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Particle scattering is a key factor affecting underwater light transport. The diffusion
length (zp), defined as 1/[b(1 — g)l, where b is the scattering coefficient and g is the
asymmetry factor, is obtained from the volume scattering function (VSF) of the particle
and plays a vital role in assessing the potential for underwater optical detection,
imaging and communication. Owing to the lack of VSF datasets, the variation in z at
different wavelengths in various ocean areas remains unclear. In this study, we used a
dual-wavelength (488 & 532 nm) VSFLab to conduct the VSF measurement
experiments in the East China Sea (ECS) and the South China Sea (SCS), obtaining
VSFs from 1.5° to 178.5° at 51 stations. Seven optical properties, including absorption
(@), scattering (b), attenuation (c), diffuse attenuation coefficient (K,), backscattering
(bp), g, and zp, were calculated from the measured VSFs. A comparative analysis of the
results was performed, which showed that the laser transmission capability at 532 nm
was better than that at 488 nm in terms of the absorption or diffuse attenuation
coefficient in the ECS, whereas superior performance was observed at 488 nm in the
SCS. However, from the perspective of scattering, zp at 532 nm (zp(532))
demonstrated superior performance in both the ECS and SCS. This superiority was
particularly noticeable in regions with exceptionally clear water, such as the eastern
side of the Luzon Strait, where z5(532) exceeded z,(488) by approximately 20%.
Overall, the findings of this study provide a new perspective for assessing underwater
light transmission capabilities.
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ocean optics, volume scattering function, diffusion length, asymmetry factor, South
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1 Introduction

The evaluation of the underwater attenuation length, optical
thickness, or communication range is typically based on the optical
characteristics of water (Mobley, 1994; Morel, 1991). The intensity
of the forward-transmitting light is attenuated by absorption and
scattering (Dutley, 1962). Currently, the attenuation coefficient (c)
and diffuse attenuation coefficient (K;) are widely used to evaluate
the capability of underwater light transfer (Jaffe et al., 2001; Liu
et al,, 2020; Zhang et al., 2022). The propagation of collimated light
beams (such as lasers) in underwater environments is further
complicated by multiscattering caused by aquatic particles, as
the natural waters are typical dispersion or scattering media and
exhibit significant optical variability. Multiscattering of particles
results in spatial and temporal dispersions of light beams or laser
pulses (Kirk, 1991; Organelli et al., 2018). The transmitted photons
consist of three components: ballistic, snake, and diffusive (Yoo and
Alfano, 1990). Both ballistic and snake photons retain their
significant initial properties and combine to form signal photons.
However, under common underwater conditions, when light travels
a certain distance and undergoes multiple scatterings, the signal
photons are minimal, whereas diffusive photons constitute a
greater proportion of all detected photons (Di Rocco et al., 2010).
Therefore, knowledge of the key optical properties of the scattering
medium is required to develop photonic techniques for underwater
optical imaging, communication, and detection. The assessment of
the different contributions of ballistic and diffusive photons, viewed
from a scattering perspective, is an effective approach for assessing
the optical detection capability underwater.

Researchers have proposed advanced probabilistic methodologies
to describe multiple scattering issues. Photon migration through a
turbid medium could be determined by the probability function
(Lutomirski et al,, 1995; Kolinko et al, 1996). Starting from these
probability functions the statistical moments for the coordinates in
which different orders of scattering occur can be evaluated. The mean
path for multiple scattering is dependent on the first-order moment of
the scattering angle’s cosine (( cos@)) and the scattering coefficient
(b(A)) (Zaccanti et al., 1994). Currently, zp,, which is regarded as the
mean penetration distance from the source at which the photon “lose”
its initial direction of motion owing to scattering, is commonly used to
characterize photons undergoing multiple scattering within the
dispersion medium (Kolinko et al., 1996). From zp, we can readily
derive the probability density of the photon positions in N scattering
events and compute the light intensity distribution within the medium.
This plays a vital role in predicting the underwater optical performance
and assessing the transition between the diffusion and forward
scattering states of the light beams (Lutomirski et al, 1995; Wu
et al.,, 2022b).

To estimate zp, the precise measurement of the full angle and
forward small angle volume scattering function (VSF) is imperative.
The VSF, here after 3(6; 1), is defined as the radiant intensity 1(6; )
scattered from a volume element into a unit solid angle centered in
the direction 6, calculated per unit of incident irradiance E and per
unit volume V.
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B(6; ) = dI(6; 1) /(EdV) (1)

Based on Equation 1, b(A) and the scattering phase function
(SPF), expressed as B(6;A), can be directly related to the VSF
through Equations 2 and 3.

b(h) = 27r/nﬁ(0; A)sin(6)d6 (2)
0

B(6;1) = B(6; M) /b(X) 3)

Although it is difficult to obtain a full-angle VSF, significant
contributions have been made in the measurement of the wide-
angle VSF (Chami et al., 2006; Sullivan and Twardowski, 2009a;
Twardowski et al., 2012). For instance, Petzold’s pioneering work in
1972 (Petzold, 1972) on the acquisition of the SPF for three distinct
water body types remains the most widely utilized publicly available
VSF dataset. Instruments such as the Multispectral Volume
Scattering Meter (MVSM) (Lee and Lewis, 2003), LISST- VSF
(Slade et al.,, 2013), Multi-Angle Scattering Optical Tool
(MASCOT) (Sullivan and Twardowski, 2009b), Polarized Volume
Scattering Meter (POLVSM) (Chami et al., 2014), and VSFLab (Wu
et al., 2022a) have been utilized to measure wide-angle VSFs.
However, due to factors such as the measurement range of angles
or wavelengths of the instruments, zp, for different wavelengths in
different sea areas has not been widely discussed from the
measurement datasets.

Furthermore, the transmission capability of light beams in
natural water varies significantly with the wavelengths. Currently,
the wavelengths of 488 and 532 nm are considered as “transmission
windows” in the ocean (Jaffe, 1990; Jaffe et al., 2001; Mobley et al.,
2002) and are broadly employed in applications such as oceanic
LIDAR, underwater imaging, and communication. Based on Ky,
many studies suggested that 532 nm is more suitable for coastal area
detection (Morel, 1991; Li et al., 2020). However, owing to its lower
attenuation coefficient than that at 532 nm, the wavelength of 488
nm performs better in over 60% of the global seas (Churnside, 2013;
Hostetler et al., 2018; Chen et al, 2019). Similarly, by using
chlorophyll concentration models based on MODIS-AQUA
(Churnside, 2013) or integrating bio-optical models with the
parameters of satellite-borne LIDAR systems (Zhang et al., 2022),
it is evident that 532 nm performs better in coastal areas, whereas
wavelengths between 485 nm and 495 nm are more suitable for
open ocean applications. Liu et al. (2020) suggested that 486.134 nm
is the optimal wavelength for single-wavelength satellite-borne
oceanic LIDAR, and a dual-wavelength LIDAR combining
486.134 and 438.355 nm is suitable for global ocean detection
based on the analysis of K;. Additionally, the capability of
underwater optical imaging systems, which is assessed based on ¢
(Li et al., 2023; Jaffe, 2015), reveals that the 532 nm laser is
increasingly being utilized. In the field of underwater laser
communication, blue-green light is favored, as evidenced by the 1
Gbps x 100 m underwater optical wireless communication system
developed by the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) and Trimatiz Limited (Trimatiz)
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(Ishibashi and Susuki, 2022). Choosing appropriate wavelengths in
different seas can significantly enhance the detection capabilities.
However, these studies predominantly focused on energy
attenuation and overlooked the changes in the characteristics of
ballistic and diffuse light. Consequently, the role of VSF in the
assessment of light transmission capability has not been
sufficiently explored.

In this study, to assess the light beam transmission capability of
different wavelength from the perspective of scattering, a dual-
wavelength wide-angle VSF measurement instrument for 488 and
532 nm, called the dual-wavelength VSFLab, was developed.
Subsequently, experiments were conducted onboard in the East
and South China Seas to obtain the VSFs at 51 stations. Based on
the measured VSFs, common optical properties, including the
absorption (a), scattering (b), attenuation (c), backscattering (b,),
and diffuse attenuation coefficient (K,;), were derived. More
importantly, the exportation of the asymmetry factor (g) and
diffusion length (zp) allows the analysis of photons transmission
distance underwater by using the VSF. Such perspective of
discussion could greatly enhance our understanding of the
underwater transmission of light beams.

2 Materials and methods

2.1 Theoretical description of
diffusion length

According to Lutomirski et al. (1995) and as shown in Figure 1,
we assumed that the random-position vector of a photon initially at
x = 0 and traveling in the z direction, which is scattered precisely N
times, can be expressed as the vector.

XN

N
| == 3 ) ) 4)
Zy "

10.3389/fmars.2024.1465899

where [, is the random distance traveled by the photon between
the m and (m + 1) scattering events, and (1, is the unit vector in the
photon direction after the mth scattering.

0
My = (H3k> 0
k=0 1

where By is a matrix that determines the change in the heading

(5)

after the kth scattering event.

cos @p.cos B —sin @ cos Psin Oy

By = (6)

sin @ycos B, cos @ sin @sin Oy

—sin 6y 0 cos 0;

where 6 and ¢ are the respective polar and azimuthal angles
from the kth scattering event.

The independence of 6, and ¢ implies the independence of By
under the condition of a total of N scatterings.

0 0
(M) =(Bo){(B1)(By)..(By)| 0 [ =(B)"| 0 7)
1 1
where
0 0 0
(B) = 0 0 0 (8)
—(sin6) 0 (cos @)
Thus,
0
(Mo ) = 0 )
(cos B )"

We can finally obtain the below expression for the conditional
mean propagation distance after N scatterings.

Scattering Medium

2

X
?1
»
Incident
Laser

Diffusive

FIGURE 1

Schematic of laser propagation in a scattering medium showing the ballistic, snake, and diffusive photons. As the Gaussian beam propagates through
the scattering medium, the divergence angle of the beam becomes larger and resolution is reduced with random noise.
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(xn)={(yn)=0 (10)
1-{cos )N

R

(11)

where (I, ) is the scattering mean free path normalized by b, and
(cos @) is the mean cosine of the scattering angles given by g, which
is directly related to the effect of scattering on the angular distribution,
especially the shape distribution of the forward angles. For the forward-
extended scattering indicatrices, 0<g<1. The quantity g = 0 corresponds
to isotropic scattering and g = 1 corresponds to strictly forward
scattering. This can be represented as:

T
g\) = (cosO) = 271'/ B(6; A)cos(0)sin(6)dO (12)
0
When N > 1, zp can be deduced as shown below.
1
zp(A) (13)

T b1 -g(L)

2.2 The instrument and calibration

2.2.1 Dual-wavelength VSFLab

VSFLab, which adopts the principles of POLVSM (Chami et al.,
2014), was recently developed by Wu et al. (2022a). It features a
separation design of the laser incident plane and detection plane,
and incorporates a double periscopic optical system, allowing free
rotation of the detector around the incident beam. VSFLab acquires
the measurements of the VSF between 1.5° and 178.5° with an
angular resolution of 0.75°. In this study, the VSFLab was upgraded
to dual-wavelength.

The overall schematic and photograph of the dual-wavelength
VSFLab are shown in Figure 2. The dual-wavelength laser used in

BS

488nm
LS

532nm |

L_.‘(
Q /
N P2
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this study consists of two wavelengths: 488 nm and 532 nm, with a
beam divergence of 1.1 mrad. The laser system (Changchun New
Industries Optoelectronic Tech Co., Ltd.) integrates multiple light
sources with different wavelengths, enabling seamless switching
through a button and subsequent irradiation into the incident
system via an optical fiber beam collimator. This design effectively
eliminates measurement errors caused by repetitive movements.
The laser parameters are listed in Table 1. The incident system
plane comprises a beam adjustment frame, pinhole (PH1), beam
splitter (BS), two silicon detectors (a reference detector and an exit
light detector), and a mirror (M) to reach the incident prism (P1)
prior to entering the basin filled with the water sample. The
collimated beam passes through PHI to lock the divergent stray
light from the laser source. After passing through the BS, one beam
of light serves as a reference and irradiates the reference
photodetector (RP), whereas the other beam passes through the
reflector and irradiates P1. Subsequently, the beam traverses the
sample, with the direct light exiting the prism (P2) and being
detected by the transmittance photodetector (TP), enabling
synchronous measurement of the attenuation coefficient, c,,(A),
based on the Beer-Lambert Law, as follows:

nN) = ~In(1/1y)/1 (14)

where I is the laser intensity after traversing the path length (1),
received by the TP, and I, is the intensity received by the RP. In
contrast, the scattered light passes through a lens (L) and pinhole
(PH2) before being received by a photomultiplier tube (PMT). The
basin is equipped with a rotating motor (RD) that enables it to
rotate along its central axis, facilitating the detection of scattered
light at different scattering angles (6;). The complete rotation of the
VSF measurement takes only 7 s. We conducted three rotational
measurements for each sample, and the average was used as the
representative final result.

=

FIGURE 2

The schematic of the dual-wavelength VSFLab. (A) Layout and measurement principle, including laser source (LS), pinhole 1 (PH1), beam splitter (BS),
reference photodetector (RP), mirror (M), prism 1 (P1), basin, prism 2 (P2), transmittance photodetector (TP), lens (L), pinhole 2 (PH2) and
photomultiplier tube (PMT). The mirror (M), incident prism 1 (P1), and exit prism (P2) form a periscope-optical structure; top view of the
measurement system is displayed on the left. The scattered light detecting system is composed of L, PH2, and PMT; (B) View of dual-wavelength
laser system. (C) Photograph of the laboratory installation of dual-wavelength VSFLab.
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TABLE 1 Parameters of dual-wavelength laser manufactured by
Changchun New Industries Optoelectronic Tech Co., Ltd.

488 nm 532 nm

Fiber optic output power 19.96 mw 19.53 mw
4h power stability 0.0978% 0.136%
Operating mode cw? Ccw
Optical interface FC/PC® FC/PC

“CW, Continuous Wave.
PEC/PC, Ferrule Connector/Physical Contact.

2.2.2 Calibration

To accurately obtain particulate VSF and evaluate the
performance of the VSFlab, a series of work including correction
and calibration were carried out. Calibration of the dual-wavelength
VSFLab was conducted in the laboratory and included baseline
measurements, scattering volume correction, amplitude calibration,
and angular calibration.

a) Baseline measurements

For the baseline measurement, pure water was prepared using
the Milli-Q Advantage A10 water purification system (Millipore
Inc., Burlington, MA, USA) and then filtered through a
polycarbonate cartridge filter of pore size 0.2 ym (PN 12991, Pall
Co., Ltd., Port Washington, NY, USA) to further remove residual
particle contaminations. During the onboard observations, filtered
seawater was prepared for the baseline measurements. Finally, these
baseline measurements were subtracted from the subsequent
measurements of the particle suspensions.

b) Scattering volume correction

The scattering volume, defined as the volume illuminated by the
incident beam, must remain constant for VSF measurements across
all scattering angles. However, it exhibits a complex variation with
the scattering angle. Therefore, it is necessary to incorporate a
correction for the scattering volume. As the incident light area
remains constant, the scattering volume can be simplified by using a
detector to receive the scattered light path. The scattered light paths
received by detectors at different scattering angles can be
represented as the inverse of the sine function relative to the
scattering volume 90° (approximately 0.02 ¢’ in this study).

¢) Amplitude calibration

The calibration procedure aims to derive the calibration
coefficient k(6;) to convert the original photoelectric signal (V)
into the VSE (sr™'m™"). In the process of calibration, we employ
polystyrene beads (Duke Standards ), for which ¢()) is equal to
b(X) and the refractive indices and size distributions are well-
defined, enabling us to utilize the Mie theory for the VSF

TABLE 2 Specifications of polystyrene beads used in this study.

10.3389/fmars.2024.1465899

calculations. The specifications of the polystyrene beads used in
this study are presented in Table 2. The 0.203 um beads were
smaller than the wavelength of the laser (488/532 nm), thus leading
to the featureless shape of the VSF. In contrast, the large beads
exhibited ripples in the angular scattering, which made the
calibration highly sensitive to the angular acceptance of the
detector. As mentioned by Hu et al. (2019), we used small-sized
beads with a nominal diameter of 0.203 ym for calibration and other
large-sized beads for validation.

Butie(6; 1) = Basie(6; Mxb(A) = Buge(6; M)wc, (M)

where BMie(O; A) is the SPF obtained from the Mie theory and
b(A) is the scattering coefficient of the beads, which is equal to the

(15)

value of c, measured by the dual-wavelength VSFLab, as the
imaginary part (n;) of the complex refractive index of the beads is
very small (close to zero). The effects of the uncertainties of the
0.203 um beads at 488 nm and 532 nm, with the mean diameter
varying within pp + &p, on By, are 3.4% and 2.8%, respectively.
The imaginary part of the refractive index of the 0.203 ym beads in
the visible wavelengths is relatively insignificant; hence, the
influence on the scattering can be neglected (Maffione and Dana,
1997). By employing a linear regression model, we derived k(6; L),
which represents the slope between f3,,(6; A) and voltage (V(6; 1)),
obtained after scattering volume correction.

k(6; 1) = Buie(6; 1)/ V(65 1) (16)

The solutions containing different concentrations of the 0.203 ym
beads were used to calculate k(6;A) at each scattering angle and
wavelength. To ensure homogeneity and prevent particle aggregation, a
100 ml master solution of 0.203 um beads was produced and agitated
on a vortex mixer. The pure water in the sample cell (approximately
450 ml) was then mixed with a certain amount (ranging from 20 ml to
70 ml) of the master solution, creating a range of solutions with ¢
varying from 0.38 to 1.16 m . The beads were mixed thoroughly using
a stirring rod after each addition. Moreover, the criterion for a single-
scattering regime is defined in terms of a small optical thickness, which
is typically less than 0.1. VSF measurements should be conducted
within the single-scattering regime to ensure that multiple scattering
effects on I can be neglected. The value of  for the dual-wavelength
VSFLab was 0.065 m. Therefore, to approximate the single-scattering
condition, ¢ of the experimental sample was carefully controlled to
remain below 1.54 m™".

d) Angular calibration

The angular calibration was conducted to verify the consistency
of the measurements. To ensure a consistent rotation within the
scattering angle range of 0°-180° and evenly spaced angular

Unp(um) Up(um) Splum) op(um) n(in, @488 nm/ @532 nm + n;)
02 0.203 0.004 0.0059 1.6051/1.5982+(0.00035 + 0.00015)i
3 2.994 0.029 0.03 1.6051/1.5982+(0.00035 + 0.00015)i

Beads of a nominal diameter piyp are assumed to be normally distributed with an actual mean diameter of yj, and standard deviation of oy, - Op represents the uncertainty in determining i, at

95% confidence level. The complex refractive index (1) at 488 nm and 532 nm are also listed.
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intervals, we configured the instrument to initiate sampling prior to
reaching 0°. Thus, the objective of angular calibration is to
determine the initial and final sampling points while rectifying
any angular discrepancies. The process of angle calibration is
accomplished by assigning values to the detected VSF maximum
or minimum using second-order polynomial curve fitting, with 3
um standard particles selected specifically for their distinct
angular features.

The high angular resolution and wide angular range of the
measured particle VSFs enabled more accurate and direct
calculations of the particle scattering coefficients (bp(k)) and
particle backscattering coefficients (bbp(k)). The VSF was
extrapolated in the near-forward direction to 0° using a power
law dependency (Mobley et al., 2002; Zhang et al., 2011). In the full
backward direction, the VSF was extended to 180° by assuming
constant VSF values between 178.5° and 180° according to Mobley
et al. (2002) and Wu et al. (2022a). Based on the full-angle VSF,
b,(A) and by,(A) were computed by integrating the VSF over the
whole and half range of the scattering angle, respectively.

b,(A) = Znﬁnﬁp(e; A)sin(0)de (17)

by,(A) =21 /7 B,(6;M)sin(0)d6 (18)
/2

Considering the effect of pure water, b(A) and b, (L) can be
expressed as:

b(A) = b,(A) + b,,(X) (19)
By (1) = by (M) + by, (1) (20)
where b,,(A) and by,, (L) are the scattering and backscattering

coefficients of pure water, respectively. a(A), K (L), and g(A) can be
calculated as follows:

a\) = cu(W) - b,(A) +a, (L) (1)
Ky () = a(M) + by(%) (22)

o) = 27 A by(\) - B, (65 Mb :;;Wm B (6:1) cos(B)sin(E)d0
(23)

where B;(O; A) and BW(O; A) are the SPFs of the particle and
pure water.

10.3389/fmars.2024.1465899

2.3 Absorption and
attenuation measurements

Hyperspectral absorption (a(A)) and attenuation (c(A)) were
measured in situ using the AC-S hyperspectral spectrophotometer
(WET Labs). The AC-S instruments provided spectral a(A) and ¢(A)
measurements at 81 wavelengths with a 4 nm resolution in the
range of 400-744.1 nm and a 25 cm path length with sample rate of
4 Hz. The instrument was calibrated with Milli-Q ultrapure water
prior to the field experiments. Note that the AC-S was calibrated
every day during the cruises. After calibration, a(A) and c(L) were
calculated as follows:

aA) = a,(A) +a,(X) (24)

M) = cu(X) + a,(A) + by, (A) (25)

where a,,(A) and ¢, (L) are the absorption and attenuation
measured by the AC-S; a,,(A) and b,,(A) are the absorption and
scattering coefficients of pure water, respectively. The raw
absorption and attenuation measurements were corrected for
temperature and salinity effects using the contemporaneously
recorded Conductivity-Temperature-Depth (CTD) data (Sullivan
et al., 2006). Finally, b(L) was calculated as follows:

b(A) = c(A) —a(dh) (26)

2.4 Study area

The experiments were conducted during two research cruises
in the South China Sea (SCS) and East China Sea (ECS) from
August 20 to November 9, 2023, onboard the Dongfanghong3 and
Zheyuke2, respectively, as indicated by Table 3. The experimental
area covered a variety of water types, ranging from sediment-
dominated turbid coastal waters to clear West Pacific Ocean
waters. A total of 51 stations were sampled. The ECS
experimental area contained 20 sampling stations ranging in
latitude from 27°N to 31.5°N and longitude from 121°E to
124.5°E. It is a coastal area with high suspended sediment
concentration and large particle sizes. The SCS stations were
within 10°N-21°N and 112°E-123°E, encompassing a total of 31
sampling stations. The locations of the sampling stations during
both cruises are shown in Figure 3. To clearly present the
distribution of the experimental stations, both the ECS and SCS
were categorized into three sections (ECS: E,, E, Ec and SCS: Sy,
Sp> Sc). The transition from E, to E. illustrated a shift from

TABLE 3 Number, location, and area of the stations sampled during the different cruises.

Campaign Platform Location Period Number of stations
NORC Cruise Dongfanghong3 South China Sea 8.20.2023-9.30.2023 31
ShenLan Cruise Zheyuke2 East China Sea 10.28.2023-11.7.2023 20
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nearshore to offshore areas with increasing depth. In the SCS,
most stations were in S4. Four stations located in the SCS basin
and near the Nansha Islands included in Sg, whereas two stations
east of the Luzon Strait were chosen to represent the S region
because of their clear open ocean waters.

During the two cruises, the dual-wavelength VSFLab was
operated onboard to measure the surface water samples
collected by the CTD casts. The average water depth at the SCS
stations was 1800 m; we selected samples from a depth of 5 m as
surface samples. At the ECS stations, which are characterized by
an average water depth of approximately 30 m, we collected the
surface samples from a depth of 2 m. Synchronized measurements
of the AC-S were performed at the same depth. The water samples
were fully mixed using a magnetic stirrer prior to the
measurements. Subsequently, the samples were appropriately
diluted based on the ¢ values of the water samples to satisfy the
requirements for single scattering. Considering the influence of
bubbles on the measurement results, we were extremely careful
during the processes of water collection, liquid transfer, and
dilution to avoid bubbles as much as possible.

10.3389/fmars.2024.1465899

3 Results and discussion

3.1 Measurements of dual-wavelength VSF
3.1.1 Validation of dual-wavelength VSFLab

According to the amplitude calibration method described
in Section 2.2, the dual-wavelength VSFLab was calibrated using
solutions of polystyrene beads of 0.203 ym with five concentration
gradients. Through this method, k(6; L) of each scattering angle was
determined. To ensure the reliability of the experimental data,
suspensions of polystyrene beads of 3 um were used to verify the
consistency of the measurements. As shown in Figures 4A, B, the
measured VSF results at the wavelengths of 488 nm and 532 nm are
consist with those calculated using the Mie theory, yielding absolute
percentage difference (APD) values of approximately 15.1% and
15.0%, respectively. Figures 4C, D illustrate the correlation between
V(6;A) and the theoretical VSFs at the scattering angles of 6°, 90°,
150° and 178°. All Pearson correlation coefficients (R?) are greater
than or equal to 0.96, indicating the high reliability of the
calibration results.

FIGURE 3

Locations of the stations of NORC cruise (red circles) in South China Sea and ShenLan cruise (blue circles) in East China Sea. The background is the

bathymetry of the study area.
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3.1.2 Angular variations of dual-wavelength VSFs
Figures 5A, C present the experimental results for the VSFs in
the ECS and SCS, respectively. It is clear that the lowest value of the
VSFs in the SCS could reach 107%, whereas that in the ECS was 107>,
which indicates that b, in SCS is comparatively lower than that in
the ECS. Furthermore, when considering the forward VSF, ECS
demonstrated a more pronounced scattering effect than SCS. This
observation implies that the particle sizes prevalent in the ECS are
larger on average than those found in the SCS (Zhang et al., 2011).
The intensity of the backward VSFs observed in the ECS
measurements was significantly lower than that in the forward
region. In experimental stations rich in minerals or inorganic
particles, the difference can be as low as nearly four orders of
magnitude. However, at the stations further away from the shore
(Sc area), the differences can extend to five orders of magnitude. In
the SCS, the difference was even greater and reached six orders of
magnitude. High-angle-resolution SPF demonstrates distinct
responses to the characteristics of various types of particles
(Zugger et al,, 2008). The full-angle SPFs derived from the VSFs
measured in the SCS and ECS are shown in Figures 5B, D,
respectively. In the ECS, there are differences in the SPFs between
0° and 30°for 488 nm and 532 nm, where the descending slope of
488 nm is notably steeper than that of 532 nm, which deviates from
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the observations in the other regions within the ECS. From 30° to
90°, no significant difference was observed in the SPF between the
two wavelengths. However, within the angular range of 30° to 90°, a
significant difference in the SPF shapes at different wavelengths
becomes apparent. In the SCS, the shapes of the SPFs for the dual-
wavelength are similar in the forward region (0°-60°). The rate of
change for 488 nm is greater than that for 532 nm from 60° to 150°.
Beyond 150°, both wavelengths exhibit an increasing trend, with the
slope at 488 nm being higher than that at 532 nm. It is clear that 532
nm exhibits a greater slope before 30° than 488 nm, indicating
stronger forward scattering.

As shown in Figure 6, a comprehensive investigation of the
wavelength dependence of the VSF in diverse aquatic environments
was conducted. Each set displays S(6;1)/B(90°% L) for A = 488, 532
nm. By normalizing the VSF at an angle of 90°, we observed a
pronounced difference in the results between clear water (SCS) and
turbid water (ECS). The clear water exhibits stronger symmetry,
while the turbid water shows a larger difference in forward and
backward scattering, indicating significantly lower symmetry. In
each case, the VSF of the short wavelength is almost symmetric
about 0 = 90°, presumably because symmetric molecular scattering
has a greater contribution to the total scattering at short
wavelengths (Mobley, 1994).

B 10? .
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0.8 . - s
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(A, B) Comparison of measurements of the VSF with Mie theory calculation for polystyrene beads of size 3 um at 488 nm and 532 nm. The red line
corresponds to the theoretical curves calculated using the Mie theory; the blue and green lines denote the results measured at 488 nm and 532 nm,
respectively. (C, D) Scatterplot between raw signal voltage measured by dual-wavelength VSFLab and calculated VSF for 0.203 ym bead solutions
with various concentrations at four scattering angles of 6° (red dots), 90° (blue dots), 150° (orange dots) and 178° (purple dots). The values at 90°,
150°, and 178° are multiplied by 10, 15, and 30 for clarity of presentation. The four lines are the results of applying a robust linear regression model.
Horizontal and vertical error bars represent standard deviations estimated, from the measurements of V(6; A) at each concentration and Bu(0; A

calculated by accounting for uncertainties in the up, respectively.
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3.1.3 Comparison with AC-S

Figure 7 shows the comparative results between the AC-S
measurements and c,(A) at the corresponding stations, which
were calculated from the reference light of the dual-wavelength
VSFLab and the signal from the transmittance detector.
Additionally, a(A) and b(A), calculated from the dual-wavelength
VSFLab and AC-S, respectively, were also compared. It can be
observed that the precision in determining b(A) is slightly lower
than that of c¢(A). This was not unexpected because of the difference
in the acceptance angles of the two instruments (Boss et al., 2009).
However, overall, R* exceeded 90%, indicating the reliability of the
VSF measurements conducted by the dual-wavelength VSFLab.

3.2 Common optical properties

Benefiting from the VSFs measured by dual-wavelength
VSFLab, various common optical properties (OPs, including ¢, a,
K;, b, and by) can be calculated in the ECS and SCS. The
distributions of these OPs for the 51 stations are illustrated in
Figure 8, and the variations in the corresponding values for each
regional station are presented in Figure 9.

The ECS exhibited the typical characteristics of Case-II water,
with high values of OPs (Figure 8). The range of ¢(532) was 0.82-

! whereas the values of ¢

491 m™!, with an average value of 2.13 m~
(488) varied within the range of 0.91-5.14 m™", with an average of
2.35 m~ L. It can be clearly seen that c(488) at each station was
generally higher (8% higher on average) than ¢(532), and a, K;, and
the scattering properties (including b and b,) showed the same
trend (Figure 9). Among these, a(488) was 8.4% higher than a(532),
and the difference in K; was similar to that of a. The difference in b,
between the two wavelengths was the largest, and the maximum
value of b;,(488) was nearly 60% higher than that of b;,(532). The
difference between b(488) and b(532) was the smallest, with an
average of only 3%.

The SCS differs from the ECS in that it exhibits the characteristics
of Case-I water in terms of the optical properties. The ranges for c(488)
and ¢(532) in this region are 0.111 to 0.957 m ™" and 0.139 to 1.075 m ™",
respectively, with average values of 0.56 m ™" and 0.61 m~", which are
significantly lower than those in the ECS (Figure 8). More importantly,

10.3389/fmars.2024.1465899

in contrast to the results of the ECS, the ¢(488) values in the SCS were
lower than ¢(532). In addition, this relationship between the two
wavelengths can be observed for a, K, b, and b;,. By comparing the
rates of change, it was found that K, determined using Equation 22,
had the greatest difference between the two wavelengths, and K;(532)
was 21.3% higher than K;(488) on average. In comparison with by, a
played a decisive role in K, and a(532) was 18% higher than a(488).
The difference in the pure water absorption coefficient between the two
wavelengths was the most important factor leading to the difference in
the OPs between the different water types. In addition, in the SCS, the
difference in b was observed to be the smallest, with an average
difference of only 4.6%.

Overall, this study reveals from the perspective of K; as well as ¢
and a that in the ECS, which represents Case-II waters in the coastal
area, the OPs are generally higher than those in the SCS, which
represents Case-I waters in the open ocean. On average, the values
of ¢, a, and K;; in the ECS were more than 25% higher than those in
the SCS, which is consistent with the findings of other studies.
Furthermore, by comparing the relationships between the OPs at
different wavelengths in the ECS and SCS, it can be observed that
among all OPs, the differences in ¢, a, and K, are similar and are
predominantly governed by the variations in a. Although the
relationship between b(488) and b(532) is consistent with that of
the other OPs, the differences between them are minimal. From the
perspective of the total energy transfer in light transmission, the
transmission capability of light at 532 nm was superior to that at
488 nm in the ECS, whereas the opposite was true in the SCS, where
the transmission capability of light at 488 nm was superior. This is
in line with the results of the previous studies by Zhang et al. (2022)
and Li et al. (2022), where the most suitable wavelength for oceanic
LIDAR applications was assessed.

3.3gand zp

Different results can be obtained from the perspective of the
VSF when discussing the underwater light transmission capability.
As shown in Figure 10, the g values of the SCS and ECS were
calculated based on the dual-wavelength VSFs. The g values of all
measurement stations exceeded 0.85, which is similar to the results
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calculated by the VSFs measured by Petzold (1972). In contrast to
the OPs, the g at different wavelengths showed the same magnitude
relationship in different areas of the sea, that is, g(532) consistently
exhibited higher values than ¢(488). A higher g value generally
represents a stronger proportion of forward scattering.

In the ECS, the g values were generally greater than 0.9.
Specifically, the range of g(488) was from 0.902 to 0.966, whereas
£(532) ranged from 0.916 to 0.974, with g(532) being, on average,
1.1% higher than g(488). According to Equation 13, it can be
observed that the disparity in zp arises from the combined
influence of b and g Due to the fact that g has a value close to 1
in natural water, even slight variations in g can have a significant
“amplification effect” on changes in zp,. A 1% difference between the
two wavelengths could potentially lead to a variation of over 10% in
zp (Wu et al,, 2022b). In addition, the maximum values of g(488)
and g(532) occurred in the E4. As the water depth increased, the g

Frontiers in Marine Science

value gradually decreased, reaching its minimum in the E¢. In the
SCS, g(532) was higher than g(488), and the trend of the OPs at the
two wavelengths were always consistent with those in the ECS.
Specifically, g(488) in the SCS ranged from 0.861 to 0.932 with an
average of 0.90, whereas g(532) varied between 0.874 and 0.935 with
an average of 0.92. It should be noted that in regions with the
cleanest water, such as east of the Luzon Strait (S.) and basin of the
southern SCS (Sp), where ¢ was less than 0.2, g was significantly
lower than that in S4. In S, g reached its minimum value, with g
(488) at 0.861 and g(532) at 0.879. Moreover, the difference between
g(532) and g(488) in this area reached up to 2.7% based on the PD,
which was significantly higher than that in the other areas (1.2%
higher on average).

Furthermore, in fields such as underwater imaging and
communication, optical detection capabilities are generally
described in terms of the distance (measured in meters).
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Comparison of OPs between 488 nm and 532 nm in the ECS (E4, Eg, E¢) and SCS (S4, Sg, Sc), where ¢ corresponds to (A, B), a to (C, D), K, to (E, F),
b to (G, H) and by, to (I, J). Blue and green lines represent the OPs at 488 nm and 532 nm, respectively. The orange lines represent the percentage
difference (PD(OPs)) in different areas of the ECS and SCS, respectively. Note that PD(OPs) = 100 * A(OPs)/OPs(488)

Therefore, in addition to obtaining zp, by calculating of b and g, this
study presents a detection distance evaluation index based on the
attenuation length (AL), denoted as clor Ky 1 (Jaffe, 2015; Li et al.,
2023). Figures 11 and 12 present the results for the dual-wavelength
ZDs ¢! and Ky 1 as well as the differences in these optical properties
between the two wavelengths. In the ECS, both zj,(488) and z,(532)
gradually increased from the nearshore area (E,) to the offshore
area (E(). Specifically, z;,(532) varied from a minimum of 5.2 mto a

Frontiers in Marine Science
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peak of 29.4 m, whereas zp(488) ranged between 3.8 m and 25 m. It
was observed that z(532) was always higher than z,(488), and the
same conclusion could be drawn from the perspective of the AL. ¢!
(488) and ¢! (532) varied from 0.28 m to 1.4 m, with ¢ (532) being
on average 5.2% higher than ¢ !(488). K; 1(532) was also higher
than K;'(488), with K;'(532) ranging from 0.59 m to 3.2 m and K;;'
(488) ranging from 0.58 m to 2.9 m. The maximum variation could
reach up to 28%.
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However, different results were observed in the SCS. The main
difference was that z(532) remained higher than zj,(488), which
was contrary to the conclusions drawn from K;' and ¢™'. z(532)
varied between 28.2 m and 137.3 m, whereas z;,(488) ranged from
27.1 m to 113.6 m, both reaching the maximum in S¢, with z(532)
being on average 9.8% higher than z,(488). In particular, in areas
with clear water, such as Sg and S, zp(532) was approximately 20%
higher than z,(488). This leads to the inference that in clear water
areas, the average free path of photons scattered at 532 nm was
greater than that at 488 nm. This indicates that light at 532 nm can
travel longer distances from the perspective of scattering. Moreover,
according to the conclusion in Section 3.2, the difference in b
between the two wavelengths was the smallest in the SCS. Therefore,
the difference in zj, was mainly caused by g(532) being greater than
g(488). From the perspective of AL, ¢!(488) was higher than ¢!
(532) and K;'
wavelengths. Their respective ranges were 1.28 m to 9.31 m, 1.19
mto 7.63 m, 2.38 m to 22.1 m, and 2.3 m to 12.1 m, with the average
values of ¢(488) and K;'(488) being 10% and 12% higher than
those of ¢ (532) and K;'(532), respectively. This can be considered
the most significant finding of this study, that is, in the SCS, which is
a representative clean water area highly suitable for underwater

showed the same relationship between the two
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optical applications, different conclusions can be drawn when
comparing the underwater transmission capabilities of 532 nm
and 488 nm light from the perspectives of VSF and energy.
However, this does not mean that previous assessments based on
K;' and ¢! are incorrect, but rather that the evaluation method
based on the properties of VSF or zp supplements the approach
adopted in previous studies.

Further analysis of the VSF characteristics revealed differences
between different sea areas, which likely reflected the variations in
the particle type. Figure 13A illustrates the relationship between g
(488) and g(532) in the ECS and the SCS. It can be observed that all
values are above the 1:1 line, indicating that g(532) is higher than g
(488). Notably, the values of g in the ECS were higher than those in
the SCS. Interestingly, there was a linear correlation between g(488)
and g(532); however, the slopes of the fitted lines for these two areas
were different, which may be related to variations in the particle
type (Slade et al., 2011; Koestner et al., 2020). The particle size is
different in various seawater constituents (Stramski et al., 2004).
Sun et al. (2019) found that the ECS is dominated by algae particles
(micro) with a maximum particle size of approximately 147 pm,
whereas particles in the SCS ranged from 11.6 to 49.9 um (Zhou
et al., 2022). It can be seen that the particle size in the ECS is larger
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FIGURE 11

(A, B) Distribution of z;5(488) and z,(532) in ECS and SCS. (C) Difference between z5(532) and z5(488), Alzp) = zp(532) — z5(488). (D—F) Distribution
of c1(488), c"1(532), and their difference (A(c™)). (G-1) Distribution of K3'(488), K;(532), and their difference (A(K;%).

than that in the SCS. Table 4 presents the statistical values of g at
different wavelengths in the ECS and the SCS. It is clear that the
values of g in the ECS are higher than those in the SCS. In addition,
using 532 nm as an example, the maximum value of g(532) in the
SCS was 0.934, which was lower than the average value of g(532) in
the ECS. This is consistent with the understanding that the larger
the particle, the stronger is the forward scattering, as the magnitude
of g is mainly determined by the forward VSF.

Figure 13B shows the relationship between zj,(488) and z,(532)
for the two sea areas. It can also be seen that in both the SCS and the
ECS, the slope of the fitted line was greater than 1, which means zp,
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(532) was higher than z5(488). In contrast to g, the value of zp in the
SCS was significantly higher than that in the ECS. Table 4 lists the
statistical results of zp. It can be seen that the average value of zp, in
the SCS was approximately four times higher than that in the ECS,
and the maximum value of zp in the ECS was only close to the
minimum value of zp, in the SCS. Although the values of g are
higher in the ECS, the analysis in Section 3.2 shows that b is
generally higher than that in the SCS. This indicates the greater
complexity of the particles in the ECS and increased particle
concentration of Case-II water when compared with that of Case-
I water, resulting in zp, of the ECS being much smaller than that of
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FIGURE 12

Comparison of zp, (A, B), ¢! (C, D), and K;* (E, F) between 488 nm and 532 nm in the ECS and SCS. Blue lines represent the changes in the values at
488 nm, green lines represent the changes at 532 nm, and orange lines represent the PD between different wavelengths. Note that PD(zp) =

100 * A(zp)/zp(488); PD(c™!) and PD(K') are similarly calculated.

the SCS. At the same time, it can be found that the distribution
range of zp in the ECS is smaller than that in the SCS, which is
caused by the different ranges of variation of b and g in
different areas.

Figure 13C shows the relationship between b and g at the
same wavelength in different sea areas. In general, g tends to
decrease as b decreases. Taking 488 nm as an example, the range

TABLE 4 Statistical parameters of g and z, at 488 nm and 532 nm in the
ECS and SCS.

Mean 0.933 0.903 0.940 0.911
std, 0.018 0.019 0.016 0.014

$ Max. 0.966 0.931 0.973 0.934
Min. 0.902 0.854 0916 0.876

Mean 10.18 58.73 13.41 6221

std, 5.24 2448 6.90 2850

% Max. 2471 113.64 28.56 137.35
Min. 3.95 27.18 5.79 2822

Frontiers in Marine Science

of variation of b in the SCS is small (0.03 to 0.57), whereas the
variation in g is large (0.85 to 0.93). However, the distribution
range of b in the ECS is from 0.5 to 3.3, which is significantly
larger than that in the SCS, whereas that of g is 0.90 to 0.95,
which is smaller than that in the SCS. This indicates that the
range of variation of zp is primarily affected by g, and the
variation trend of g with b in different areas can better reflect
the differences in the particle type and VSF characteristics
between the two areas.

Therefore, by combining the characteristics of particle
scattering, a more comprehensive display of the effect of the
complexity of water body particle characteristics on the
transmission process of different wavelengths of light in water can
be achieved. This provides a new perspective for evaluating
the propagation capability of light at different wavelengths.
In combination with the traditional energy-based evaluation
method for the transmission capability, the underwater
propagation capabilities can be compared more comprehensively
at different wavelengths, which has considerable guiding
significance for long-distance optical detection effects related to
underwater light detection, imaging, and communication. This will
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whereas the green lines represent those in the ECS.

be helpful for the design and performance evaluation of the
related instruments.

4 Conclusion

In this study, we utilized the concept of scattering to assess the
capabilities of underwater lasers. We measured VSFs at 488 and 532
nm at 51 stations using the dual-wavelength VSFLab in the East and
South China Seas. The present measurements constitute the first
representation of the VSF in these areas, allowing for a
comprehensive understanding of the particulate scattering
characteristics. Furthermore, based on the measured VSFs,
common OPs such as a, b, ¢, b,, and K; specific to the
experimental stations were obtained at 488 and 532 nm.
Comparative analysis revealed that these OPs exhibited similar
patterns, with OPs(532) being lower than OPs(488) in the ECS,
whereas the opposite results were observed in the SCS. More
importantly, ¢ and zp were discussed from the perspective of
scattering. We found that whether in the ECS or SCS, g(532) and
zp(532) consistently exceeded g(488) and zp(488), which is contrary
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to the conclusions derived from the discussion on common optical
properties. In particular, for the two stations with optimal water
quality east of the Luzon Strait within the SCS, z5(532) was nearly
20% higher than z;,(488). From the VSFs, we were able to assess the
capabilities of laser propagation in water more comprehensively,
not only from the perspective of energy attenuation but also by
considering the scattering effects.

It is worth noting that our investigation was confined to specific
wavelengths, and the wavelength dependence of the OPs remains
largely unexplored. The absence of critical data on parameters such
as particle size and refractive index limits our understanding of the
light scattering and absorption processes. Therefore, future studies
should incorporate measurements of these parameters and assess
the effects of different wavelengths to accurately model light
propagation in aquatic environments. Furthermore, we analyzed
the OPs of the surface samples from specific areas during autumn,
yielding a series of valuable findings. However, the applicability of
the results is limited to the season and sampling range. Future
research should include different seasons and broader geographic
areas, as well as samples from various depths, to fully assess the
oceanic light-field information.
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