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Abstract: Seawater turbidity is a common water quality indicator measured in situ and estimated
from space on a regular basis. However, it is rarely correlated with the inherent optical properties
of seawater, which convey information about seawater composition. In this study, we show a
simple application of the turbidimeter’s weighting function in the estimation of the backscattering
coefficient of a model inorganic suspension in seawater. First, we introduce a method to measure
the instrument’s weighting function which describes the sensor’s angular response in terms of
scattering angles. The determination of the sensor-specific weighting function led us to characterize
its angular sensitivity to the presence of suspended particles. The highest sensitivity for the Seapoint
turbidimeter is in the range of 114°-128° (containing 25% of the total signal). Next, we describe the
correlations between turbidity and the scattering and backscattering coefficients on the example of the
model of inorganic particle suspension using the calculations based on Mie theory. The correlations
are analyzed for narrow size fractions of the particle size distribution of silica in the range of
0.59-190 um. We established that there is a good linear correlation (characterized by the coefficient of
determination % = 0.979) between the part of the scattering coefficient measured by the turbidimeter
and the backscattering coefficient of all size fractions of the model inorganic suspension.

Keywords: turbidity; turbidimeter; weighting function; suspended particles; inorganic suspension;
light scattering; particle size distribution; water quality; seawater

1. Introduction

According to the Water Framework Directive [1], the quality elements for the classifi-
cation of ecological status include thermal, oxygenation, and nutrient conditions, as well
as salinity, acidification status, and transparency. The oldest and still popular method of
measuring water transparency is the determination of the Secchi depth (SD) by lowering
the Secchi disk (white or black and white disk with a diameter of 20-30 cm) into the water
until it is no longer visible to the observer [2,3]. The SD describes the spatial variability
of water properties and is closely related to the absorption and scattering of underwater
light [4]. It is widely accepted as a good indicator of eutrophication [5].

Nowadays, both transparency and turbidity are well-known indicators of water qual-
ity [6]. Widely available multiparameter underwater probes are equipped with modern
sensors for measuring turbidity, which express the scattered light resulting from the inter-
action of incident light with particulate material in a liquid sample [7,8]. The scattering
process changes the direction of light rays on randomly distributed optical inhomogeneities
of the medium [9]. In the natural marine environment, such inhomogeneities are suspended
in dissolved substances: clay, silt, pine pollen, finely divided organic matter, plankton,
other microscopic organisms, floating debris, oil droplets, organic acids, pigments, and
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air bubbles [7,10-15]. The increase in the amount of admixed components reduces water
quality and transparency and, consequently, causes higher turbidity levels. The size of sus-
pension particles or bubbles has a significant influence on optical measurements, including
turbidity measurements [7,16-18].

A device that measures turbidity is called a turbidimeter. Currently, there is a large
selection of turbidimeters on the market, which are generally categorized as absorptiome-
ters and nephelometers [13,19]. The measurements can be performed in the laboratory
on collected water samples, taken from the ship in the entire section of the water column,
or can be constantly recorded by a sensor installed on a hydrographic platform or buoy.
Turbidimeters have various designs and modes of operation—based on attenuation or
scattering detection, different light sources, beam configurations, angular range, and the
spectral sensitivity of detectors [17,19-21].

Raw data from differently designed instruments should not be considered directly
interchangeable as the turbidity reporting units correspond with turbidity sensor design.
This means that the turbidity, measured with instruments of different optical configurations,
may differ for the same environmental sample [13,17,22,23]. A detailed compilation of
turbidity reporting units (Table 1) was provided by Anderson [17].

Table 1. Reporting units corresponding to turbidity instrument designs (Table 6.7—4. in [17]).

Light Wavelength
Detector Geometry White or Broadband Monochrome
(with a Peak Spectral (Spectral Output Typically
Output of 400-680 nm) Near-Infrared, 780-900 nm)
Single Illumination Beam Light Source
Nephelometric Turbidity Unit ~ Formazin Nephelometric Unit
At 90° to the incident beam (NTU) ! (FNU) 2
(P63675) (P63680)
At 90° and other angles. An
instrument algorithm uses a Nephelometric Turbidity Formazin Nephelometric
combination of detector Ratio Unit (NTRU) Ratio Unit (FNRU)
readings, which may differ for (P63676) (P63681)
values of varying magnitude
At 30° £ 15° to the incident . Formazin Backscatter Unit
beam (backscatter) Backscatter Unit (BU) (P63677) (FBU) (P63682)
At 180° to the incident beam Attenuation Unit (AU) Formazin Attenuation Unit
(attenuation) (P63678) (FAU) (P63683)

Multiple illumination beam light source

At 90° and possibly other
angles to each beam. An

instrument aleorithm uses a Nephelometric Turbidity Formazin Nephelometric
combinatiorgl of detector Multibeam Unit (NTMU) Multibeam Unit (FNMU)
(P63679) (P63684)

readings, which may differ for
values of varying magnitude

1 EPA Method 180.1 defines the optical geometry for NTU measurements. The detector angle must be 90° + 30 to
the incident light beam. The light source must be a tungsten lamp with a color temperature of 2200-3000 K [24].
2 ISO 7027 defines the optical geometry for FNU measurements. The detector angle must be 90° + 2.5 to the
incident light beam. The light source must be a light-emitting diode (LED) with a wavelength of 860 & 60 nm [25].

A comprehensive overview of turbidimeters, their operating principles, and stated
accuracies was presented by Rymszewicz [19], who tested twelve commercially available
instruments to assess their traceability in comparison with previously prepared suspensions
with known suspended solids concentrations. This experiment showed a large discrepancy
in the responses of optical turbidimeters, regardless of the principle of their operation. It
is considered that the 90° detection angle is the most sensitive angle to measure scattered
light, characterized by the quasi-linear correlation between turbidity and light intensity
for small turbidity values [16,22]. Thus, turbidity is most commonly expressed in a NTU
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(Nephelometric Turbidity Unit) or FNU (Formazin Nephelometric Unit). In the existing
literature related to the study of the natural environment, the results of turbidity measure-
ments are most often expressed in these units [23,24]. However, in some papers, the authors
measure and analyze turbidity in Formazin Turbidity Units (FTU) [12,25-27]. The FTU
became a defined unit after the acceptance of Formazin as the primary reference standard
for turbidity measurement, however, the FTU does not specify how a device measures
turbidity in a water sample. Still, there is a lack of specificity in the influence of the ambient
conditions and sensor configuration on the measurements in different instruments [28,29].

Turbidity measurements in natural ocean waters typically provide results in the range
of below 1 NTU for oligotrophic waters to several NTU for eutrophic waters depending on
chlorophyll concentration. These values for coastal waters can be as high as 10 NTU, while
in estuaries they may exceed 100 NTU [29,30] or even 10,000 NTU in extremely turbid
waters [31]. Typical turbidity values in natural open sea waters allow us to assume with
a good approximation that in the range of optical path, which in most turbidimeters is
1-10 cm long, there will be no phenomenon of particle obscuration or multiple scattering.
This is why we can assume that turbidity is a measurement of a fragment of the volume
scattering function (VSF), around the scattering angle of 90°. Therefore, there is a question
of whether the measurement made with a turbidimeter can be described by the inherent
optical properties (IOPs) of ocean water.

To address this question, this study focused on the following research objectives:

e  Determining the angular weighting function that would define what part of the volume
scattering function is recorded by the turbidity meter. This function will be defined as
¥(6) in the next chapter;

e  Determining angular scattering properties, as well as the magnitude of the signal,
measured by the turbidity meter for different fractions of the model suspension;

e Finding the correlation of the turbidimeter signal with elements of the scattering
properties of the suspension.

2. Materials and Methods
2.1. Mathematical Description of Turbidity under Single Scattering Regime

In environmental optics, the light scattering coefficient of suspended particulate
matter (b,) measured in m ™! is applied to describe the optical properties of the analyzed
medium [9,32]. Due to the assumed homogeneity of scattering around the optical axis, the
by, is defined as the integral of the volume scattering function (VSF) over the full solid angle:

by =2 /O " B, (6)-sinfde, (1)

where f,(0) is the particle VSF of scatterers and 6 is the scattering angle. The backscattering
coefficient (by,) is defined as the integral of the VSF over the scattering angles of 90° to 180°:

7T
b :2/ 0)-sinfdo. 2
=2 [ py(0)-sin ®

The quotient of the particle backscattering coefficient and the scattering coefficient
called the backscattering ratio (Bp), describes the probability that, as a result of scattering, a
photon will hit the backward hemisphere, and it is defined as:

_ o

By, = b

©)
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A turbidimeter measures the intensity of light scattered into some angles. Depending
on the relative position of the sample illumination window and the detector window, as
well as the shape of the measurement chamber, the angles at which the scattered light
reaches the detector can be characterized using various weighting functions (). Using
the inherent optical properties, the signal registered by the turbidimeter (b;,,;), may be
described by the following part of the scattering coefficient by:

by = 270 /O "B, (6) - 1(6) - sinde )

where 7(0) is a dimensionless weighting function of the turbidimeter, which depends on
the scattering angle 6. In fact, this dimensionless function describes the angular probability
distribution of the turbidity measurement made under single scattering conditions. It is
unique for every device and provides information on the contribution of recorded signals
from different angles. In our experiment, v(f) was determined during laboratory tests
(Section 2.2). The determination of the turbidimeter’s weighting function allows us to link
turbidity measurement to the inherent optical properties of the water sample.

Under single scattering conditions, when the detector receives light from scattering on
the first suspended particle encountered in a water sample, the turbidity signal (T) will be
proportional to the part of the scattering coefficient defined above as by,3,:

by = const-T (5)

For turbidity T measured in FTU, the proportionality factor would be expressed in
FTU 'm~1.

2.2. Measurements of the Angular Weighting Function

For the experiment, the SAIV 5D204 CTD/STD probe (SAIV A/S, Bergen, Norway)
was used, which was equipped with a turbidity meter manufactured by Seapoint Sensors
Inc. (Exeter, NH, USA). It is a small-size turbidity sensor suitable for in-water measurements
up to 6000 m depth characterized by a low-temperature coefficient of <0.05%/°C and a
relatively low sensing distance of 5 cm from optical windows. The sensor can be operated
in four selectable ranges: 12.5, 62.5, 250, and 750 FTU—characterized by supplier-declared
signal linearity of <2% deviation in the range of 0-1250 FTU. The instrument is equipped
with an LED light source that emits a light wavelength of 880 nm (near-infrared range).
Detectors are silicon photodiodes with visible-light-blocking filters. Thus, the detector can
register light scattered by sample particles at angles of 15° to 150°.

The determination of the gamma function was based on measurements taken on a
specially prepared test stand (Figure 1). In front of the probe, a 0.5 mm thick and 10 cm
long steel rod was placed, which was mounted on a frame that could be shifted up and
down, as well as moved towards and away from the optical windows. The probe recorded
turbidity values generated by the steel rod (T,,;). The sliders were equipped with fine
threads enabling the reading of changes in the position of the rod with an accuracy of
0.02 mm. The turbidity sensor and the sliding bar were immersed in MilliQ water.

Measurements were taken in an area of 24 x 32 mm covering the turbidimeter field
of view. The majority of measurements were made within a range of 62.5 FTU, however,
after bringing the rod to the windows at a distance of less than 8 mm, the recorded signal
exceeded the originally selected range. Measurements in the square area of 8 X 8§ mm
closest to the turbidimeter windows were made within a range of 250 FTU. Turbidity was
recorded every 1 mm in a vertical direction and every 2 mm in a horizontal direction.
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Figure 1. The design of the test stand for measuring the angular weighting function of the turbidimeter.

2.3. Model of Inorganic Particle Suspension

To demonstrate the application of the angular weighting function of the turbidimeter,
a model particle suspension was developed and mathematical calculations of the inherent
optical properties were performed based on the Mie solution [33]. This is the solution to
Maxwell’s equations (also known as the Lorenz-Mie solution) and describes the scattering of
an electromagnetic wave on homogeneous spheres. The solution was suggested by Gustav
Mie a long time ago, in 1908 [33], but it was not until the use of computer algorithms [34]
that the calculations could be repeatedly duplicated for a wide range of scattering particle
sizes. Thus, Mie scattering could be used as a scattering approximation for aerosols and
aqueous suspensions.

According to the assumptions of the Mie solution, a homogeneous suspension of
inorganic spherical particles was developed, which was characterized by a particle size
distribution (PSD) similar to the natural distributions in the marine environment. The PSD
of our model suspension is described by the power-law function according to [35]. This
function was approximated using the single-segment power law:

PSD(d) = 1.17-10°-d %%, (6)

where d is the particle diameter and PSD is the number of particles in 1 cubic centimeter
per 1 um range of particle diameters.

Next, we divided this particle size distribution into 22 narrow-size fractions starting
from 0.59 pum with a multiplier of 1.3. The first fraction had a diameter range of 0.59
to 0.77 pum, and the last one of 146 to 190 um. Each fraction was, therefore, assigned
a different concentration of particles (see Table 2). Then, for every size fraction, the b,
and the VSF were computed. Despite the assumption of ideal sphericity of particles, the
application of the Mie solution provides precise results, particularly for particles with
surface irregularities smaller than the wavelength of 880 nm. The optical properties of
the model inorganic suspension are determined by its complex refractive index [35]. Clay
minerals are the most typical inorganic substances found in natural water bodies. They
are composed essentially of silica with the addition of aluminum, magnesium, or iron in
varying degrees, and sometimes potassium, sodium, and calcium [36]. This is why we
chose silica (SiO;) as the representative compound, which can be found in large amounts
in the natural inorganic suspension.
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Table 2. The concentration of particles, scattering, and backscattering coefficients for each of the
22 fractions of PSD.

Fraction Diameter Range  Concentration Scatt?r.l & Backsceftt_ermg

Number [um] [m-3] Coefficient Coefficient
by [m—1] bhp [m—1]

1 0.59-0.77 1.13 x 1011 7.16 x 1073 1.69 x 1074
2 0.77-1 4.85 x 1010 9.18 x 1073 1.16 x 1074
3 1-1.30 2.07 x 1010 1.13 x 1072 942 x 107°
4 1.30-1.69 8.80 x 10° 1.37 x 1072 7.28 x 10~°
5 1.69-2.20 3.75 x 107 1.59 x 1072 6.11 x 107°
6 2.20-2.86 1.60 x 10° 1.74 x 1072 510 x 107>
7 2.86-3.71 6.82 x 108 1.74 x 1072 451 x 107>
8 3.71-4.83 291 x 108 1.45 x 1072 4.06 x 107>
9 4.83-6.28 1.24 x 108 8.78 x 1073 3.67 x 10~°
10 6.28-8.16 5.28 x 107 3.85 x 1073 3.38 x 107°
11 8.16-10.6 2.25 x 107 2.73 x 1073 3.09 x 10~°
12 10.6-13.8 9.60 x 10° 243 x 1073 290 x 107>
13 13.8-17.9 4.09 x 100 1.41 x 1073 222 x 1075
14 17.9-23.3 1.74 x 100 1.03 x 1073 1.32 x 107>
15 23.3-30.3 7.43 x 10° 7.14 x 1074 5.67 x 100
16 30.3-39.4 3.17 x 10° 494 x 104 2.85 x 107
17 39.4-51.2 1.35 x 10° 331 x 1074 1.66 x 107
18 51.2-66.5 576 x 10% 233 x 1074 7.77 x 1077
19 66.5-86.5 245 x 104 1.63 x 1074 3.94 x 1077
20 86.5-112 1.05 x 10* 120 x 1074 2.06 x 10~
21 112-146 4.46 x 103 9.27 x 107° 1.23 x 1077
22 146-190 1.90 x 103 7.24 x 107° 8.12 x 1078

The Seapoint turbidimeter is powered by infrared light with a wavelength of 880 nm
and at this wavelength, the refractive index of silica is n = 1.45998, and the imaginary part
is k = 0.0011858i [37]. Both the particle size distribution and the complex refractive index
were the input data for the Mie calculations.

3. Results
3.1. The Turbidimeter’s Angular Weighting Function

The turbidimeter’s weighting function was measured to characterize the strength of
the output signal received from different angles. While moving the steel rod in the vertical
and horizontal planes, turbidity values T,,; in FTU were recorded. The resulting data
set was interpolated using the kriging method in the Surfer by Golden software program
to obtain the vertical cross-section of the turbidity distribution (Figure 2). The measured
values varied from 0.39 FTU on the periphery of the area analyzed to as much as 97.38 FTU
recorded at a distance of 6 mm from the probe at the central height between the emitter
and the detector windows. The minimal value of 0.39 FTU was taken as the measurement
background and subtracted from all results so that the measured values represented only
the result of infrared light scattering from the rod.
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Figure 2. The spatial distribution of turbidity caused by light scattering from the rod placed in front
of the turbidimeter in MilliQ water.

Converting the spatial turbidity distribution into an angular probability function
required a linear interpolation between the points. After linear interpolation, made in
MATLARB, results were obtained for a grid with a pixel size of 0.02 mm. For each of these
pixels, the angle between the centers of the two turbidimeter windows was determined.
Pixels were assigned the same scattering angle lie on arcs, passing through the centers of
the illuminating and recording windows (see Figure 3). Interpolated turbidity values T4
were integrated for each angle range of § — Af to 6 + Af and normalized to unity according

to the formula: 00
7(0) = Jo-pe i )
Jo Troad® ”

where interval Af was set as 0.5°.

Figure 3. Visualization of contribution to the turbidimeter signal from different scattering angles 0.

The obtained function is the turbidimeter’s weighting function, plotted in Figure 4.
The weighting function (f) indicates the range of scattering angles measured by the sensor
and depends only on the instrument and not on the suspended particles in the sample.
It characterizes the angles which have the greatest contributions to the measured value.
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For the Seapoint turbidimeter, it takes the values below 10~ for angles lower than 18°
and above 156°. The highest value, which is 0.0159, is obtained for an angle of 120°. The

resulting peak is also characterized by an extensive full width at half maximum (FWHM)
of 55°.
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Figure 4. The angular weighting function y(6) of the Seapoint turbidimeter.

Moreover, the obtained weighting function shows that the Seapoint turbidimeter has
the highest sensitivity for scattering angles in a range of 114°-128°, which contains 25%
of the signal. Half of the sensitivity falls in an angular range of 102°~134°. Three-quarters
(75%) are located in a range of 84°-140°, and 90% in a wide range of scattering angles of
62° to 146°. Therefore, we can see a large asymmetry in the weighting function, which

slopes more steeply for angles higher than 128°. This is 2.75 times less than the Seapoint
turbidity meter’s weighting function.

3.2. Scattering Coefficients and Volume Scattering Functions of Inorganic Suspensions

The computed scattering coefficients by, for every size fraction of our model silica

suspension are listed in the fourth column of Table 2 and shown in Figure 5a. The choice
of geometric progression of the fraction boundaries caused every subsequent fraction to
have an increasingly wider range of diameters and a decreasing concentration of par-
ticles, i.e., the number of particles in 1 m? of suspension volume (see Table 2). These
concentrations vary from 1.13 x 10 m~3 for the first fraction to 1.9 x 103> m~3 for the
last fraction, in which large particles have a diameter range of 0.146 to 0.19 mm. The total
concentration of particles in all 22 fractions is 1.98 x 10! m~—3, while the concentration
sum of the first two fractions, which define the submicron particles in our distribution, is
1.62 x 10! m—3. Thus, the submicron particles account for more than 82% of the total num-
ber of particles. However, it is the micrometer-sized particles (represented by size fractions
3-11) that give the highest contribution to the scattering coefficient. The highest value of
by =1.74 x 1072 m~! is observed for fraction numbers 6 and 7, which have been assigned
a range of diameters of 2.5 to 3.71 pm. This is the range of diameters that are 2.5 to over
4.2 times larger than the wavelength of the light that is scattered by these particles. In
comparison, the b, for the first particle fraction (the tiniest particles) is about 2.5 times lower
and amounts to 7.16 x 107> m~!, while for the last fraction (the largest particles), the b,
coefficient is 7.24 x 1075 m~! and is over 240 times lower than the highest one. Submicron
particles from size fractions 1-2 account for 13% of the total scattering coefficient of the
model suspension, while micrometer-sized particles (fraction numbers 3-11) account for
82% of large particles (fraction numbers 12-22) for 5% of the total b,
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Figure 5. The simulated results of (a) the scattering coefficient by, (b) the backscattering coefficient by,
and (c) the ratio By = by,/bp for 22 size fractions of the model inorganic suspension. Graph (d) shows
the values of by, calculated using the turbidimeter’s weighting function for the same size fractions.

The backscattering coefficient by, defined by Equation (2), is shown for all 22 fractions
in Figure 5b. It shows a monotonic decrease in value for increasing suspension particle size.
The highest value of by, is 1.69 x 10~* m~! and occurs for fraction number 1, while the
lowest value is 8.12 x 1078 m~! which is found for fraction number 22. The highest value
is, thus, more than 2 thousand times larger than the lowest one.

The relative backscattering coefficient By, which is defined by Equation (3) is depicted
in Figure 5c. Moving from the smallest particles towards the larger ones, the highest
value is observed for fraction number 1, and it is 0.0236. Next, for fraction number 7, a
local minimum is observed for which the B, value is 0.0026. For subsequent fractions, the
values increase up to fraction number 13, where the By is 0.0158. Further, it monotonically
decreases and reaches the minimum value of 0.0011 for fraction number 22. The highest B,
value is, therefore, only 21 times greater than the lowest one.

For a better comparison, the calculated by,,;, values are presented in Figure 5d and
further described in the Discussion section.

Angular plots of the volume scattering functions are shown in Figure 6 for selected
size fractions. The angular variability of the VSFs shows the typical dependence of these
functions on particle sizes [38]. Large particles scatter light more asymmetrically than small
particles, showing the domination of scattering into small forward angles. This will be
shown in the examples of extreme fractions, i.e., fraction number 1 (particle diameters
of 0.59-0.77 um) and fraction number 22 (diameters of 146-190 um). The VSF value for
fraction number 22 reaches 1.62 m~'sr~! at the scattering angle 8 = 0.1°. At the same time,
the lowest value of this function is 9.5 x 107 m~!sr~! and it occurs for § = 158°. The
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lowest value is, therefore, 171 million times smaller than the value for 6 = 0.1°, which means
that forward scattering is highly dominating. It is completely different for fraction number
1. Here, the VSF value at the angle § = 0.1° is 6.61 X 1073 m~1sr~1, while the lowest VSF
value is 1.41 x 10~ m~1sr~! and it occurs for = 116°. The lowest value is, therefore, only
470 times smaller than the value for 6 = 0.1°. This means that tiny particles contribute to
backscattering more than others.

—— Fraction 1: 0.59 - 0.77uym
Fraction 5: 1.69 - 2.2uym
Fraction 9: 4.83 - 6.27um

1014 —— Fraction 13: 13.8 - 17.9um

Fraction 17: 39.4 - 51.2um

10°

—— Fraction 22: 146 - 190um

102

103

10 -

VSF [m™'sr™]

105 -

106

107

108

Scattering angles 6

Figure 6. The volume scattering functions of the model suspension of silica spherical particles for
selected size fractions.

4. Discussion

Knowledge of the instrument’s weighting function allows us to link scattering-based
measurements of suspended particles to their inherent optical properties, which is necessary
in environmental science, particularly in oceanography [39]. Application of weighting
functions improves the accuracy of models and algorithms that relate in situ measurements
to data obtained through satellite remote sensing [40,41]. This study presents the application
of the Seapoint turbidimeter’s weighting function in the correlation between turbidity
signal and the scattering and backscattering coefficients at 880 nm for different sizes of
suspended particles.

Since we had information about the VSFs for narrow-size fractions of the size distribu-
tion of the model inorganic suspension, the dependence of b;,,,;, on the scattering properties
was analyzed. Using Equation (3), the portion by, of the scattering coefficient b,, measured
by the turbidimeter, was calculated independently for each size fraction (see Figure 5d).
The lowest value of by,,,;, is 1.53 x 1077 and it was calculated based on the corresponding
VSF function and v function for fraction number 22. This is the fraction of the biggest
particles, the diameters of which range from 146 to 190 um. The highest value of by,,;, is
4580 times greater and it is 4.72 x 10, It was obtained for fraction number 1. It is a
fraction for which particle diameters are in a range of 0.59-0.77 um.

Figure 7a presents the variability of the by,,,;,-to-b, ratio for each of the 22 suspension
fractions. The highest value of this ratio is observed for fraction number 1 and it is 0.066.
The lowest value of the by,;-to-b, ratio of 0.0021 is observed for the largest fraction. This
value is 31 times smaller than the highest one. The plot of b, to by, (Figure 7b) shows no
straightforward linear correlation. The determination coefficient 72 here is 0.497.

The lack of correlation between by, and by, did not satisfy the purpose of our study
and led us to seek another stronger correlation. Since the angular shape of the weight-
ing function points that 75% of the turbidity signal comes from angles higher than 90°,
we analyzed the correlation of by, with the backscattering coefficient by, (defined by
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by b, -1

by, [m]

by by, -1
@

Equation (2)). The results are plotted in Figure 8. Figure 8a shows the change in the by,,;-to-
byy ratio of all 22 fractions of the analyzed suspensions. The highest value of this ratio is
2.80 and it is observed for fraction number 2. It is a fraction for which particle diameters
are in a range of 0.77-1 um. The lowest value of by,;-to-by, ratio is 0.93 and is observed for
fraction number 14, for which diameters are in a range of 17.9 to 23.3 um. The highest value
is only three times higher than the lowest one. The correlation of by,-to-by,,;, (see Figure 8b)

shows a good linear relationship characterized by the determination coefficient 7% of 0.979.
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The correlation of by,-to-by,,;, turned to be bi-modal in nature, therefore we also
performed linearity analysis for two ranges of size fractions. Figure 8c shows fractions
numbers 1-12, i.e., byy-to-by,,p correlation analysis for particles with diameters of less than
13.8 pm. Correspondingly, Figure 8d presents the correlation for particles larger than
13.8 um. The 2 determination coefficients are very high in both cases, 0.996 and 0.997,
respectively. For all size fractions, the backscattering coefficient may be obtained as:

by = 0.385:byyrp- (8)
For the fractions smaller than 13.8 um, more accurate relation will be
by = 0.324-byp, + 1.54 x 107, 9)
while for the largest size fractions it will be:
byp = 0.991-byyypp. (10)

Finally, we wanted to see how the by, signal correlates with the relative backscattering
coefficient B, (described by Equation (3)). Figure 9a includes an analysis of by,;-to-B),
variability for all 22 size fractions. The highest values of this ratio were obtained for fraction
number 6, i.e., for particles with diameters between 2.2 and 2.86 um. Any smaller and larger
particles gave lower values of the by,,;-to-By, ratio. As with the correlation with b,, Figure 9b
shows a weak linear correlation between B, and by, The determination coefficient 12 takes
the value of 0.566, and the relationship could be attempted to be approximated by straight
lines if as many as three particle size ranges were considered here.
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3,724("2 Dy,
2.0x102 4 r2=0.566
°
1.5x102
D ° . °
s °
2 102
° ° °
5041031 & ° °
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Figure 9. The ratio of the calculated by, of the turbidimeter to the backscattering ratio By, for each of
the 22 size fractions of the model particle suspension (a) and linear correlation of B, to by, (b).

The weighting functions of light scattering meters similar to the one given in Figure 3
have already been studied. As early as 1990, Oishi [42] proposed, based on calculations
using the Mie solution, that the backscattering coefficient be determined by measuring
the light scattering for an angle of 120°. This angle corresponds to the maximum of our
7(0) function shown in Figure 3. A similar proposal was given by Ref. [43], who came up
with the idea of placing a 700 nm illuminator and a detector in parallel to estimate the
backscattering coefficient in natural waters. Their weighting function had a FWHM of only
20° and a maximum sensitivity at about 140°. This FWHM is 2.75 times lower than the
Seapoint turbidity meter’s weighting function. The subsequent analysis [44] has led to the
use of single-direction scattering correlation to determine by, in commercial instruments.
These included HydroScat (former HOBI Labs Inc., Bellevue, WA, USA) and EcoBB (Sea-
Bird Scientific, Bellevue, WA, USA). These meters gave information on the vertical profile
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of by, variability in in situ measurements when lowered to the bottom of a water body.
Sullivan and Twardowski [45] proved that the variability of the VSF shape is the lowest for
scattering angles between 110° and 120° and this angular range is, therefore, the best for by,
estimation. For VSF measurements conducted in the Baltic Sea and oil-in-water emulsion
droplets, a comparison of variability in this angle range was shown by Freda [46], who
concluded that the VSF-to-by, correlation is free from angular variability for an angle of
117° as opposed to 140°. Also, observations have proved that the angular VSF shapes of
ocean particles, normalized by by,, show low variability at angles close to 120° [47].

In our analysis we chose to test the correlation between turbidity signal and the
scattering coefficients on inorganic particle suspension expecting that mineral particles will
scatter near-infrared light (of 880 nm) in a similar way to the visible light [34,35]. However,
in natural seawater, the infrared light is strongly absorbed in water. This is why there is a
need to seek for further correlations between turbidity signal and backscattering coefficient
in visible light range. We expect that there will be a satisfying correlation between turbidity
signal and backscattering coefficients for selected visible wavebands. There are many recent
studies on correlation of the remote sensing reflectance (derived for visible wavebands)
with seawater turbidity on both global and regional scales [48], and most of the proposed
algorithms base on a good relationship between water turbidity and reflectance signal.
Remote sensing reflectance is one of the most important apparent optical properties, known
to be related to the backscattering coefficient by a simple formula R,s ~ b,/ (a + by) [49].
Garaba et al. [30] attempted to correlate turbidity measured at 700 nm with the mean
remote sensing reflectance in the spectral range 630-660 nm achieving the linear fit of
12 = 0.72. Dogliotti et al. [50] successfully correlated turbidity measured in the North Sea at
860 nm with the corresponding reflectance signal in the near-infrared region.

Application of turbidimeter weighting function in this study additionally showed that
the correlation between the inherent optical properties and turbidity signal depends on
particle size structure. The analyses presented in this paper naturally hypothesize that
the results of turbidity measurements conducted with the Seapoint turbidimeter will be
correlated with the backscattering coefficients in the visible light range, which is of most
interest to opticians working in natural waters.

5. Conclusions

Turbidity measurements are commonly conducted in natural waters, providing infor-
mation about the transparency of these waters. Such measurements are performed with
a wide variety of instruments using different geometries of the measuring system. Thus,
they give a turbidity result described in different scales, which cannot be converted into
the inherent optical properties. This paper takes up the idea of correlating the Seapoint
turbidimeter signal with the backscattering coefficient of the sample in an exemplary model
of inorganic particle suspension.

In the first step, the angular weighting function of Seapoint turbidimeter was measured
using a thin steel rod placed on a mobile stand in front of turbidimeter’s optical windows.
Next, we created a model of silica suspension described by a typical power-law size
distribution divided into 22 narrow-size fractions, from submicron to millimeter-sized
particles. Then, we applied the turbidimeter weighting function to calculate the part of
the scattering signal by,,,;, measured by the device. In the next step, the volume scattering
functions were calculated for each size fraction and, thus, the IOPs of interest were obtained,
i.e., by, byp, and B,. The comparison with the calculated turbidity meter signal yielded the
following conclusions:

e  The weighting function of the Seapoint turbidimeter has the maximum sensitivity
at an angle of 120°, which is consistent with many works [43—46] on single-angle
scattering measurements for estimating the backscattering coefficient.

e  This function has a high FWHM of 55° and 90% of the function falls in a wide range of
scattering angles from 62° to 146°.
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e Based on the modeling results, the turbidimeter signal has a good linear correlation
with by, but the best fit is obtained when we approximated by, separately for particles
below 13.8 um and particles larger than 13.8 um.

Noteworthy is the fact that the light source for the Seapoint turbidimeter is a LED
diode with a wavelength of 880 nm that is strongly absorbed in water. The next step
will be to correlate by, (880) with other wavelengths in the visible range in a series of
experiments performed under controlled conditions on different types of mineral and
organic suspensions.
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