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Seawater is a complex multicomponent system, which involves varieties of organic, inorganic, dissolved and suspended substances.
However, the main components dissolved in seawater are the inorganic salts such as NaCl, MgCl,, KC|, NaHCO3, and MgS0,. These elements
make different contributions to the spectra of absorption and scattering in water. In this paper, the spectra of different aqueous solutions
were measured in the region from 200 to 1200 nm; the attenuation characteristics of aqueous solutions were studied at wavelengths of
450, 532, and 633 nm, respectively; the relationships between attenuation coefficient and the conductivity in different concentrations were

also studied.
[DOI: http://dx.doi.org/10.2971/je0s.2015.15045]
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1 INTRODUCTION

The development of research on high-energy laser technology,
underwater optical communication, seabed imaging, etc, has
generated interest for many scholars [1]-[4]. Due to the scat-
tering and absorption of light in seawater, the underwater op-
tical signal attenuation is relatively large. In 1963, Sullivan and
Dimtle discovered the low-loss “optical window” of under-
sea communication for blue-green lasers between 420-532 nm.
Since then, research on underwater laser communication tech-
nology has not stopped [5]-[7].

In seawater, the main dissolved substances are inorganic salts,
such as NaCl, MgCl,, KCl, NaHCOj3, MgSO,, and so on. Sev-
eral authors have reported the optical properties of seawater.
Morel [8, 9] has measured the scattering of NaCl solutions
whose concentration is up to 100 g/L at 366 nm and 546 nm.
Ravisankar and Reghunath [10] have measured the effect of
dissolved NaCl, MgCl,, and NaySO4 in seawater on the opti-
cal attenuation in the region from 430 nm to 630 nm by using
the split-pulse method. Compared to the attenuation values of
natural and artificial seawater, they found that the changes of
attenuation value in the wavelength range from 430 to 630 nm
have no clear relationship with the concentration of dissolved
substances, but with the suspended particles in the solution.
Pegau [11] studied the attenuation of solutions in different
salinity in the visible and near-infrared regions. Based on the
study of the effect of salinity on the dielectric properties of
water by Gadani [12], the permittivity was found to decrease
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with increasing salinity and the relationship between emissiv-
ity of water and the salinity had the same rule, but the di-
electric loss was found to increase with the salinity. Recently,
Zhang et al. [13] deduced the effect of sea salts on the thermo-
dynamics of scattering by seawater and found that scattering
increased non-linearly with salinity.

Although there are some differences in the estimates of optical
properties, the connection between theory and experiment is
well developed. In contrast, our theoretical and experimental
understanding of absorption and attenuation coefficients by
water and solutions is quite limited [11].

In this paper, the effect of the concentration of these inorganic
salts on attenuation is investigated by UV-spectrophotometry.
Simultaneously, the conductivity of each solution was mea-
sured by a conductivity meter. During the measurement of
conductivity, temperature compensation was used to reduce
the error rate caused by the temperature of the experiment.
The main purpose of this study is to identify the relationship
between conductivity and the optical attenuation, and thereby
to analyze the optical properties of seawater. The work in this
paper is helpful for related research.
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2 EXTINCTION MECHANISM

The optical characters of seawater are easy to change, mainly
because of the variability of dissolved substances and sus-
pended particles [14, 15]. There are two distinct causes for the
energy loss of a light signal in seawater: one is absorption and
the other is scattering.

dris the incremental path length for monochromatic collimat-
ing light transmission in seawater. The loss of luminous flux
caused by absorption is d® = —addr and by scattering is
d® = —bddr. The proportional coefficient a is the whole
absorption coefficient, and b is the whole scattering coeffi-
cient [16].

The absorption coefficient of seawater can be expressed as fol-
lows:

a(A) = ayp(A) + aph(A) + acpom(A) + aq(A) 1
The scattering coefficient of seawater can be expressed by:
b(A) = bw(A) +bpu(A) +by(A) )

where the subscripts w, ph, CDOM, and d represent the
absorption of water molecules, phytoplankton (chlorophyll),
color dissolved organic matter and other dissolved material
respectively.

The total attenuation coefficient can be expressed as

c(A) = a(A) +b(A) ®)

3 EXPERIMENTAL

3.1 Solution preparation

The water used in this study was high-level purified water,
which was produced by a Milli-Q Millipore System (Milli-Q
Advantage A10) and had a resistivity of about 18.2 MQ-cm
at 298 K. The total organic carbon and dissolved oxygen con-
tents of the water were below 0.05 mg/L and 5.0 mg/L, re-
spectively.

All the inorganic salts NaCl, MgCl,, KCI, NaHCO3, and
MgSO, were of p.a. grade from Tianjin Kermel chemical
reagent Co., Ltd, China and were used as received. They were
weighed by an electronic balance (ALC-110.4). All the solu-
tions were prepared using high-level purified water, corre-
sponding to concentrations in the range from 0.8 %oto 50%.. In
order to reduce the experimental error, solutions were gradu-
ally doubly diluted from high concentration to low concentra-
tion. All solutions were stored in polyethylene flasks to avoid
any contamination coming from glass surfaces.

3.2 Measurements

An UV-visible spectrophotometer (UV-3600230VCE) was
used for the absorption spectroscopy determination of solu-
tions, over a wavelength scan range from 200 nm to 1200 nm.
The solution was placed in a cylindrical cuvette with a length
of 10 cm and bottom diameter of 1.8 cm. After measuring

each solution, in order to prevent the contamination by
other solutes, the cuvette must firstly be cleaned three times
using distilled water, and then be subjected to a low pressure
plasma treatment system for 5 min. Because the whole
process of cleaning and drying is automatically completed
in the plasma cleaner, the cuvette can be used directly after
being cleaned.

The conductivity was measured using a conductivity meter
whose measurement range was 0-2x10° ps-em™1, accuracy
was £1% F-S, instrument stability was 0.5%, and tempera-
ture compensation range was 15-35°. There were no signifi-
cant vibrations or strong magnetic field during measurement,
in strict compliance with the prescribed working conditions
of the instrument. The conductivity of each solution with a
different concentration was measured for 5 min and repeated
five times to eliminate error.

4 RESULTS AND DISCUSSION

4.1 Relationship between attenuation and
wavelength

The attenuation of different solutions (NaCl, MgCl,, KCI,
NaHCO3, and MgSO,) with different concentrations mea-
sured by UV-spectrophotometer are shown in Figure 1.

From Figure 1, it can be seen that different solutions with dif-
ferent concentrations correspond to different values of the ab-
sorption, but the shapes of the attenuation curves are approx-
imately the same and the wavelength range of minimum at-
tenuation does not change. It is easy to observe that the mini-
mum attenuation values are mainly concentrated in the range
from 450-633 nm and that in this area, the attenuation values
increase with the concentration of the aqueous solutions. Ac-
cording to the attenuation theory [11, 17], in the visible spec-
trum, the shorter the wavelength is, the stronger the scattering
by water molecules is and the absorption can be ignored. So,
in the visible region, the total attenuation is more obvious at
shorter wavelengths than at longer wavelength and the con-
clusion is validated by this experiment.

4.2 Relationship between attenuation and
conductivity

The conductivity of the solutions obtained using first-order in-
dex curve fitting. The relationships between the concentration
and the conductivities of solutions are shown below.

From Figure 2, it is evident that the relationship between con-
ductivity and concentration is nonlinear. The curves show that
the conductivity decreases with decreasing concentration; the
conductivities of the solutions with different concentrations
are different; the NaCl solution has maximum conductivity
and the NaHCO3 solution has the minimum. This may be re-
lated to the varying effects of different ions on the structure of
water [18].

In order to analyze the relationship between the attenuation
coefficient and the conductivity, we measured the conductiv-
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FIG. 1 The relationships between attenuation and wavelength for inorganic salt solutions with different concentrations, (a) NaCl; (b) MgCl,; (c) KCI; (d) NaHCOs; (e) MgS0,.

The enlarged curves in the insets show the spectra in the visible wavelength region.

ity of the solutions with the same solute at particular wave-
lengths (450 nm, 532 nm and 633 nm). The same method was
used for all the solutions in this experiment. The simulation
curves for the relationship between attenuation and conduc-
tivity are shown in Figure 3 and the fitting function can be
expressed as

A= Ay+Be /! (4)

The following are the parameters of the first-order index fit-
ting of Eq. (4) corresponding to the three different wave-
lengths. These results provide an available reference for later
research on attenuation of seawater.

As shown in Figure 3, the attenuation values of different so-
lutions are related to the conductivity. The regularity of the

Conductivity(ms.cm™)
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FIG. 3 The relationships between attenuation coefficient and conductivity. (a) NaCl; (b) KCl; (c) NaHCO3; (d) MgCl,; (e) MgS0,.

NaCl MgCl, KCl1 NaHCO3; | MgSOy4

Ag | 0.02214 0.0172 0.02307 0.03444 0.02698

450nm | B | -0.00509 | 0.00044 | -0.00849 | -0.01705 | -0.00935
t 231843 | -1.12568 | 2.15311 3.401 2.54746

Ap | 0.02239 | 0.01826 | 0.02264 0.03308 0.02682

532nm | B | -0.00601 | 0.00004 | -0.00834 | -0.01638 | -0.00935
t 1.90827 | -0.62345 | 2.79656 3.40116 2.52978

Ap | 0.02609 | 0.02097 | 0.02553 0.04036 0.03065

633nm | B | -0.00802 | 0.00004 | -0.00857 | -0.01998 | -0.01048
t 236146 | -0.61777 | 2.79771 3.40116 2.86315

TABLE 1 The fitting parameters for the attenuation coefficients of different solutions.
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curves shows that the attenuation decreases with decreasing
conductivity.

The above phenomenona may be influenced by the follow-
ing factors: the solutions used in this experiment were mostly
ionic. When the concentration of the solution was diluted
slowly from the high concentration, the charged body of the
solution per unit volume decreased, and the effect of the laser
energy on the by charged body decreased and so the attenu-
ation decreased with decreasing conductivity. The results are
in agreement with Beer-Lambert law, which indicates that the
experimental results are reliable.

5 CONCLUSIONS

Optical attenuation coefficients have been determined for dif-
ferent concentrations of NaCl, MgCl,, KCl, NaHCO3, and
MgSQ, in water. The attenuation spectra of different solutions
with different concentrations have been studied and it has
been shown that the attenuation values decrease with decreas-
ing concentration in the visible wavelength region. The rela-
tionships between the attenuation and the conductivity have
been analyzed and indicate that the conductivity of the solu-
tion is related to the concentration and that the conductivity
decreases with decreasing concentration. The attenuation also
decreases with decreasing conductivity, which may be related
to the electronic structure of the ions in solution, especially
for the magnesium salts. It should be worthwhile to conduct
further research on the characteristic features of optical prop-
agation in sea-water and their origins.
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