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Abstract: Due to the limitations of measurement equipment and the influence of factors such as
the environment and target, measurement errors may occur during the data acquisition process of
airborne LiDAR bathymetry (ALB). The refractive index of water is defined as the propagation ratio
of the speed of light waves in a vacuum to that in water; this ratio influences not only the propagation
speed of the laser pulse in water but also the propagation direction of the laser pulse entering water.
Therefore, the influence of refractive index changes in water on the ALB errors needs to be analyzed.
To this end, the principle of ALB is first briefly introduced. Then, the calculation method for the
refractive index of water is described with Snell’s law and an empirical formula. Finally, the influence
of refractive index changes on ALB errors is analyzed using the derived formula at the water—air
interface and in the water column. The experimental results showed that in a constant elevation of
50 m for a bathymetric floor, the refractive index changes in water caused by temperature, salinity,
and depth are less than 0.001. The maximum bathymetric error and maximum planimetric error
caused by the refractive index changes at the water-air interface are 0.036 m and 0.015 m, respectively.
The ALB errors caused by refractive index changes in the water column are relatively low, and the
water column does not need to be layered to calculate the ALB errors. The influence of refractive
index changes in water on the ALB error is minimal, accounting for only a small proportion of all
bathymetric errors. Thus, it is necessary to determine whether the effect of the ALB error due to
refractive index changes in water needs to be corrected based on the accuracy requirements of the
data acquisition. This study and analysis can provide a reference basis for correcting ALB errors.

Keywords: airborne LiDAR bathymetry; refractive index of water; bathymetric error; Snell’s law;
empirical formula

1. Introduction

Shallow water areas around coastal zones and islands are usually covered with reefs,
large tidal ranges, and extremely complex marine environments. Conventional measure-
ment methods are not only inefficient and difficult but also unsafe, which is a technical
challenge for bathymetry and seabed topography measurements [1]. Airborne LiDAR
bathymetry (ALB) technology obtains the time difference between the laser pulse path from
the emission source to the reflected surface and back to the receiver based on the relatively
low attenuation of blue—green light in water. Then, the three-dimensional coordinates of
the underwater topography can be calculated with various corrections (such as system
calibration, attitude correction, and refraction correction). Thus, the ALB can solve difficult
problems associated with underwater topography measurements in shallow areas with
good water quality [2]. Compared with shipborne sonar technology and optical remote
sensing inversion technology, ALB has the features of high efficiency, safety, and integrated
measurements of land and water [3-5].

J. Mar. Sci. Eng. 2024, 12, 435. https://doi.org/10.3390/jmse12030435

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12030435
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-1611-4531
https://orcid.org/0009-0002-6600-8323
https://orcid.org/0000-0002-9015-5131
https://orcid.org/0000-0002-4746-6479
https://doi.org/10.3390/jmse12030435
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12030435?type=check_update&version=2

J. Mar. Sci. Eng. 2024, 12, 435

20f13

The acquisition of ALB data is influenced by various factors, including the scanning
system hardware, environment, and attributes of the target, which can lead to measurement
errors [6,7]. The propagation path of a blue-green laser deviates after it enters water due to
the influence of salinity, temperature, depth, and pressure; this influences the geograph-
ical location accuracy of the underwater points [6,7]. The calculation and correction of
the refractive index of water have always been popular research topics among scholars.
Zhao et al. [8] proposed an improved depth bias model developed through stepwise re-
gression and achieved accuracies that met the “Order-1" specification of the International
Hydrographic Organization (IHO). Su et al. [9] analyzed and evaluated the measurement
errors caused by laser pointing deflection, atmospheric limitations, refraction on the sea
surface, refraction in water, scattering in water, water level fluctuations, and irregular
bottoms. They noted that it was necessary to correct the laser pointing angle deviation
error and the refraction on the sea surface error. Hodgson et al. [10] proposed that slope
crucially affects elevation error, and the observed elevation error on steeper slopes was
estimated to be twice as large as that on lower slopes. Parrish et al. [11] investigated the
vertical and horizontal errors arising in the presence or absence of the refractive index at
the water—air interface. The propagation path of the laser does not change in the absence
of a refractive index at the water-air interface, where the refractive index is equivalent
to 1, and the horizontal error and vertical error caused by the refractive index are 0.003D
and 0.25416D, respectively, when the refractive index is 1.34. Westfeld et al. [12] found
that waves crucially affect both the planimetry and depth coordinates of underwater topo-
graphic 3D point cloud coordinates, especially for modern small-footprint LIDAR systems.
Planimetric effects can reach several decimeters or even meters, and depth coordinate errors
can reach several decimeters, even in the case of a horizontal water body bottom. Yang
et al. [13] proposed a refraction correction method for water—air surfaces based on water
surface profiles and ray tracing; this method achieved deviation correction for underwater
points. Xu et al. [1] adopted an adaptive method based on dimensional features to calculate
the water surface normal vector at the instant that the laser pulse entered the water. Then,
they combined this model with a geometric model of laser pulse propagation to perform
refraction error corrections while accounting for surface fluctuations. This method could
effectively improve the quality of the ALB data. Therefore, the error caused by the refractive
index of water is one of the bathymetric errors of the ALB system.

Many scholars have made progress in the study of error correction in ALB. Maas [14]
derived an empirical formula for calculating the refractive index of water based on factors
such as salinity, temperature, and water depth. Tilton et al. [15] proposed an empirical
formula for the refractive index changes in water with wavelength, temperature, pressure,
and salinity. Moreover, their experiments showed that the refractive index of water in-
creased with increasing salinity and pressure and decreased with increasing temperature
and incident wavelength. Quan et al. [16] analyzed a large amount of data to obtain the
refractive index as a function of wavelength, salinity, and temperature, in contrast to other
formulas in which depth was not included as an influencing factor. Schwarz et al. [17] used
the group velocity instead of the propagation speed of the laser pulses in water based on
the relationship between the refractive index and wavelength, and they corrected the re-
fractive index of the water to 1.36 instead of 1.333. Ranndal et al. [18] carried out refraction
correction on the depth of satellite-borne LiDAR bathymetry and analyzed the relationships
between salinity, temperature, and refractive index changes according to the empirical
formula for refraction correction. Their experiments showed that within the water depth
range of 10 m to 35 m, the vertical refraction correction increased with increasing salinity
and decreased with increasing temperature. Many studies have shown that the refractive
indices of water change under the influence of various factors in the water environment.
However, systematic analysis of the ALB errors caused by refractive index changes in water
is lacking. Thus, the ALB errors caused by refractive index changes in water for accurate
determination of underwater three-dimensional coordinates need to be analyzed.
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Considering the bathymetry range of the commercial ALB system, the influences of
refractive index changes at a constant elevation of 50 m for a bathymetric floor on the
accuracy of the ALB data are explored. The rest of this work is structured as follows.
Section 2 presents the details of the methodology, including the principle of ALB, the
empirical formula, and the calculation method for the ALB errors. Section 3 provides an
analysis of the variation in the refractive index of water and the influence of refractive
index changes on ALB errors. Conclusions are presented in Section 4. Our analysis can
provide a reference for ALB error correction.

2. Methodology
2.1. Principle of ALB

Airborne LiDAR bathymetry is an active remote sensing bathymetry technology that
is based on the propagation characteristics of light in water; additionally, the attenuation
of blue-green light at 470-580 nm in water is relatively low [1,2]. Thus, the technology
generally uses a blue—green laser with a wavelength of 532 nm. The dual-frequency ALB
system is usually implemented with low-power wide-beam pulses (1064 nm infrared laser)
to detect the water surface and high-power narrow-beam pulses (532 nm blue-green laser)
to detect the bottom [5]. Finally, the coordinates of the seafloor points are calculated by the
propagation time of the laser underwater, the laser incidence angle, the refractive index of
water, and other factors. The principle of dual-frequency ALB is shown in Figure 1.
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Figure 1. Principle schematic of dual-frequency ALB.

The water depth calculation formula can be expressed as follows:

cAt

D p—
21y

cos @ (1)

where D is the water depth, At is the propagation time of the laser pulse in water, c is the
propagation speed of the laser pulse in the lower atmosphere, 6 is the refraction angle and
can be derived from the laser incidence angle and the refractive index of water, and 1, is
the refractive index of water and varies with the conditions of the water environment (such
as salinity, temperature, pressure, depth, and wavelength).

2.2. Refractive Index of Water

In the process of penetrating water, refraction occurs due to the difference in density
between air and water. The refractive index of water is defined as the ratio of the prop-
agation speed of light waves in a vacuum to that in water. This not only influences the
propagation speed of the laser pulse underwater but also changes the propagation direction
of the laser pulse in water.

According to Snell’s law, the refraction of a laser pulse from air to water can be
expressed as follows:

sine n,  c
sind  n,

= )

Cw
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where « is the laser incidence angle, n, is the refractive index of air, the air is usually
considered under vacuum, and ¢, is the propagation speed of the laser pulse in water.

Since the refractive index of water is related to the wavelength of light, temperature,
and pressure, the refractive index of water varies with these factors. The refractive index of
water in an actual field measurement process is difficult to accurately measure; thus, the
empirical formula of the refractive index calculation is usually used to obtain the refractive
index of water. The empirical formula [12] for calculating the refractive index can be
expressed as follows:

nw = 1.338 + 4 x 107°(486 — A + 0.003D + 505 — T) 3)

where A is the wavelength of the laser (nm), S is the water salinity (%), and T is the water
temperature (°C). Due to the presence of dissolved salts, organic matter, and other solutes
in seawater, its refractive index is slightly greater than that of freshwater.

2.3. Influence of Refractive Index Changes on the ALB Error

The ALB errors due to refractive index changes in water are analyzed based on the
propagation path of the bathymetry laser pulse and Snell’s law.

2.3.1. ALB Error Caused by Refractive Index Changes at the Water—Air Interface

When a laser pulse enters the water through the water—air interface, its propagation
path changes due to water surface refraction. The range of the refractive index variation in
shallow water areas is relatively small and is usually considered a fixed value, as shown in
Figure 2. According to Snell’s law, the bathymetric error caused by refractive index changes
at the water—air interface can be calculated as follows:

At i
D, = ;n—w cos (arcsin(silr;“ )) 4)
At i
Dy = <= cos arcsin(smw) (5)
2ny, -
At (1 i 1 i
ADy =Dy —D; = e </ cos <arcsin(sn}lx)> — —cos (arcsin(sma)>) (6)
2 ny, ny, Ny Ny

where 11, is the refractive index of water used in calculating the water depth, D; represents
the water depth when the refractive index of water is 1, D, represents the water depth
when the refractive index of water is ny,/, and AD; is the bathymetric error caused by
refractive index changes at the water-air interface.

incident ray

_———— PJ\
P, refracted ray

Figure 2. Diagram of the ALB error caused by the influence of the refractive index at the
water—air interface.
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The planimetric error caused by refractive index changes at the water—air interface
can be calculated as follows:

At i
P = gn—w sin (arcsin(?)) (7)
At i
P, = ;7&] sin (arcsin( SZZC )> 8)
At 1 i 1 i
APy =P, — P = e (/ sin (arcsin( sn/wc )> — —sin <arcsin(sma ))) )
2 \ nj, ny, Ny Ny

where P represents the horizontal displacement when the refractive index of water is #y,
P, represents the horizontal displacement when the refractive index of water is n,,’, and
AP is the planimetric error caused by refractive index changes at the water—air interface.

2.3.2. ALB Error Caused by Refractive Index Changes in the Water Column

Due to differences in the temperature, salinity, and pressure of water at different
depths, the refractive index of water gradually increases with depth [19-21]. As shown
in Figure 3, the propagation path of a laser pulse into water is not a straight line. The
direction of travel will change with different refractive indices, and the refraction angle
will also change; thus, analyzing the influence of refractive index changes in water on the
ALB errors is equally important [22-24]. First, based on the principle that the propagation
time T of the laser pulse in water remains fixed, the water depth is divided into layers with
equal depth d, assuming that the refractive indices of the water in each layer are the same.
Moreover, the propagation time of the laser pulse in each layer with a different refractive
index is calculated. Then, the water depth and horizontal displacement are calculated
when the calculated refractive index changes by using the total time T. Therefore, the
bathymetric error is the difference between this water depth and the fixed water depth, and
the planimetric error is the difference between this horizontal displacement and the fixed
horizontal displacement.

1
\\ : n
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Figure 3. Diagram of layered water refraction propagated by laser pulses.

The bathymetric error caused by refractive index changes in the layered water column
is expressed by the following formula:

Ati+1 - c 26.1 Nny; sinw
WCOS(aI‘CSIH( ”“I’i+1 )) (10)
M-1 .
Dy = a1+ 5 (T "E'8) cos s 22422
i=
ADZ - D3 — Dt (11)

where T is the propagation time of the laser pulse underwater and is a fixed value, 1,
(i=0,1,2,... M) is the refractive index of the water column for each layer, 11,9 denotes the
refractive index of air, At; is the propagation time of the laser pulse through each layer 4,
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M is the number of layers when the water depth is layered by d, D3 is the water depth at
which the laser pulse propagates when the water column is layered, D; represents the fixed
water depth, and AD; is the bathymetric error caused by the refractive index changes in
the layered water column.

The planimetric error caused by the refractive index changes in the layered water
column is expressed by the following formula:

M-1 : M-1 :
At; Ny, SIN & n sina
P; = Z il sin <arcsin< i )) + ¢ T— 2 ti sin(arcsin(uW)) (12)
i=0 znw,' nwi+1 zan i=0 an

AP, = P, — P, (13)

where Pj is the horizontal displacement of the propagation of the laser pulse when the
water column is layered; P; represents the fixed horizontal displacement of the propagation
of the laser pulse in the water column and is calculated by the propagation time of the
laser pulse in each layer, which consists of the total time T, the refraction angle, and the
propagation speed of the laser pulse in each layer; and AP, is the planimetric error caused
by the refractive index changes in the layered water column.

3. Experiment and Analysis

To verify the influence of refractive index changes on the ALB errors, experiments and
analyses were performed considering two aspects: the refractive index changes in water
and the ALB errors caused by the refractive index changes.

3.1. Experimental Area and Dataset

To analyze the influence of refractive index changes on ALB errors, the conductivity,
temperature, and depth (CTD) data used in the experiment were obtained from measure-
ments in the South China Sea and a database published on the website of the National
Oceanic and Atmospheric Administration (NOAA) of the United States (Figure 4). The
CTD data mostly included temperature, salinity, depth, pressure, and conductivity of water,
among which conductivity and pressure are usually converted into salinity and depth [25].
In Figure 4, point A indicates the sampling site located in the South China Sea, and points B,
C, and D indicate the sampling sites located in the Gulf of Mexico. The water quality in the
South China Sea is favorable, which is more suitable for obtaining ALB data. The CTD data
collection time at point A was 21 May 2022, during the southwest monsoon period with
relatively weak winds. The Gulf of Mexico is in the tropics and subtropics and experiences
high temperatures and frequent rainfall throughout the year. The CTD data at Point B were
collected on 20 August 2010, which was during the season with the highest temperature
and a better sea state, and the CTD data at Points C and D were collected on 4 March 2010,
and 9 March 2018, which were periods often characterized by northerly gales with lower
temperatures and less precipitation.

180 km

Figure 4. Distribution of the CTD data sampling points. (a) Location of the sampling point A in the
South China Sea; (b) Locations of the sampling points B, C and D in the Gulf of Mexico.
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3.2. Analysis of the Refractive Index Changes in Water

The wavelength of the laser was set to 532 nm. According to the empirical Formula (3)
for calculating the refractive index, the relationships between the depth (D) and refractive
indices (1), temperature (T), and salinity (S) of seawater could be obtained, as shown in
Figure 5. Figure 5a—d correspond to sampling points A, B, C, and D, respectively. Figure 5a,b
show that the salinity and refractive index of seawater increased with increasing depth,
while the temperature had the opposite effect. Since sampling point A was collected in
May with relatively weak winds, the temperature and salinity changed slightly from 0
to 28 m, resulting in small refractive index changes. According to (a2), (b2), (a3), and
(b3), the salinity changes at sampling points A and B were less than 0.04% and 0.3%,
respectively, and the temperature changes were less than 7 °C and 10 °C, respectively.
The salinity changes at sampling points C and D were less than 0.00025% and 0.00045%,
respectively, and the temperature changes were less than 0.035 °C and 0.1 °C, respectively.
From the analysis of Figure 5al-d1, the mean value of the refractive index of seawater
where the sampling points were located was 1.342. Within a constant elevation of 50 m
for a bathymetric floor, the refractive index changes in seawater at sampling points A and
B were less than 0.001, and the refractive index changes in seawater at sampling points
C and D were less than 0.0001. Due to differences in climate and season, factors such as
wind speed, rainfall, and water solutes could lead to differences in the accuracy of the
measurement data. The variation ranges of sampling points A and B were larger than those
of sampling points C and D.
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Figure 5. The calculated refractive index and measured temperature and salinity as a function of
seawater depth. (a1-d1) Relationships of the refractive indices with water depth at sampling points
A, B, C, and D, respectively; (a2—-d2) Relationships of seawater salinity with water depth at sampling
points A, B, C, and D, respectively; (a3—d3) Relationships of seawater temperature with water depth
at sampling points A, B, C, and D, respectively.
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As shown in Figure 5, the relationships between changes in (c) and (d) were signifi-
cantly different from those in (a) and (b) and were influenced by the oceanic mixed layer.
The ocean mixed layer was generally within 100 m of the ocean surface, and heat exchange,
momentum, and gases between the atmosphere and the interior of the ocean mainly
occurred in the mixed layer. Due to the promotion of various processes, such as wind
stirring, waves, and turbulence generated by convective mixing, the depth of the mixed
layer will undergo seasonal changes, which usually result in large fluctuations in salinity
and temperature [26-30]. The seasons in which sampling points C and D were located
were often accompanied by northerly winds, and the warm current in the Gulf of Mexico
is large and has a high velocity, which is driven by multiple factors that create unique
climatic conditions. According to the above analysis, although there were fluctuations in
the refractive index at sampling points C and D, the ranges of the temperature, salinity, and
refractive index changes were smaller, and the range of refractive index changes was one
order of magnitude smaller than that at points A and B.

Simulation experiments were also conducted to analyze the changes in refractive
indices in seawater. We regarded one of the factors as the typical value and the other
two as variables. The typical temperature, salinity, and depth of the seawater were set to
30 °C, 3.41%, and 50 m, respectively. The salinity ranged from 3% to 4%, and the depth
ranged from 0 to 50 m when the temperature was 30 °C. The depth ranged from 0 to
50 m, and the temperature ranged from 10 °C to 40 °C when the salinity was 3.41%. The
salinity ranged from 3% to 4%, and the temperature ranged from 10 °C to 40 °C when the
depth was 50 m. Then, the refractive indices could be obtained under different conditions
based on Formula (3). The results of the simulation experiments are shown in Figure 6.
As shown in Figure 6, when the temperature was set to a certain value, the influence of
salinity changes on the refractive index of seawater was more evident than that of depth
changes. When the salinity was set to a certain value, the influence of temperature changes
on the refractive index of seawater was more evident than that of depth changes. When the
depth was set to a certain value, changes in the salinity and temperature both significantly
influenced the refractive index of seawater. Regardless of whether simulated or measured
data were used, the salinity, temperature, and depth of seawater minimally influenced the
refractive indices of seawater within a constant elevation of 50 m for a bathymetric floor.
Overall, the refractive indices of seawater were positively correlated with depth and salinity
but negatively correlated with temperature. Specifically, the refractive index increased
with depth and salinity and decreased with temperature. However, the corresponding
influencing factors caused relatively small changes in the refractive indices of seawater.

S=341% D=50m
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b) (©

Figure 6. Diagrams of the changes in the refractive indices with depth, temperature, and salinity of
seawater. (a) Refractive indices with seawater depth and salinity; (b) Refractive indices with seawater
depth and temperature; (c) Refractive indices with seawater salinity and temperature.

3.3. Analysis of the ALB Error Caused by Refractive Index Changes

3.3.1. Analysis of the ALB Error Caused by Refractive Index Changes at the
Water—Air Interface

As shown in Figure 5, the average calculated refractive index of the seawater at the
four sampling points was 1.342. To study the effect of the ALB errors due to the refractive
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index changes at the water—air interface, the depths (D;) were set to 5 m, 10 m, 30 m, and
50 m, and the laser incidence angles of the emitted laser pulses were set to 5°, 10°, 15°,
and 20°, and the refractive index changes were in the range of 1.333-1.353. After that,
the bathymetric error in Figure 7 can be obtained by substituting these parameters into
Formulas (4)-(6). Similarly, the planimetric error in Figure 8 can be obtained by substituting
these parameters into Formulas (7)—(9).
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Figure 7. Relationships between bathymetric error and the refractive index of water. (a,b) Bathymetric
errors caused by different water depths when the incidence angle is 15°. (c,d) Bathymetric errors
caused by different incidence angles when the water depth is 50 m.
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Figure 8. Relationships between the planimetric error and the refractive index of water. (a,b) Plani-
metric errors caused by the different water depths when the incidence angle is 15°; (¢,d) Planimetric
errors caused by the different incidence angles when the water depth is 50 m.

As shown in Figure 7, a linear relationship was obtained between the bathymetric
error and the refractive index of water. When the laser incidence angle was 15°, for every



J. Mar. Sci. Eng. 2024, 12, 435

10 of 13

0.001 change in the refractive index of water, the bathymetric error changed by 0.004 m,
0.007 m, 0.020 m, and 0.036 m for water depths of 5 m, 10 m, 30 m, and 50 m, respectively
(Figure 7a,b). As shown in Figure 8a,b, for every 0.001 change in the refractive index
of water, the planimetric error changed by 0.001 m, 0.003 m, 0.008 m, and 0.015 m for
water depths of 5 m, 10 m, 30 m, and 50 m, respectively. Because the refractive index
was influenced by temperature and salinity, where the temperature and salinity changes
were small when they were affected by the water surface temperature and environment,
the refractive index also changed slightly. Therefore, when the refractive index was not
influenced by the surface temperature or environment in water, the bathymetric errors and
planimetric errors caused by the refractive index changes increased with increasing depth.

The refractive index changes in shallow-water areas were less than 0.001 based on
Figures 5 and 6, resulting in maximum bathymetric errors and planimetric errors less than
0.036 m and 0.015 m, respectively. Additionally, as shown in Figures 7 and 8, when the
refractive index of water was less than the average calculated refractive index, the water
depth was deeper and horizontal displacement was greater; conversely, the water depth
was shallower and horizontal displacement was small. Therefore, if the refractive index of
water was set to 1.333, the error was greater than that at 1.342.

To analyze the influence of the laser incidence angle on the ALB errors, a water depth
of 50 m was selected as a fixed value, and the results are shown in Figures 7c,d, and 8c,d.
The bathymetric error decreased with increasing laser incidence angle, while the change in
the planimetric error was the opposite. The influence of the incidence angle changes on the
bathymetric error was relatively small when the refractive indices of the water columns
were the same, and this occurred only at the millimeter scale. However, the incidence
angle change had a greater influence on the planimetric error than on the bathymetric error.
When the refractive index was 1.333, the planimetric error changed by 0.045 m for every 5°
increase in incidence angle.

3.3.2. Analysis of the ALB Error Caused by Refractive Index Changes in the Water Column

To analyze the influence of the refractive index changes in the seawater column on the
ALB error, the incidence angles were set to 5°, 15°, 10°, and 20°, and a seawater depth of
50 m was layered according to 0.5 m, 2 m, 5 m, 10 m, and 50 m. The duration of the laser
pulse propagation underwater was used as a fixed value when the seawater column was
layered to 0.5 m. After that, the bathymetric error and the planimetric error in Figure 9a,b
can be calculated by substituting these parameters and the refractive index of sampling
point A into Formulas (10) and (11) and Formulas (12) and (13), respectively. Similarly, the
bathymetric error and the planimetric error in Figure 10a,b can be calculated by substituting
these parameters and the refractive index of sampling point B into Formulas (10) and (11)
and Formulas (12) and (13), respectively. The ALB errors generated under different condi-
tions were obtained based on the refractive index changes at sampling points A and B, as
shown in Figures 9 and 10. For sampling point A, the bathymetric error and planimetric
error increased with the layer depth of the seawater column and incidence angle. However,
for sampling point B, the error initially decreased and then increased. For scenarios where
the refractive index was not positively proportional to the water depth, the refractive index
curve determined the mean value of the refractive index in each layer; this influenced
the propagation speed and direction of the laser pulses. According to Formula (10), the
propagation time of the laser pulse in each layer was influenced by the refractive index
of the previous layer. The irregular variation in the refractive index curve may result in a
variable relationship between the deviation of the layered and nonlayered measurements.
Therefore, we simulated a scenario where the refractive index was positively proportional
to the water depth, and the results are shown in Figure 11. Figure 11c shows that the
simulated refractive index changed in a straight line; thus, both the bathymetric error
and planimetric error increased with the layer depth of the seawater column, as shown in
Figure 11a,b. However, due to the small change in the refractive index, the ALB error was
also low and could be disregarded.
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Figure 9. Changes in the ALB error with the layer depth of the seawater column at sampling point A.
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Figure 10. Changes in the ALB error with layer depth in the seawater column at sampling point B. (a)
Bathymetric error; (b) planimetric error.
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Figure 11. Changes in the ALB error of the simulated data with the layer depth of seawater. (a) Bathy-
metric error; (b) planimetric error; (c) simulated refractive index of the seawater column.

4. Conclusions

To systematically analyze the influences of refractive index changes in water on
the ALB error, the relationships between the refractive indices of water and the depth,
salinity, and temperature were analyzed using measured CTD data and simulated data.
Then, based on Snell’s Law, the influence of refractive index changes on the ALB error
was analyzed in terms of the refractive index of the water—air surface and the refractive
index in the water column. Based on the results from the measurements and simulation
experiments, the following conclusions are drawn within a constant elevation of 50 m for a
bathymetric floor:

(1) Based on the empirical formula for refractive index calculations, the refractive index
changes in water caused by temperature, salinity, and depth were less than 0.001, and
the average calculated refractive index of seawater at the sampling points was 1.342;
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(2) Inawater environment, the ALB error caused by changes in the refractive index of
the water—air interface increases with depth. The maximum bathymetric error and
maximum planimetric error caused by a change in the refractive index of 0.001 were
0.036 m and 0.015 m, respectively. The bathymetric error decreased with increasing
laser incidence angle, while the planimetric error showed the opposite behavior.
The influence of incidence angle changes on bathymetric error was relatively low
when the refractive indices of the water columns are the same and are only at the
millimeter level. However, the incidence angle changes have a greater influence on the
planimetric error than on the bathymetric error. When the refractive index was 1.333,
the planimetric error changed by 0.045 m for every 5° increase in the incidence angle.
Thus, it is necessary to determine whether the effect of the ALB error due to refractive
index changes in water needs to be corrected based on the accuracy requirements of
data acquisition;

(38) The ALB errors caused by refractive index changes in the water column were relatively
low due to small changes in the refractive indices. The bathymetric error and plani-
metric error usually increase with increasing layer depth and incidence angle under
the conditions of the calculated refractive index. However, due to the influence of the
refractive index, irregular variations in bathymetry and planimetric errors may occur.
The difference between the water depth calculated by the average refractive index
without layers and the water depth calculated by the refractive index with layers was
not significant and can be disregarded for different layers and incidence angles;

(4) The premise of this study is that the refractive index of each horizontal layer is stable
and constant during ALB pulse propagation and the difference in the refractive indices
at different locations within the survey areas is small. Relevant corrections can be con-
sidered in the areas of underwater structural monitoring of equipment such as cables
and turbines in offshore wind power, underwater archaeological surveys, underwater
environmental monitoring, and precision assessment of spaceborne marine remote
sensing data.
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