observations, leading to widely adopted analytical
expressions and tabulated datasets. Early work by Austin and Halikas [8] provided foun-
dational refractive-index measurements for seawater, establishing baseline behavior in the
visible spectrum [9]. Subsequent studies, notably by Quan and Fry, introduced compact
empirical expressions describing refractive index as a function of wavelength, temperature,
and salinity, enabling efficient numerical implementation in optical models [10]. Pressure-
dependent extensions were later incorporated to support applications at greater ocean
depths [11].

These empirical formulations have been validated primarily for visible wavelengths
and form the basis of many contemporary underwater optical simulations. However, their
applicability outside the original validation range, particularly at shorter wavelengths, is
often assumed rather than experimentally verified.

2.2. Ultraviolet and Near-Ultraviolet Light in Seawater

Ultraviolet radiation in the marine environment has been studied extensively, particu-
larly with respect to penetration depth, attenuation, and ecological and biogeochemical
impacts. Numerous observational and modeling studies have shown that UV light is
strongly attenuated in seawater compared to visible light, with penetration depth depend-
ing on water type, dissolved organic matter, and particulate concentration [6,7].

As a result, much of the UV-related ocean-optics literature focuses on absorption
and scattering processes, irradiance profiles, and biological exposure rather than refractive
behavior. Nevertheless, dispersion effects become more pronounced at shorter wavelengths,
implying that refractive-index sensitivity to environmental parameters may increase in the
near-ultraviolet region. This provides a physical motivation for reassessing refractive-index
modeling at near-UV wavelengths, particularly in experimentally accessible bands close to
the visible spectrum.

2.3. Underwater Optical Systems and Propagation Requirements

Accurate modeling of optical propagation in seawater is essential for a wide range of
underwater technologies, including imaging systems, laser-based sensing, bathymetric and
spectral LIDAR, and underwater wireless optical communication (UWOC). Recent studies
have demonstrated the feasibility of high-speed optical communication links underwater
using laser sources and advanced modulation schemes, highlighting the importance of
precise optical modeling for system design and performance prediction [12,13].

Similarly, underwater LiDAR and optical imaging systems rely on accurate inter-
pretation of beam propagation and interaction with water and interfaces. Investigations
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into spectral backscattering, depth-resolved LiDAR returns, and polarimetric underwater
imaging illustrate the growing sophistication of marine optical sensing technologies [14,15].
While absorption and scattering dominate signal attenuation in most underwater appli-
cations, refractive effects at interfaces and within stratified water columns can influence
beam alignment, spot geometry, and calibration accuracy, particularly in narrowband or
geometrically sensitive measurement techniques.

2.4. Gap and Motivation for the Present Study

Despite substantial progress in ocean optics and underwater optical systems, direct
experimental validation of seawater refractive-index models in the near-ultraviolet spectral
region remains scarce. Most established empirical formulations were derived and validated
using visible-wavelength datasets, and their extension into the near-UV is commonly
performed by extrapolation [10]. Experimental confirmation of such extensions is limited
by historical constraints in UV light sources and detectors.

The present work addresses this gap by combining numerical evaluation of an
established empirical refractive-index formulation with a controlled laboratory beam-
displacement experiment in the near-ultraviolet band. By validating refractive-index
behavior at two near-UV wavelength ranges using a stratified, multi-compartment seawa-
ter configuration, this study provides physical evidence supporting the applicability of
empirical seawater refractive-index modeling beyond the traditional visible spectrum.

3. Refractive Index Modeling and Simulation
3.1. Empirical Seawater Refractive Index Model

The refractive index of seawater is a function of wavelength, temperature, salinity,
and pressure (or depth). In this study, the seawater refractive index is evaluated using an
established empirical formulation derived from extensive laboratory and field measure-
ments in the visible spectral range. Although this formulation is conventionally applied
at wavelengths above approximately 400 nm, its functional dependence on wavelength
and thermodynamic parameters provides a physically motivated basis for exploring its
behavior in the near-ultraviolet region.

The empirical model is evaluated as a function of wavelength A, temperature T, salin-
ity S, and depth-dependent pressure. Temperature and salinity values are selected to match
the experimental conditions, while pressure is computed from the effective ocean depth
represented by each compartment. Particular attention is given to wavelengths between
380 and 425 nm, corresponding to the near-ultraviolet bands investigated experimentally.
Following the empirical formulation originally proposed by Quan and Fry [10] and subse-
quently extended to include pressure dependence by McNeil [11], the refractive index of
seawater is expressed as

n(A,T,S) =ng(A) + A(A) T+ B(A) S+ C(A) T?, 1)

where A denotes the wavelength in vacuum, T is the seawater temperature, and S is the

salinity. The pressure (depth) dependence of the refractive index is incorporated through
on

n(A,T,S,P)=n(AT,S) + 5P p, (2)

where P represents the hydrostatic pressure corresponding to ocean depth. Together,
Equations (1) and (2) define the empirical refractive-index model used throughout
this study.
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3.2. Numerical Assessment of Spectral Continuity

Before applying the empirical refractive-index model to the experimental validation, a
numerical assessment was performed to examine its spectral behavior across the visible
to near-ultraviolet transition. The refractive index was evaluated over a wavelength
range spanning 350 to 450 nm while allowing temperature, salinity, and depth to vary
simultaneously within realistic oceanic bounds.

Randomized sampling of the parameter space was employed to capture the combined
influence of environmental variability. Specifically, N = 10,000 uniform random samples
were generated over the ranges 0 °C < T < 30 °C,33PSU < § < 37PSU, 0 < z < 100m,
and 200nm < A < 400nm. At each wavelength, the resulting refractive-index values were
summarized using statistical measures, including median trends and percentile envelopes.
This approach enables identification of potential discontinuities or anomalous behavior
without assuming validity of the model in the near-ultraviolet region a priori.

The numerical results indicate a smooth and continuous refractive-index variation
with wavelength across the visible-near-ultraviolet boundary, supporting the physical
plausibility of extending the empirical formulation into the near-ultraviolet band. These
results provide the numerical foundation for the subsequent experimental validation.

3.3. Multi-Compartment Ray-Tracing Framework

To establish a direct and physically meaningful link between the refractive-index
model and the laboratory measurements, a multi-compartment ray-tracing framework was
developed that explicitly replicates the experimental geometry. Rather than approximating
the tank as a homogeneous medium with an effective refractive index, the simulation treats
the optical path as a sequence of discrete layers corresponding to air, glass walls, and
seawater compartments.

The simulated optical path consists of five compartments arranged sequentially along
the beam direction, matching the physical tank as illustrated schematically in Figure 1. Each
compartment has an internal water-path length of 8 cm, and adjacent compartments are
separated by glass walls of thickness 1.5 mm. Glass is modeled using a constant refractive
index of 1.50, while air-filled compartments are assigned a refractive index of unity.

Five-Compartment Seawater Tank

Collimating Lenses

Hamamatsu CCD Camera

Hamamatsu
D2-1600 nm

Each compartment = 20 m (total =100 m)

Bi385 Filter  Bi405 Filter

370-390 nm  405-415 nm

(Peak 385 nm) (Peak 415 nm)
Figure 1. Schematic of the experimental setup used for near-ultraviolet refractive-index validation. A
deuterium lamp (200-1600 nm) provides broadband illumination that is collimated and directed into
a five-compartment seawater tank arranged sequentially along the beam path. Each compartment
provides an 8 cm water path. The compartmental structure enables controlled emulation of layered
refractive-index distributions, allowing cumulative multi-interface refraction effects to be investigated
under laboratory conditions. The transmitted beam is recorded using a CCD camera (120-1100 nm)
with interchangeable interference bandpass filters mounted in front of the camera: Bi385 (370-390 nm,
peak 385 nm) and Bi405 (405415 nm), both from Midwest Optical Systems.

At each interface between adjacent layers, the beam angle is updated according to
Snell’s law. The lateral displacement accumulated within each layer is computed from
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the local propagation angle and the physical thickness of that layer. The total beam
displacement at the exit of the tank is obtained by summing the contributions from all
layers traversed by the beam.

3.3.1. Multi-Interface Refraction and Beam Displacement Accumulation

At each interface between adjacent layers, the propagation angle of the beam is
updated according to Snell’s law,

n; sin 91' =Nj+1 sin 91'_|_1, (3)

where n; and n;,1 denote the refractive indices of the incident and transmitted media,
respectively, and 6; and 6,1 are the corresponding propagation angles measured with
respect to the surface normal.
Within each layer k of physical thickness #;, the lateral beam displacement is com-
puted as
Axj = ti tan 6;. 4)

The total beam displacement at the exit of the multi-compartment tank is obtained by
summing the contributions from all traversed layers,

N

Xiotal = Z Axy, (5)
k=1

where N is the total number of air, glass, and seawater layers encountered by the beam
along the optical path.

This formulation allows the cumulative refraction induced by sequential seawater com-
partments and intervening glass walls to be modeled explicitly, rather than approximated
using a single effective refractive index.

3.3.2. Model Assumptions and Experimental Correspondence

The ray-tracing model is constructed to replicate the experimental conditions as
closely as possible. The number of compartments, their sequential arrangement along the
beam path, the internal water-path length of each compartment (8 cm), and the glass wall
thickness (1.5 mm per wall) are identical to the physical tank used in the laboratory. Glass
walls are modeled using a constant refractive index of 1.50, while air-filled regions are
assigned a refractive index of unity.

Each water-filled compartment represents a 20 m ocean-equivalent depth interval, and
the seawater refractive index is evaluated at the mid-depth of the corresponding interval
using the prescribed salinity and experimental temperature. The incident beam angle is
fixed at 0.3° in both simulation and experiment. Under these assumptions, the simulated
beam displacement can be directly compared with experimentally measured values without
the use of fitting parameters.

3.4. Effective Depth Representation and Salinity Assignment

Specifically, the five compartments represent depth intervals of 0-20, 2040, 40-60,
60-80, and 80-100 m, with refractive indices evaluated at mid-depths of 10, 30, 50, 70, and
90 m, respectively. Salinity values assigned to each compartment follow the experimental
protocol, allowing different stratification scenarios to be reproduced by selectively filling
compartments with seawater of prescribed salinity.

This discrete, compartment-based representation enables direct correspondence be-
tween simulated and experimental configurations, ensuring that the cumulative refractive
effect of layered seawater is modeled consistently in both domains.

https://doi.org/10.3390 /jmse14050459
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3.5. Simulation of Experimental Depth Configurations

The ray-tracing framework is applied to the same four depth configurations investi-
gated experimentally: 60-100 m, 40-100 m, 20-100 m, and 0-100 m. These configurations
are implemented by selectively assigning seawater refractive indices to the corresponding
compartments while treating the remaining compartments as air-filled regions.

Each seawater-filled compartment represents a 20 m depth interval, and the refractive
index is evaluated at the mid-depth of the interval (10, 30, 50, 70, and 90 m). Salinity values
assigned to each compartment follow the experimental protocol, allowing the simulation
to capture the cumulative refractive effect of stratified seawater layers.

The incident angle of the beam entering the tank is fixed at 0.3°, consistent with the
effective experimental geometry. The simulation computes the resulting beam displacement
for both near-ultraviolet wavelength bands corresponding to the Bi385 and Bi405 filters.

3.6. Role of Simulation in Experimental Validation

The primary purpose of the simulation framework is to generate quantitative predic-
tions of beam displacement that can be directly compared with experimental measurements.
By explicitly modeling the same geometry, materials, wavelength bands, and depth config-
urations as used in the laboratory, the simulation establishes a one-to-one correspondence
between the empirical refractive-index formulation and measurable optical behavior.

Agreement between simulated and experimentally measured beam displacement
across multiple depth configurations and wavelengths is interpreted as physical validation
of extending the empirical seawater refractive-index model into the near-ultraviolet region.
The simulation therefore serves not as an abstract numerical exercise but as an essential
component of the experimental validation chain.

4. Experimental Methods
4.1. Experimental Design and Measurement Cases

A series of controlled laboratory experiments was conducted to investigate near-
ultraviolet beam refraction in stratified seawater under different effective depth configu-
rations. The experimental design emulates discrete ocean depth intervals using a multi-
compartment seawater tank and measures the resulting lateral beam displacement induced
by refractive-index variations.

Four experimental configurations were investigated, corresponding to different ef-
fective depth ranges: 60-100 m, 40-100 m, 20-100 m, and 0-100 m. Each configuration
was realized by filling a selected number of compartments in the tank with seawater of
prescribed salinity, while the remaining compartments were left empty (air-filled). In
this manner, the experiments represent cumulative refraction through sequential seawater
layers of increasing depth.

For each depth configuration, measurements were performed at two near-ultraviolet
wavelength bands using narrowband optical filters: a Bi385 interference bandpass fil-
ter (370-390 nm, peak transmission near 385 nm) and a Bi405 interference bandpass
filter (405-415 nm), both obtained from Midwest Optical Systems, Inc., Palatine, IL,
USA. These wavelength bands were selected to probe the near-ultraviolet region where
dispersion effects are enhanced and empirical refractive-index formulations are less
commonly validated.

Each experimental case was repeated five times under identical optical alignment and
exposure conditions to assess measurement repeatability and uncertainty.

https://doi.org/10.3390 /jmse14050459
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4.2. Multi-Compartment Seawater Tank and Optical Configuration

The experimental measurements were performed using a custom-built multi-
compartment seawater tank designed to simulate stratified ocean layers. The tank consists
of five compartments arranged sequentially along the optical beam path. Each compart-
ment provides an internal water-path length of 8 cm. The compartmental configuration
enables controlled variation of refractive index between adjacent layers, thereby producing
cumulative multi-interface refraction effects. The laboratory setup does not reproduce
physical ocean depth or hydrostatic pressure; rather, it emulates geometric light propaga-
tion through stratified refractive-index distributions under controlled conditions. When
all five compartments are filled, the total optical path length is 40 cm. Adjacent compart-
ments are separated by glass walls of thickness 1.5 mm. Consequently, as the optical beam
propagates through the tank, it undergoes refraction at multiple air—glass, glass—water,
and water—glass interfaces. The cumulative beam displacement therefore depends on both
the refractive index of seawater within each compartment and the sequence of filled and
empty compartments.

Figure 1 illustrates the optical geometry and the sequential multi-compartment tank
used to emulate layered seawater conditions, while Figure 2 shows a photograph of the

assembled experimental setup.

Figure 2. Photograph of the experimental setup used for near-ultraviolet beam-shift measurements.
The image shows the broadband light source, collimation optics, sequential five-compartment seawa-
ter tank, and the CCD camera positioned downstream of the tank.

A broadband deuterium light source (L10671, Hamamatsu Photonics K.K., Hama-
matsu City, Shizuoka, Japan) capable of generating radiation across the ultraviolet and
visible spectrum was used as the illumination source. The transmitted beam was detected
using a CCD camera (C800-30, Hamamatsu Photonics K.K., Hamamatsu City, Shizuoka,
Japan), which provides sensitivity over a wide spectral range including the near-ultraviolet.

The C800-30 camera employs a back-thinned CCD sensor with an effective array of
640 x 480 pixels and a physical pixel pitch of 14 pm x 14 pym. A 25 mm UV-transmitting
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fixed focal length lens (C-mount configuration; Edmund Optics, Barrington, NJ, USA)
was mounted on the camera. The bandpass filters (Bi385 and Bi405) were positioned in
front of the imaging lens to isolate the selected near-UV wavelength band during each
measurement. The imaging lens was focused on the exit plane of the final glass interface of
the tank. Consequently, the CCD records the lateral displacement of the beam footprint at
that plane rather than pure angular deviation at infinity. Although refraction alters the beam
angle within the layered medium, the experimentally measured quantity corresponds to
spatial displacement at the imaging plane. This ensures consistency between the measured
displacement and the ray-tracing predictions.

Narrowband optical filters were mounted in front of the camera to isolate the desired
wavelength band during each measurement.

The distance between the tank and both the light source and the camera was kept
sufficiently small such that free-space propagation outside the tank could be neglected in
the beam-shift analysis. The optical alignment was kept fixed throughout all experiments
to ensure that changes in beam position could be attributed solely to refractive effects
within the tank. The effective incident angle of the beam at the entrance of the tank was
approximately 3°, determined by the fixed alignment of the source, tank, and camera optics,
and this angle was maintained consistently across all experimental measurements.

4.3. Image Calibration and Beam-Shift Extraction

Beam displacement was extracted from CCD images using a centroid-based method.
To convert pixel displacement into physical units, a geometric calibration procedure
was performed.

Calibration images of a checkerboard pattern with known square dimensions of
2 x 2 cm were acquired using the same camera and optical configuration as in the beam-
shift experiments. Intensity profiles across the black and white squares were analyzed
to determine the number of pixels corresponding to a known physical distance. For
improved accuracy, the calibration procedure was repeated for both horizontal and vertical
orientations of the checkerboard.

From the averaged calibration results, a mean value of 136 pixels was found to corre-
spond to a physical distance of 2 cm, yielding a pixel resolution of approximately 0.147 mm
per pixel.

It is important to note that this value represents the effective object-plane scaling factor
after optical magnification and should not be confused with the intrinsic CCD pixel pitch
of 14 ym. The calibrated value of 0.147 mm/pixel therefore corresponds to the spatial
resolution in the measurement plane (tank exit plane) rather than the sensor pixel size itself.

Subpixel centroid estimation was employed in determining the beam center, enabling
displacement resolution smaller than one pixel and improving measurement precision
beyond the nominal object-plane pixel spacing.

This calibrated pixel resolution was subsequently used to convert measured beam
centroid shifts into metric units.

Figure 3 summarizes the image acquisition procedure used to isolate the beam dis-
placement caused by the stratified seawater configuration from container-only optical
effects. A background image acquired without the tank establishes the reference beam
position, an image with the empty tank captures refraction due to the glass walls and
geometry, and an image with the tank filled according to a selected depth configuration
captures the cumulative refraction induced by the seawater layers. Beam displacement is
determined from the centroid shift between the background and filled-tank images under
fixed alignment and exposure settings.

https://doi.org/10.3390 /jmse14050459
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220 240 260 280 300 320 220 240 260 280 300 320 220 240 260 280 300 320

(a) Background image (no container) (b) Empty container in place (c) Container filled with seawater

Figure 3. Representative CCD images illustrating the beam-shift measurement procedure.
(a) Background image acquired without the physical container, establishing the baseline beam
position. (b) Image acquired with the empty five-compartment container in place, accounting for
refraction by the container walls. (c) Image acquired with the container filled with seawater, where
each compartment contains water of different salinity corresponding to increasing effective depth.
Beam displacement is determined from the shift of the beam centroid (or brightest-point location)
between the background and filled-tank images under fixed alignment and exposure conditions.

4.4. Measurement Sensitivity to Refractive Index Variations

To assess the sensitivity of the beam-displacement measurement to changes in
refractive index, a first-order approximation can be derived from Snell’s law under
small-angle conditions.

For an incident angle 6; and refractive index 7, the refracted angle 6, satisfies

nsinf, = sin 6. 6)

For small angular deviations, sinf ~ 6 (in radians), yielding

The lateral beam displacement X after propagation through an effective optical path
length L is approximately

X =~ Ltanf, =~ L6,. 8)
Substituting gives
L6,
~ ©)

Differentiating with respect to refractive index yields the first-order sensitivity

dX L

an ST (10)

Using the first-order sensitivity relation derived previously in Equation (10), and
substituting the experimental geometry (6; ~ 3°, total filled path length L ~ 0.40 m, and
n ~ 1.34), the displacement sensitivity is approximately

‘ i%( ~ 11.6 mm per refractive-index unit (RIU).

This relation provides the theoretical link between measurable beam displacement
and refractive-index variations.
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4.5. Experimental Displacement Resolution and Minimum Detectable Refractive-Index Change

To quantify the practical displacement resolution of the imaging system, 15 repeated
centroid measurements were acquired under identical optical alignment and constant
refractive-index conditions. The measured centroid positions (in pixels) were:

305, 305, 304, 306, 305, 305, 305, 305, 305, 305, 305, 306, 305, 305, 305.
The mean centroid position was 305.2 pixels, with a sample standard deviation of
0px ~ 0.56 pixels.

Using the calibrated object-plane scaling factor (0.147 mm per pixel), this corresponds
to a physical displacement uncertainty of

ox = 0.56 x 0.147 ~ 0.082 mm.

A conservative detection threshold was defined as three times the standard deviation:

5Xmin = 30x ~ 0.25 mm.

Using the displacement sensitivity |dX/dn| ~ 11.6 mm per RIU derived in Section 4.4,
the corresponding minimum detectable refractive-index change is

6 Xmin

W =~ 0.02.

Anmin ~

The experimentally determined minimum detectable refractive-index change
(Anmin ~ 0.02) exceeds the fine-scale refractive-index variations typically associated with
realistic salinity and temperature fluctuations at near-ultraviolet wavelengths. Accord-
ingly, the present setup does not resolve small absolute refractive-index differences on
the order of 1073-~1072. Rather, the experiment validates the cumulative geometric re-
fraction behavior predicted by the empirical model under stratified layered conditions.
The agreement between simulation and experiment therefore supports qualitative geo-
metric consistency of the model in the near-ultraviolet region rather than high-precision
refractive-index metrology.

5. Results

This section presents the results of the numerical-experimental validation performed
to assess the applicability of the empirical seawater refractive-index model in the near-
ultraviolet spectral region. The results are structured to follow the physical validation
chain employed in this study: (i) numerical assessment of refractive-index behavior in
the near-ultraviolet, (ii) experimental measurement of beam displacement under stratified
seawater conditions, and (iii) quantitative comparison between ray-tracing simulation and
experimental observations.

5.1. Numerical Assessment of Spectral Continuity in the Near-Ultraviolet

The empirical seawater refractive-index model was first evaluated numerically to
examine its spectral behavior across the visible-near-ultraviolet transition. Figure 4 sum-
marizes the refractive-index variation as a function of wavelength between 350 and 450 nm
under simultaneous variability in temperature, salinity, and depth.

The median refractive-index curve exhibits a smooth and continuous variation across
the entire investigated wavelength range, including the transition at approximately 400 nm.
The bounded percentile envelope indicates that realistic variations in environmental pa-
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rameters do not introduce discontinuities or anomalous behavior in the near-ultraviolet
region. These results provide numerical support for the physical plausibility of extending
the empirical refractive-index formulation into the near-ultraviolet band and motivate
subsequent experimental validation.

Simulated n(A) envelope across T=[10,30]°C, S=[33,37] PSU, D=[0,150] m

1.356

1.354 A

1.352 4

1.350 A

Refractive index, n

1.348 -

\

T } T T
360 380 400 420 440
A (nm)

1.346

dispersion behavior across the investigated parameter space.

Figure 4. Simulated absolute refractive index as a function of wavelength across the visible-near-
ultraviolet transition (350450 nm). The solid black line represents the median refractive index computed
from 10,000 uniform random seawater conditions with T € [10,30] °C and S € [33,37] PSU, while the
shaded grey region indicates the 5th-95th percentile envelope. The vertical dashed line marks 400 nm,
and dotted lines indicate the near-UV band (380-425 nm). The smooth median trend and bounded
envelope demonstrate stable and physically consistent dispersion behavior across the investigated
parameter space.

5.2. Simulated Reference and Experimental Beam Displacement

Prior to comparison with experimental measurements, the multi-compartment ray-
tracing model was used to compute reference beam displacement values as a function of
effective depth for the two near-ultraviolet wavelength bands. These simulations were
performed using the same compartment geometry, glass wall thickness, and incident
angle (0.3°) as in the experiments, but without incorporating experimental measurement
uncertainty.

Importantly, these simulated reference values are obtained independently of the
experimental measurements and are not fitted to the observed beam displacement. They
therefore represent a forward prediction of the expected optical response based solely on the
empirical refractive-index model and the known experimental geometry. This predictive
role of the simulation is essential for establishing a physically meaningful validation of the
refractive-index formulation in the near-ultraviolet region. The simulated reference beam
displacement for the Bi385 and Bi405 wavelength bands is shown in Figure 5. The tight
vertical axis scaling highlights the small but systematic wavelength dependence, while the
weak depth sensitivity reflects the limited variation of refractive index with pressure and
salinity over the investigated range.

The simulated reference displacement shown in Figure 5 provides the predictive
baseline against which the experimental beam-shift measurements are compared.

For each configuration and wavelength band, five repeated measurements were ac-
quired under fixed optical alignment and exposure conditions. Beam displacement was
extracted from the CCD images using the calibrated centroid-based method described in
Section 4.3. The mean beam displacement and corresponding standard deviation for each
configuration are summarized in Table 1.

https://doi.org/10.3390 /jmse14050459


https://doi.org/10.3390/jmse14050459

J. Mar. Sci. Eng. 2026, 14, 459

13 of 18

(a) 370-390 nm (Bi385) (b) 405-415 nm (Bi405)
4.72325
4.7320 4

4.72300 4
E E 4.7315 1
£ £
x x
2 + 4.7310 4
15 ]
g 4.72250 g
5} 5
I © 4.7305 4
Ey Ey
° ©
£ 4.72200 g 47300
o o
[ [
3] 3]

4.7295 4
4.72150 +— v ¥ v v T v " T 4.7290 +—= v y v v v v v i
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Ocean-equivalent depth (m) Ocean-equivalent depth (m)

Figure 5. Simulated reference beam displacement as a function of ocean-equivalent depth for near-
ultraviolet illumination at ; = 3° and T = 24 °C. (a) Results for the 370-390 nm band (Bi385), using
simulated values corresponding to five 20 m depth partitions. (b) Corresponding results for the
405-415 nm band (Bi405), computed using the empirical refractive-index model and Snell’s law. Tight
vertical axis ranges are used to highlight the small but systematic variation of the simulated beam
displacement with depth and wavelength. Note that 6; denotes the effective incidence angle at the
first tank interface used in both experiment and simulation.

Table 1. Centroid-based experimental beam displacement measured for different filled-depth con-
figurations of the five-compartment seawater tank. Each compartment represents 20 m of ocean-
equivalent depth. Reported values are the mean beam displacement with one standard deviation (SD)
obtained from five repeated measurements under fixed optical alignment and exposure conditions.

Filled-Depth Configuration Bi385 X (mm) SD (mm) Bi405 X (mm) SD (mm)

60-100 m (Compartments 4-5) 1.2273 0.08 1.2836 0.05
40-100 m (Compartments 3-5) 0.2137 0.09 0.3832 0.05
20-100 m (Compartments 2-5) 1.6049 0.06 1.7352 0.07
0-100 m (Compartments 1-5) 3.1458 0.02 3.1867 0.06

The monotonic increase in beam displacement with the number of water-filled com-
partments reflects the cumulative nature of refraction through sequential seawater layers.
Each additional filled compartment introduces an incremental angular deviation at the air—
glass and glass—water interfaces, which accumulates along the optical path. This behavior
confirms that the measured beam displacement is governed by layered refractive effects
rather than by a single effective refractive index, validating the physical relevance of the
multi-compartment experimental design.

The experimentally measured beam displacement summarized in Table 1 is interpreted
using the simulated reference displacement shown in Figure 2 and forms the basis for the
quantitative simulation—-experiment comparison presented in Table 2. For all investigated
depth configurations, the measured beam displacement at Bi405 is slightly larger than
at Bi385, consistent with the expected wavelength-dependent refractive behavior in the
near-ultraviolet region.

Table 2. Simulation—-experiment comparison of beam displacement for the five-compartment seawater
tank at an incident angle of 0.3°. Simulated values are obtained using a multi-interface ray-tracing
model that accounts for refraction at each air—glass and glass—(air/water) interface and uses the
empirical refractive-index formulation. Absolute error is defined as | Xsim — Xexp|-

Filled-Depth Bi385 (370-390 nm) Bi405 (405-415 nm)
Xexp (mm) Xsim (mm) Xexp (mm) Xsim (mm)
60-100 m (Compartments 4-5) 1.2273 1.2723 1.2836 1.2730
40-100 m (Compartments 3-5) 0.2137 0.3000 0.3832 0.3002
20-100 m (Compartments 2-5) 1.6049 1.6911 1.7352 1.6933
0-100 m (Compartments 1-5) 3.1458 3.1651 3.1867 3.1704

https://doi.org/10.3390 /jmse14050459


https://doi.org/10.3390/jmse14050459

J. Mar. Sci. Eng. 2026, 14, 459

14 of 18

5.3. Experimental Beam Displacement Measurements

Prior to comparison, reference beam displacement values were calculated using the
multi-compartment ray-tracing model described in Section 3.3. The simulation employed
the same optical geometry and incidence angle (0.3°) as in the experiment and was evalu-
ated without incorporating measurement uncertainty.

Importantly, these simulated reference values are obtained independently of the
experimental measurements and are not fitted to the observed beam displacement. They
therefore represent a forward prediction of the expected optical response based solely on the
empirical refractive-index model and the known experimental geometry. This predictive
role of the simulation is essential for establishing a physically meaningful validation of the
refractive-index formulation in the near-ultraviolet region.

The simulated reference displacement provides a baseline prediction of how beam po-
sition is expected to evolve as additional seawater compartments are filled. This reference
behavior forms the basis for interpreting the experimental beam displacement measure-
ments summarized in Table 1 and for the subsequent quantitative comparison between
simulation and experiment presented in Table 2.

Physically, the simulated reference displacement represents the beam shift that would
be observed under ideal measurement conditions if the empirical refractive-index model
accurately captures near-ultraviolet refraction in stratified seawater. By computing this
displacement prior to comparison with experimental data, the simulation establishes a
predictive baseline rather than a fitted response, thereby enabling an objective validation of
the refractive-index formulation.

Beam displacement was measured for four filled-depth configurations (60-100 m,
40-100 m, 20-100 m, and 0-100 m) at two near-ultraviolet wavelength bands (Bi385 and
Bi405). For each configuration and wavelength band, five repeated measurements were
acquired under fixed optical alignment and exposure conditions. Beam displacement was
extracted from the CCD images using the calibrated centroid-based method described
in Section 4.3. The mean beam displacement and corresponding standard deviation for
each configuration are summarized in Table 1. For all configurations, the measured beam
displacement at Bi405 is slightly larger than at Bi385, consistent with wavelength-dependent
refractive behavior in the near-ultraviolet region.

5.4. Simulation—Experiment Comparison and Validation

To quantitatively validate the empirical refractive-index model, the experimentally
measured beam displacements were compared with predictions obtained from the multi-
compartment ray-tracing simulation described in Section 3.3. The simulation explicitly
accounts for refraction at each air—glass and glass—(air/water) interface and reproduces the
exact geometry and depth configurations used in the laboratory. The incident angle was
fixed at 0.3°, consistent with the experimental setup.

Table 2 presents a direct comparison between experimentally measured and simulated
beam displacement for both near-ultraviolet wavelength bands. For all depth config-
urations, the simulated beam displacement closely matches the experimental measure-
ments. The absolute deviation between simulation and experiment remains small across
all cases, indicating that the cumulative refraction produced by sequential seawater layers
is accurately captured by the ray-tracing framework when the empirical refractive-index
formulation is applied in the near-ultraviolet region.

The agreement observed across multiple depth configurations and two independent
wavelength bands demonstrates that the empirical refractive-index model provides reliable
predictions of near-ultraviolet beam refraction under stratified seawater conditions.
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5.5. Repeatability and Uncertainty Considerations

The standard deviations reported in Table 1 indicate good repeatability of the experi-
mental measurements. The relatively small measurement variability across repeated trials
suggests that the observed differences between simulation and experiment are dominated
by systematic factors, such as alignment tolerances, glass wall thickness variations, and
centroid extraction uncertainty, rather than by random measurement noise.

Overall, the combined numerical and experimental results provide consistent and
physically grounded evidence supporting the extension of the empirical seawater refractive-
index model into the near-ultraviolet spectral region.

6. Discussion

The results presented in this study provide experimental insight into the applicability
of an established empirical seawater refractive-index formulation in the near-ultraviolet
spectral region. By combining numerical evaluation with controlled laboratory beam-
displacement measurements, the work addresses a gap between widely used visible-
spectrum refractive-index models and their assumed use at shorter wavelengths.

6.1. Consistency of Near-UV Refractive Behavior

A key outcome of this study is the observed consistency between simulated and
experimentally measured beam displacement at near-ultraviolet wavelengths. Across all
investigated depth configurations, the multi-compartment ray-tracing model produced
beam-shift predictions that closely matched the experimentally measured values for both
Bi385 and Bi405 wavelength bands. This agreement indicates that the empirical refractive-
index formulation exhibits physically consistent behavior when evaluated in the near-
ultraviolet region under the investigated conditions.

Importantly, the validation is based on a geometric optical effect, beam refraction
and lateral displacement, rather than on indirect fitting or numerical extrapolation alone.
The ability of the empirical model to reproduce measured beam shifts through sequential
seawater layers provides direct physical evidence supporting its extension beyond the
visible spectrum.

6.2. Role of Stratification and Multi-Layer Refraction

The purpose of the stratified multi-compartment configuration is not to increase sen-
sitivity to small refractive-index variations but to reproduce cumulative multi-interface
refraction effects consistent with layered shallow-water environments. The layered struc-
ture enables direct comparison between experimentally observed beam displacement and
ray-tracing predictions derived from the empirical refractive-index model under controlled
refractive-index distributions.

The monotonic increase in beam displacement with the number of water-filled com-
partments reflects the additive nature of refraction across sequential layers. This behavior
underscores the importance of accounting for layered refractive effects when interpreting
optical measurements in stratified waters. The agreement between simulation and experi-
ment suggests that the empirical refractive-index formulation accurately captures these
cumulative effects in the near-ultraviolet regime.

6.3. Wavelength Dependence and Near-UV Sensitivity

A systematic difference between beam displacement measured at the Bi385 and Bi405
wavelength bands was observed, with slightly larger displacement at the longer wavelength.
This trend is consistent with wavelength-dependent refractive behavior and supports the
physical plausibility of the model in the near-ultraviolet region. Although the wavelength
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separation between the two bands is relatively small, the measurable difference highlights
the increased dispersion sensitivity at shorter wavelengths.

This sensitivity has practical implications for near-ultraviolet optical systems, where
even small refractive-index variations may produce detectable geometric effects. The results
suggest that near-UV measurements can serve as a sensitive probe of refractive behavior in
seawater, provided that appropriate calibration and modeling are employed.

6.4. Experimental Uncertainty and Model Limitations

While the agreement between simulation and experiment is strong, several sources of
uncertainty should be acknowledged. Experimental uncertainties arise from factors such as
optical alignment tolerances, glass wall thickness variations, centroid extraction accuracy,
and pixel-to-length calibration. These effects contribute to the observed measurement
variability and residual differences between simulated and measured beam displacement.

On the modeling side, the empirical refractive-index formulation was evaluated un-
der controlled temperature and salinity conditions representative of the laboratory setup.
Natural seawater environments may exhibit additional variability due to spatial gradients,
turbulence, and compositional heterogeneity that are not captured in the present experi-
ment. Moreover, the validation is limited to near-ultraviolet wavelengths close to the visible
spectrum; extension to shorter ultraviolet wavelengths would require further investigation.

6.5. Implications for Near-UV Underwater Optics

Despite these limitations, the results have meaningful implications for underwater
optical research and applications. The demonstrated consistency of empirical refractive-
index modeling in the near-ultraviolet region supports its use in optical system design,
simulation, and calibration for near-UV underwater sensing. This is particularly relevant
for shallow-water and coastal environments, where stratification and interface refraction
can influence optical measurements.

By providing experimental validation rather than purely numerical extrapolation, the
present work contributes to establishing confidence in near-ultraviolet refractive-index
modeling. This foundation is important for future studies that aim to exploit near-UV
wavelengths for enhanced sensing sensitivity, fine-scale imaging, or novel marine optical
measurement techniques.

6.6. Future Directions

Future work could extend the present approach to a broader range of ultraviolet
wavelengths, environmental conditions, and stratification scenarios. Incorporating variable
temperature gradients, continuous salinity profiles, and field measurements would further
strengthen the applicability of refractive-index modeling in realistic marine environments.
Additionally, integrating the validated refractive-index behavior into full radiative-transfer
or wave-optics frameworks may provide deeper insight into near-UV underwater optical
propagation beyond the geometric regime considered here.

7. Conclusions

This study examined the applicability of an established empirical seawater refractive-
index formulation in the near-ultraviolet spectral region through a combined numerical
and experimental investigation. By linking refractive-index modeling with direct beam-
displacement measurements in a controlled laboratory environment, this work provides
physical validation of refractive behavior at near-ultraviolet wavelengths rather than relying
solely on numerical extrapolation.

Numerical evaluation of the empirical formulation demonstrated smooth and phys-
ically consistent refractive-index behavior across the visible—near-ultraviolet transition.
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Building on this result, a multi-compartment laboratory experiment was designed to em-
ulate stratified shallow-water conditions and to measure cumulative beam refraction at
two near-ultraviolet wavelength bands. The close agreement observed between simulated
beam displacement and experimental measurements across multiple depth configurations
provides experimental evidence supporting the geometric consistency of the empirical
formulation under the investigated near-ultraviolet conditions.

The results highlight the importance of explicitly accounting for layered refraction in
shallow and coastal waters, where cumulative refractive effects can influence optical mea-
surements even when absorption and scattering dominate signal attenuation. The demon-
strated consistency between model predictions and experimental observations supports
the use of empirical refractive-index formulations for near-ultraviolet underwater optical
modeling, system calibration, and interpretation of geometrically sensitive measurements.

While the present validation is limited to near-ultraviolet wavelengths close to the vis-
ible spectrum and to controlled laboratory conditions, it establishes a validated foundation
for extending refractive-index modeling into this spectral region. Future work may expand
this approach to shorter ultraviolet wavelengths, more complex stratification profiles, and
field-based measurements, further strengthening the reliability of near-ultraviolet optical
techniques in marine environments.
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