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Abstract: The attenuation coefficient of a water body is one of the important factors for describing
its features. However, its remote measurement in real time is still a challenge. In this paper, we
demonstrated a novel method to realize real-time remote measurements of the attenuation coefficient
of fresh water using flash imaging lidar based on the adjacent frame difference (AFD) method and
a water body backscattering model. In general, we firstly investigated the relationship between
the backscattering intensity and the attenuation coefficient based on the backscattering model of
the water body. Then, the backscattering intensity at the front and back edges of the range-gate
obtained by the AFD method was brought into this relationship to obtain the attenuation coefficient.
Experiments on the measurements of the average attenuation coefficient of the 532 nm laser in fresh
water at 3-8 m were further carried out using our self-developed flash lidar with the AFD method.
The acquired water attenuation coefficients were 0.1334 £ 0.02 and 0.1382 4 0.03 with a delay step
time of 1 ns and 2 ns in the AFD method, respectively. We compared these values to the one achieved
following the conventional Beer-Lambert law (0.1330 + 0.02), and they matched well with each other.
These results fully illustrated the feasibility and reliability of the proposed method for measuring the
attenuation coefficient of water bodies.

Keywords: water attenuation coefficient; adjacent frame difference method; backscattering model;
Beer-Lambert law

1. Introduction

Water attenuation coefficient is one of the important factors to quantify the trans-
mission rate of a water body [1-3], which is also used to evaluate the efficiency of light
transportation in water, underwater visibility conditions and serves as an indicator of
contaminations [4-6]. In addition, the water attenuation coefficient plays a key role in
underwater measurements based on the lidar system. Therefore, the real-time measurement
of the attenuation of the water body is of great significance for the future development of
underwater engineering technology and basic physical experiments.

In recent years, much attention has been paid to the measurement of the water at-
tenuation coefficient. Different methods have been developed, such as the Beer-Lambert
law [7-10], Raman scattering [11,12], through the stimulated Brillouin scattering [13-15]
and the Weibull shape parameters of the Lidar waveforms [16], as well as measuring its
apparent optical properties [15,17-20,20-22]. The Beer-Lambert law is one of the direct and
accurate measurements within a certain range. However, this method needs to sample the
water body or constantly change the position of the power meter, which makes it difficult
to realize in the real-time remote measurement of the attenuation coefficient of the water
body. Other methods either have complex optical paths or do not enable real-time remote
sensing measurements.

In this work, by combining the backscattering model of a water body and the adjacent
frame difference (AFD) method [23], we demonstrate a novel method to remotely measure
the attenuation coefficient of water in real time. The relationship between the backscattering
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intensity of the water and the water attenuation coefficient is derived from the backscat-
tering model of the water body [24]. Based on this relationship and the backscattered
intensity in the water measured by the AFD method, the water attenuation coefficient can
be calculated. Experimental results and a theoretical analysis fully illustrate the feasibility
and reliability of the AFD method on measuring the attenuation coefficient of water body.

2. Methods

We established a backscattering model in the water to build up the relationship
between the water attenuation coefficient of the water body and the backscattering intensity
value obtained by AFD method in real time.

2.1. Backscattering Model in the Water

Essentially, both the light backscattering of a water body and the echo light of the target
underwater represent the reflection signals from different objects in the water. Therefore,
according to the principle of underwater light transmission and reflection provided by the
lidar equation, a computational model of backscattered light from the water body can be
established [25].

The schematic diagram of the backscattering model of the water body is shown in
Figure la. In this figure, « is the half divergence angle of the laser, -y is the half field of
view of the receiver, P is the output laser optical power, 6 is half of the angle between the
transmitting center axis and the receiving center axis, r is the distance of the target from
the Lidar system, dy is the distance of the transmitting center and receiving center, A(r) is
the irradiated area of the laser at distance of r and C is the attenuation coefficient of water.
The total backscattered luminous flux from the water body can be obtained as [26]:
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Figure 1. (a) Schematic diagram of the backscattering model, (b) the variation of the light spot and
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where U is the backward scattering coefficient and Ay is the effective receiving area.

As shown in Figure 1b, the geometry sizes of the laser spot and received field-of-
view interface vary with the distances between the laser source and target, which results
in changes on their overlap area. In order to analyze the backscattering with different
overlap area between the laser spot and the received field of view, an overlap factor F was
introduced, which was defined as the ratio of the laser spot area captured in the received
field of view to the total laser irradiation area. It was expressed as [27]:

1
F:/ZﬁﬁA 2)

In Figure 1b, the angles corresponding to the overlapping area sections on the cross
sections of the laser spot and received field of view are defined as w; and w», respectively;
dy and d; are the radius of the laser spot and the receiving field of view, respectively;
and d is the distance between the centers of the laser spot and the receiving field of view.
The radii of the transmitting optical system and the receiving optical system are 7 and rg,
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respectively. Then, the detailed expression for the overlapping area at different positions
can be calculated from the trigonometric relationship:

F=0 (r < Ro)
dz(wlf\ls:i‘na:q|)1+d2(wzfsinwz) (r Z RO) (3)
F = 2 (Ro <r<Ry)

where Ry is the distance corresponding to the laser spot and the received field of view
when they are externally tangent to each other; R; is the distance corresponding to the
laser spot and received field of view when they are internally tangent to each other; and r
is the detection distance. The introduction of F reduces the dimension of the integral of
Equation (1) and turns the double integral into an ordinary integral to simplify calculations.
According to Equations (1) and (2), the total backscattering flux of the water body can be
further expressed as:

2Cr
e cosf

P = Ag cos OP,UF / dr 4)

Differentiating Equation (4) with respect to distance r yields:

dP e~ 206
dr” Ag cos OP)UF (5)

Then, the relationship between the backscattermg intensity and the attenuation coeffi-
cient of the water body can be obtained:

ap, .2
C——lCOSGInL 6)
2 AR cos QPOUP

It can be found that in Equation (6), only r and b are unknown value. Therefore,

the attenuation coefficient of the water body can be calculated as long as the % and
corresponding distance r have been measured. Our AFD method is a novel approach
to acquire the backscattering intensity of the water body and corresponding distance
information in real time. The basic principle of the AFD method is introduced in the
next subsection.

2.2. Obtaining the Backscattering Intensity by the AFD Method

The AFD method is a new three-dimensional (3D) reconstruction algorithm based on
the range-gated method [23]. In this method, the distance information of the target at the
front and back edges of the range-gate are obtained by thresholding the intensity difference
between two adjacent frames achieved by the intensified-charge-coupled device (ICCD).
According to the characteristics of the AFD method, it is known that the AFD method
can obtain the backscattering intensity corresponding to the front and back edges of the
range-gate in real time.

Figure 2 presents the principal diagram of the AFD method to measure the backscat-
tering intensity in the water. As is shown, AT is the width of the range-gate and ATy
is the delay step size of the flash lidar system. If the distance is larger than R; (F = 1),
the intensity image acquired by the ICCD is the backscattering intensity of the water body.
The corresponding intensity difference image AI* can be acquired by the backscattering
intensity images of k' frame and k + 1 frame obtained by the lidar. Therefore, the back
edge of the range-gate part in their difference image AIF (i) is the backscattering intensity at

r1 and the front edge of the range-gate part in their difference image AIf | k | is the backscat-

tering intensity at rp. Assuming the backscattering intensities at the back and front edges
of the range-gate are dP,; and dP,:

dPyy = Y AIf o, dPy = Y A, o, @)
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Figure 2. Principle diagram of the AFD method to find the backscattering intensity in the water.

According to Equation (6), Equation (7) and %l, we can get:
2

INLS 2
In ﬁc—z (&) —ln%
ZAI(M ) i
C= : cos 6 (8)
2(rp —r1)

where 71 = 0(AT + kATstep), 12 = V[AT + (k + 1) ATstep), v is the light speed in the water
and AT is the initial delay of the lidar system.

3. Experiments
3.1. Measurement of the Water Attenuation Coefficient by the Beer-Lambert Law

In order to verify the reliability of the AFD method, we used the Beer-Lambert law
method as a reference. The Beer-Lambert law represents the relationship between the
attenuation of light and the property of medium. It asserts that light intensity diminishes
exponentially as a function of the traveling depth in the medium.

The schematic diagram of this experiment is shown in Figure 3. As is shown, the inci-
dent laser beam vertically propagated through the glass wall of the water tank and water
body. Then, it was reflected by a reflector at different propagating distances and measured
by a laser power meter outside the water tank. The measured propagating distances were
from 3 to 8 m with 1 m interval and each point was measured five times. The laser system
in this experiment was the same as that used in the AFD method. By assuming that the
amount of attenuation caused by other factors, such as pool glass and reflectors, was 7, the
received optical power at different distances could be expressed as:
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Figure 3. Schematic diagram of Beer-Lambert law experiment.

E, = UE0€7C(2+0'2) )

where Ej is the initial optical power of light source, C is the attenuation coefficient of the
water body and z is the measuring distance between the reflector and light source. E; is
the optical power received at different distances. Taking the logarithm of Equation (9), we
can get:

In(E;) = —C(z+0.2) +InyEy (10)

The average measured optical power of the laser beam at 3-8 m propagating distances
in the water body with 1 m interval are shown in Figure 4a. Based on these experimental
data and Equation (10), the fitting curve is shown in Figure 4b. The blue dots repre-
sent the In(E;) value obtained from the measurements at different propagating distances
and the red curve represents the equation of the line obtained using a linear fit, which
was In(E;) = —(0.1330 £ 0.02)(z + 0.2) + 6.05 with a coefficient of determination of 0.9945.
According to the Equation (10), the attenuation coefficient of the water body based on the
Beer-Lambert law was calculated as 0.1330 &+ 0.02.
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Figure 4. (a) Averaged optical power for five measurements after 3-8 m propagating distances in
fresh water. (b) Fitting curve based on Beer-Lambert law; the coefficient of determination was 0.9945.

3.2. Experimental Measurement of Water Attenuation Coefficient by AFD Method

Based on the model established in the last two subsections, we carried out the experi-
mental measurements on the attenuation coefficient of the water body in the glass water
tank using a self-developed flash lidar system. An image of the experimental setup is
shown in Figure 5. A 30 m long and 2 m wide water tank was used. The height of the water
body in the tank was about 1.2 m. The emission wavelength of the used flash laser lidar
system was 532 nm. The pulse width and pulse repeat frequency were 5 ns and 1 kHz,
respectively. The diameter of the laser spot was 1 mm. The laser divergence angle was



Photonics 2022, 9, 713

6 of 10

adjusted by a collimation system. A Cassegrain lens was used to receive the backscattering
signal, an optical filter with a central wavelength of 532 nm and a bandwidth of 3 nm
was used to reduce the background noise. The resolution of the CCD was 1292 x 964.
Furthermore, in order to ensure F = 1, according to the geometric relationship shown in
Figure 1, the experimental setup was adjusted following the parameters listed in Table 1.
The distance between laser and the receiving system dy was 20 cm, the half-divergence
angle of the laser « was 2.86°, the half field of view of the receiving system was 8.36° and
the angle between the center axis of the laser and the center axis of the receiving system
was 0. Rgp was 1 m, Ry was 1.5 m and the range-gate width was 20 ns.

Figure 5. Experiment setup. (1) Laser system, (2) collimation system, (3) telescope, (4) time-delay
system, (5) CCD and (6) image intensifier.

Table 1. Experimental parameters used in this experiment to ensure F = 1.

do 1% 0 4% Ro Rq At ATgute
20 cm 2.86° 0° 8.36° 1m 1.5m 30 ns 20 ns

Figure 6a,b demonstrate the averaged backscattered intensity values from five mea-
surements of the water body at the propagating distances from 3 m to 9 m using the AFD
method with delay step times of 1 ns and 2 ns, respectively. In both figures, the red and
blue spots represent the backscattered intensities of the water body at the back and front
edges of the range-gate. As is shown, the backscattering intensities at the back edge of the
range-gate were higher than the ones at the front edge of the range-gate, which was due to
the closer distance between the back edge of the range-gate and the flash lidar system. It
could be also found that, as the distance increased, the absolute backscattering intensity
values, whether measured through the back or front edges of the range-gate, gradually
decreased. The intensity differences between the front and back edge backscattering de-
creased when the distance increased. That is because the right side of Equation (5) is a
decreasing function and its second derivative is a positive value when > 0. The red and
blue curves represent the fitting curve of the measurement value by Equation (5) at the back
and front edges of the range-gate. Their coefficients of determination were all greater than
0.98. Meanwhile, both phenomena showed a great agreement with the trends predicted by
Equation (5), which indicated the accuracy of the water backscattering model.
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Figure 6. Averaged five measurements of backscattering intensity at 3-9 m in the water body obtained
by the front and back edges of the range-gate with different delay step times. (a) the delay step time
is 1 ns and (b) the delay step time is 2 ns.

Based on the measured backscattering intensity of the water body at the front and
back edge of the range-gate from the AFD method and according to the Equation (8),
the attenuation coefficients of the water body at a 3-9 m propagating distance is shown in
Figure 7 with 1 ns (part (a)) and 2 ns (part (b)) delay step times, respectively. Due to the
relatively lower signal-to-noise ratio (SNR) of the ICCD when measuring the backscattering
intensity at 8-9 m in the water, the measured backscattering intensity of the water body
at the back and front edges of the range-gate were mixed together (as shown in Figure 6),
leading to the calculated attenuation coefficient at 8-9 m in the water not being very accurate
(as shown in the pink circle in Figure 7). Therefore, the measurements at 8-9 m were
excluded when calculating the average attenuation coefficient. The average attenuation
coefficients of the water body at 3-8 m with different delay step times were calculated
and are represented by the red curve in Figure 7, corresponding to 0.1343 £ 0.02 and
0.1381 4 0.03 with 1 ns and 2 ns delay step times. Here, we would like to emphasize that
the water attenuation coefficient achieved under the shorter delay step time should be more

accurate, because the parameter of ‘% is a differential form, and according to Figure 2,
the smaller the delay step time, the higher the accuracy.

04 041
® Measured C by AFD method from 3--8 m ® Measured C by AFD method from 3--8 m
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Figure 7. Attenuation coefficient at 3-9 m in water body measured by the AFD method with different
delay step times. (a) the delay step time is 1 ns and (b) the delay step time is 2 ns.

4. Discussion

Compared with the water attenuation coefficient achieved by the Beer-Lambert law
(0.1330 = 0.02), the relative errors measured by our AFD method at 1 ns and 2 ns delay
steps were 0.98% and 3.91%, respectively. The relative error of the values obtained at 1 ns
was smaller than that obtained at 2 ns, which agreed well with our analysis results in
Section 3.2.
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In addition, the water attenuation coefficient obtained by the fitting curves in Figure 6a,b
were 0.1287 and 0.1232, respectively. The relative errors achieved by this fitting method
were 3.23% and 7.37% under the delay step times of 1 ns and 2 ns, which were larger than the
relative error of the AFD method. For example, when the delay step was 2 ns, the relative
error in the AFD method was only 3.91%, even though the number of points measured was
only half of that at 1 ns. Therefore, the AFD method can overcome the disadvantage of
fitting methods that need to measure enough points to ensure their accuracy.

The relative error between the attenuation coefficients measured at different propa-
gating distances by the AFD method with a delay step time of 1 ns and the Beer-Lambert
law was further compared. As shown in Table 2, the relative errors for the Beer-Lambert
law were 6.82%, 0.82%, 5.26%, 3.78% and 9.38% and the relative errors for the AFD method
were 4.76%, 2.89%, 2.59%, 4.82% and 0.11% in the ranges of 34 m, 3-5 m, 3-6 m, 3-7 m and
3-8 m. Their average relative errors were 5.21% and 3.04%. The standard deviation of the
water attenuation coefficient in different distance ranges measured by the AFD method was
0.0052, which was smaller than the one from the Beer-Lambert law as 0.0083. Compared
with the one for the Beer-Lambert law, it can be clearly found that the absolute errors for the
AFD method did not change abruptly as the range changed. Therefore, as the measurement
range increased, the AFD method was more stable than the Beer-Lambert law. These
results fully demonstrated that the attenuation coefficient of water body measured by the
AFD method in real time was feasible and credible.

Table 2. Relative error of Beer-Lambert law and AFD method at different distance ranges.

Beer-Lambert law AFD Method
Distance (m)
C Relative Error C Relative Error
3to4 0.1133 6.82% 0.1278 4.76%
3to5 0.1206 0.82% 0.1303 2.89%
3to6 0.1152 5.26% 0.1376 2.59%
3to7 0.1262 3.78% 0.1406 4.82%
3t08 0.1330 9.38% 0.1343 0.11%

5. Conclusions

In this paper, a method for real-time remote measurement of the water attenuation
coefficient was proposed. We firstly derived the relationship between the backscattering
intensity and the attenuation coefficient of the water body by establishing a backscattering
model of the water body. Based on this relationship and the AFD method, the attenuation
coefficient of the water body could be further calculated in real time. In order to verify
the feasibility of this method, a self-developed flash lidar system was used to conduct a
measurement study of a freshwater body at the distance range of 3-8 m. The attenuation
coefficient of the water body was measured as 0.1343 £ 0.02 and 0.1382 & 0.03 under 1 ns
and 2 ns delay step times for the AFD method. By comparing the Beer-Lambert law and the
AFD method at different distance ranges, the experimental results and theoretical analysis
fully verified the feasibility and reliability of the AFD method to measure the attenuation
coefficient of water bodies. The attenuation coefficient of water measured by the AFD
method is applicable to all waters that satisfy the backscattering model. However, our
method is not applicable to very turbid water bodies due to the effects of multiple scattering.
In our future research, a high SNR camera can be used to improve the measurement range
of the AFD method.
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AFD  Adjacent frame difference

3D Three-dimensional

ICCD Intensified-charge-coupled device
SNR  Signal-to-noise ratio
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