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Contribution of dissolved
organic matter to seawater
salinity measured by optic
refractometer: a case study of
DOM extracted from Aoshan Bay

Cong Zhang*, Yuyang Xiao*, Wenyue Gao*, Yujie Fu*,
Zhensong Zhou', Shiyu Chen?, Juan Su®™, Chi Wu**
and Albert Wu?

tShandong Provincial Center for in-situ Marine Sensors, Institute of Marine Science and Technology,
Shandong University, Qingdao, Shandong, China, 2Southern Marine Science and Engineering
Guangdong Laboratory Guangzhou, Guangzhou, Guangdong, China, *Department of Staticstics,
Harvard University, Cambridge, MA, United States

Dissolved organic matter (DOM) in seawater, consisted of a complex mixture of
compounds and accounted for about 90% of marine organic carbon, is an
important part of the global carbon cycle and also a part of absolute salinity of
seawater. As the components of DOM are non-ionized in seawater, electric
conductivity measurement cannot observe its contribution to salinity, which
could lead to measurement error in salinity. Salinity measurement based on optic
refractive index could reveal contribution of all dissolved matters in seawater
including both non-ionized and ionized components. In this paper, a
comparative study of DOM contribution to the salinity measurement by optic
refractive index method and electric conductivity method was carried out for the
first time. Adding DOM, extracted from Aoshan Bay, Qingdao, China, into
Chinese Standard Seawater, our experimental results showed an increase of
optic refractive index at 1.19x10°* + 4x10°® per 1g/kg of DOM, which
corresponds to a practical salinity increase of 0.697 + 0.036 PSU per 1 g/kg of
DOM. While, the conductivity of seawater measured by a conductivity-
temperature sensor showed a decrease of 0.00065 + 0.00008 mS/cm per 1
g/kg of DOM, which corresponded to a decrease of salinity at 0.00052 +
0.00007 PSU per 1 g/kg of DOM. By comparing the optic and electric
measurement results, the contribution of non-conductive components in the
dissolved organic matters to salinity could be distinguished, which has great
significance for the measurement of absolute salinity, global carbon cycle etc.
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1 Introduction

As one of the largest activated carbon pools (700 PGC) on the
earth, marine DOM accounts for about 90% of the organic carbon
in the ocean, compared to the content of atmospheric CO, (750
PGC) (Melendez-Perez et al., 2016). Marine DOM plays an
important role in the global carbon cycle. Even very small
changes in DOM could have potential impacts on many of
Earth’s biogeochemical systems. Changes in its behavior are
critical for the global carbon cycle and for predicting climate
change (Gruber et al, 2019). As DOM is composed of complex
non-ionized organic matters dissolved in the seawater, marine
DOM does not contribute to conductivity of seawater. According
to the definition of absolute salinity, which is the contribution of all
dissolved matters in the seawater, DOM should have contribution
to the absolute salinity or density of seawater. At present,
seawater salinity in terms of practical salinity is calculated by
formulas of the practical salinity scale of 1978 (PSS-78) (Perkin
and Lewis, 1980), which is based on the conductivity, temperature
and depth measured by CTD sensor. Since seawater conductivity
measurement depends on ions concentration which does not take
into account non-ionic compounds. The non-ionic compounds do
not contribute to conductivity but do contribute to thermodynamic
properties of seawater (Le Menn et al., 2019; Ji et al., 2021).

DOM together with organic matter suspended in seawater are
characterized by total organic carbon (TOC). At present, TOC of
seawater is measured by the high-temperature catalytic combustion
oxidation method and the wet oxidation method in the laboratory
(Tamburini et al.,, 2017). Ultraviolet visible absorption spectrum
method and fluorescence spectrum method are often used to
analyze partial information of colored and fluorescent groups of
DOM (Aiken et al., 1992). Those methods just reflect contribution
of partial components of DOM that is related to the properties of
ultraviolet to visible light absorption or fluorescence. As part of
seawater absolute salinity, Le Menn et al. gave the colored dissolved
organic matter (CDOM) concentration found in different seas, and
speculated that it might be a potential factor affecting the density of
seawater (Le Menn and Nair, 2022). However, the influences of
DOM on refractive index or salinity of seawater is unknown.

Refractive index of seawater is sensitive to all the compounds
dissolved in seawater, so it is a good proxy for in situ salinity of
seawater according to TEOS-10 (IOC et al.,, 2010). Various
approaches have been carried out to measure the refractive index
of seawater (Le Menn and Nair, 2022) such as refractive techniques
(Minato et al., 1989; Malarde et al., 2009; Le Menn, 2018), fiber
Bragg grating (Wu et al., 2019a; Wu et al,, 2019b; Marrec et al,,
2005; Phan Hui et al., 2006; Luo et al, 2017), surface plasmon
resonance (Wu et al., 2019b; Zhao et al.,, 2019; Yang et al., 2021),
and interferometer (Asakawa et al., 2010; Meng et al., 2014; Liu
etal., 2019). However, the resolution of fiber Bragg grating methods
is relative low for the measurement of DOM, and the metal film of
surface plasmon resonance method is easily corroded by seawater.

The V-block refractometer, made up of two half prisms, was
proved to be simple and straightforward to measure seawater
refractive index (Malarde et al., 2009; Grosso et al., 2010a). By using
two pieces of glasses with same temperature coefficients of refractive
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indices (An/AT) but opposite signs (for example, Schott glass K7 and
NFK-51), the temperature influence could be compensated. This allows
a reduction of the overall thermo-optical coefficient of the
refractometer from 3 x 107 to 4 x 10® K(Grosso et al, 2010b).
The V-block refractometer has been developed for in-situ
measurement of small salinity variations (Malarde et al., 2008; Le
Menn et al,, 2011; AndreAndre et al, 2020). We have proposed a
laboratory resolution improve method of the V-block refractometer. By
adding a Fabry-Perot cavity after the V-block, the resolution of the
system is improved to 1.4 x 1078(Li et al,, 2021).

In this paper, a comparative study of the contribution of DOM
to the refractive index, conductivity and salinity of seawater was
carried out. DOM was extracted using PPL Solid Phase Extraction
(SPE) method from surface seawater in Aoshan Bay of Qingdao,
China, and was added into Chinese Standard Seawater ( S,=35,
uncertainty of £0.003). Refractive index of seawater was measured
by a V-shaped groove refractometer built by two pieces of prisms.
Conductivity was measured by a commercial conductivity-
temperature sensor. The experimental results showed that the
refractive index increases at a rate of 1.19x10™ + 4x10® RIU per
1 g/kg of DOM at 25 °C, corresponding to a practical salinity
increase of 0.697 + 0.036 PSU per 1 g/kg of DOM at 25°C, according
to Millard and Seaver formula (Millard and Seaver, 1990). However,
the conductivity of Chinese Standard Seawater decreases at a rate of
0.00065 * 0.00008 mS/cm per 1 g/kg of DOM at 25°C, and
corresponding practical salinity calculated from conductivity
decreases at a rate of 0.00052 + 0.00007 PSU per 1 g/kg of DOM.

2 Materials and equipment
2.1 Optical refractometer

2.1.1 Principle of the optical refractometer

The core of the refractometer is a V-shaped groove as shown in
Figure 1, which is formed by two pieces of optical glasses with an angle
of 2A (here, A=45°). The optical glass is made of Schott B270
(Na,0-Ca0-65i0,) with refractive index of n,=1.5197 at 633nm.
The V-shaped groove between the two pieces of optical glasses is
filled with seawater to be measured. The laser beam is shining on the
left side glass of the V-shaped groove with an incident angle 6;, and
refraction angle 6,,, after passing through the seawater, shining on the
right side glass with an incident angle 6;; and refraction angle 6,, .
According to the Snell-Descartes refraction laws (Peatross and Ware,
2010), 6,4 is sensitive to the change of refractive index of seawater.

1,- sin 0;;=n,-sin 6,

n

o+ sin 0;,=n- sin 6,

1)

nge sin 0;3=n,- sin 0,3

n

o+ sin 0=n,-sin 6,

where 6;, 6;, 6;3 and 6;, are beam incident angles of the air-left side
glass interface, left side glass-seawater interface, seawater-right side
glass interface and right side glass-air interface, respectively. 68,;, 6,5,
0,5 and 6,, are corresponding exit angles of 6;, 0., 03 and 6
respectively. n, and n; are the refractive indices of air and seawater.
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seawater

Collimated

laser beam PSD

FIGURE 1
Schematic diagram of V-shaped groove.

The exit angle 6, is related to the exit beam position P on the
Position Sensitive Device (PSD), which can be written as:

P=D-cosA+ (L-D-sinA) - tan(0,, — A) 2)

where L is the distance between the bottom of the V-shaped groove
and the surface of the PSD. D is the distance between the exit point
of beam and the bottom of the V-shaped groove, which is described
as:

_d-T-tan6, - I

tan A
tan (2A - 0,‘3)

+T -tan B, 3)

tan A

T is the thickness of the prisms, and d is the distance from the beam
incident point to the bottom of the V-shaped groove.

The sensitivity of the system can be represented by 42 (Minato
et al.,, 1989; Grosso et al., 2010a), which can be obtained i)y taking

the derivative of Equation (2), and is a function of 6;;, d and L.

2.1.2 Calibration of optical refractometer

Figure 2 is the schematic diagram of the experiment set-up of the
seawater refractometer based on V-shaped groove. A semiconductor
laser (633 +0.5nm @ T=25°C, 12 mW, linewidth of 1 MHz) was
used as the light source. The effective sensitive area of the position
sensitive device (PSD, Hamamatsu S3931) is 1 mm x 6 mm. The
corresponding signal processing circuits (Hamamatsu C9068) were
used to measure the beam displacement. The position resolution of the
PSD with the processing circuits is 1.5 pm (datasheet of signal
processing circuits for PSD C9068-1, C9069-1, HAMAMATSU)

Based on this refractometer, the contribution of DOM in the
Chinese Standard Seawater ( Sp=35+-0.003, @ T=25 °C) et al. on the
refractive index was experimentally studied. The main parameters of

Fiber
v-block
Collimator PSD
Temperature
o Control

Light Signal
Source Processer
FIGURE 2
Schematic diagram of the experiment set-up of the seawater
refractometer based on V-shaped groove.
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the refractometer are: 0;; = 64° d = 15 mm, L = 10 cm. According to
Eq.(1)-Eq.(3), the theoretical sensitivity is calculated to be 1.36 x 10°
um/RIU within the refractive index range of 1.335879~1.340267, as
shown by the red solid line in Figure 3. Considering the position
resolution of the PSD with the processing circuits is 1.5 pm, the
theoretical resolution of the refractometer is calculated to be 1.5 pm
/136 x10° um/RIU=1.10x10"° RIU.

By varying the temperature of Chinese Standard Seawater ( SP =
35 £ 0.003) from 23.000°C to 28.000°C, the relationship between the
refractive index and the PSD position was established. The V-shaped
groove mounted on a thermo-electric cooler (TEC) module
(temperature control stability: + 0.002°C) was placed in a
temperature chamber (temperature control stability: + 1.0°C). The
refractive indices of Chinese Standard Seawater at different
temperatures were calculated by Millard and Seaver formula (Millard
and Seaver, 1990). The experimental results are shown as the dots in
Figure 3, which shows at sensitivity of 1.37 x 10° um/RIU, that is a
good fit with the theoretical result. The slight deviation between the
theoretical and experimental results might be contributed by the
measurement tolerance of 6;;, d, and L. The relative temperature
coefficient of refractive index of Schott B270 calculated by parameters
read from manual is 2.306x10° K (Optical glass data sheet,
CDGMGLASS CO. LTD, 2021). When temperature varies from 23°
C to 28 °C, refractive index of Schott B270 changes by +1.2x107° RIU,
the corresponding position variation of PSD is within 0.0014 um and
refractive index variation of measured seawater is within 1x10™ RIU.
So systematic errors induced by temperature coefficient of glass is
negligible during the calibration.

During calibration, temperature of Chinese Standard Sweater at
each set temperature is monitored by a thermistor. 120 temperature
data and 120 position data (sampling interval is 5 ms) were collected
when the temperature was stabilized at the set temperature. Average of
120 position data was used as the PSD position at each set temperature.
In Table 1, the standard uncertainty in temperature is established by
the 120 temperature data. And the standard uncertainty in position in
Table 1 is established by the 120 position data. As refractive index is
related with the position of PSD, the uncertainty on refractive index is

1.3405 T T T T T T T
1.3400
1.3395
1.3390 i

T

e Experimental result g
—— The theoretical result '

T
1

1.3385 | 1
1.3380 |- B

RS

1.3375

13377

13376

1.3370
1.3365 |

13375

Refracive index (RIU)

VR omrsie s 1335073

13373

1.3360 |-

Standard error of slope: 2.0X10°

13372

1.3355 L oa 06 o5 1o 12
!
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FIGURE 3
The theoretical (solid line) and experimental (dots) relationship
between refractive index and PSD position.
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decided by the uncertainty on PSD. According to Table 1, experimental
uncertainty of the refractive index is estimated to be within +7.06 x
10,

2.2 DOM extracted from Aoshan Bay

In this work, Solid Phase Extraction (SPE) method based on
PPL resin adsorbents is used to extract DOM from coastal seawater
of Aoshan Bay, Qingdao of China, as a case study. Seawater
sampling location is shown in Figure 4.

DOM extracted from seawater of Aoshan Bay is shown in Figure 5
as the grey brown powder. DOM is analyzed by element analyzer
(UNICUBE, Elementar) and main elements are shown in Table 2. The
molar ratios of H/C, O/C and C/N were summarized in Table 2, too.

2.3 Seawater samples with different
DOM concentrations

Different masses of DOM were dissolved in the same mass of
Chinese Standard Seawater ( Sp =35 £0.003) to form samples with
different DOM concentrations, i.e. 0.15 g/kg, 0.30 g/kg, 0.45 g/kg,
0.60 g/kg, 0.75 g/kg, and 0.90 g/kg. DOM and Chinese Standard
Seawater are weighted using a Mettlertoledo analytical balances
(XSE 105) with measurement accuracy 0.01 mg.

2.4 Conductivity-temperature sensor

In natural seawater, the content of inorganic salts is high and the
content of DOM is relatively low. It takes 1 ton of seawater to extract 0.5
g~1 g DOM. It s difficult to prepare a large amount of DOM to fill in the
conductivity tube of SBE (Seabird, USA). For this reason, the
conductivity-temperature sensor (DW 1526, Qingdao Daowan
Technology Co., Ltd.) with a smaller conductivity cell, was selected in
the experiment. The samples were placed in its conductivity cell with
two-ends sealed by rubber covers. To confirm the accuracy and stability
of DW 1526, we compared the temperature, conductivity and salinity
measurement results of DW 1526 and SBE 37. The comparison results

TABLE 1 Refractive index uncertainty estimation.

10.3389/fmars.2023.1142718

45°N

40°N

35°N

30°N
110°E 130°E

FIGURE 4
Map of seawater sampling location at Aoshan Bay of Qingdao,
Shandong Province, China. (Sampling time is spring 2021).

showed temperature difference of 0.003 °C, conductivity difference of
0.10 mS/cm, and salinity difference of 0.055 PSU, as shown in Figures 6—
8, respectively. Both sensors showed good stability. The difference may
be caused by calibration. Figures 6-8 can be used to calibrate the results
measured by DW 1526.

3 Method
3.1 Refractive index measurement

The optic refractive indices of solutions with different
concentrations were measured by the optical refractometer at 25 °C,
as shown in Figure 9. To minimize the evaporation of solution affection
on the measurement results, all samples under test were sealed in the
constant temperature and humidity chamber for sufficient time to keep
samples very close to the temperature. During test, the controlled
temperature can be reached and stabilized in the shortest time, the
measurement can be completed (generally within 30 minutes).

Standard
Standard uncertainty on  Refractive index calculated by = Position Standard uncertainty
Temperature : . :
o) temperature during M-S equation ( of PSD uncertainty on

measurement (°C) ) (mm) on position refractive
index
23.0000 0.0005 1.33779 0.39097 0.00332 2.49E-06
24.0000 0.0023 1.33767 0.56834 0.00416 3.12E-06
25.0000 0.0035 1.33756 0.68768 0.00942 7.06E-06
26.0000 0.0014 1.33745 0.85684 0.00168 1.26E-06
27.0000 0.0018 1.33733 1.02425 0.00286 2.14E-06
28.0000 0.0038 1.33721 1.15932 0.00343 2.57E-06
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FIGURE 5
Photo image of DOM extracted from seawater of Aoshan Bay of
Qingdao

The refractive index of the solution increases linearly with the
increase of the DOM concentration. The result of the linear fitting
demonstrated the relationship of 1.19 x 10™* +4x10° RIU/(g/kg of
DOM) concentration. +4x10°° is the standard error after a linear
fitting. The resolution of the DOM concentration of about 0.01 g/kg
was achieved in this experiment. Insert in Figure 9 shows the regular
residual of the refractive index measured by the optical refractometer.

The temperature was monitored during the refractive index
measurement at each DOM concentration level. The fluctuation of
temperature is shown in Figure 10. The average temperature fluctuation
is smaller than 0.002°C which results in a refractive index uncertainty of
2.29x107 and salinity uncertainty of 0.001 PSU. Therefore, the increase
of refractive index is mainly caused by the increase of DOM in Figure 9.

3.2 Conductivity measurement

DW 1526 with DOM sample sealed in its conductance cell was
immersed in the high-precision thermostatic water bath.
Conductivity was measured when temperature of water bath was
stabilized at 24.949 +0.002 °C, as shown in Figure 11, which did not
show obvious increase but decrease at a rate of 0.00065 +0.00008
mS/cm, with increasing of DOM concentration. The insert figure in
Figure 11 is the regular residual of measured conductivity. During
the experiment, temperature fluctuation measured by DW 1526 was
within 0.002°C, as shown in Figure 12, which resulted in a
conductivity difference of 0.002 mS/cm.

TABLE 2 Main components and molar atomic ratios between main
components of DOM samples.

N [%] C [%] H [%] S [%] O [%] H/C o/C C/N

2.8560 49.9177 6.1399 1.5511 35.3279 1.4657 0.5313 20.3821
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FIGURE 6

Measured temperature of DW 1526 and SBE 37.

4 Results

The electric-based salinity was calculated by an equation
given in PSS-78 (Perkin and Lewis, 1980) using the
conductivity and temperature measured by DW 1526 and was
corrected by the comparison results with SBE 37. The optics-
based salinity was calculated using temperature and refractive
index measured by optical refractometer by an equation given
by Seaver and Millard. Optical refractive index method can
measure the contribution of DOM concentration on seawater
salinity better than conductivity method. It shows that for the
same concentration of DOM added into the Chinese Standard
Seawater (at 25.000 °C), the salinity measured by optic method
increases at rate of 0.697 £0.036 PSU/(g/kg of DOM), while the
salinity measured by electric conductivity increases at rate of
-0.00052 +0.0007 PSU/(g/kg of DOM) (the negative sign means
decrease), which is well below the resolution of salinity
measurement. But the decrease of the salinity is statistical
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12.600
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FIGURE 7
Measured conductivity results of DW 1526 and SBE 37.
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FIGURE 8
Comparison of calculated salinities between DW 1526 and SBE 37.

and repeatable when temperature is well controlled. In
Figure 13, the optical-based salinity is measured to be 35.003
but the electric-based salinity is 34.9371, when DOM
concentration is 0 g/kg. The difference on salinity (35.003-
34.9371 = 0.0659 PSU) might be caused by two reasons: (1)
There are salinity difference of 0.055 PSU between DW 1526
and SBE 37. (2) the covers on the two-ends of the conductance
cell which might block the electric field to the water. We had
proved that the covers would not affect the measurement of the
relative change of salinity during experiment by measuring
Chinese Standard Seawater with different salinity using the
DW1526 with both ends of the conductivity cell plugged with
rubber. Practical salinity and the measured salinity by DW1526
with both ends of the conductivity cell plugged with rubber are
shown in Table 3. The difference between calibrated value of
Chinese Standard Seawater and measured salinity by DW 1526
are 0.0652~0.0662 PSU which is consistent with the difference
shown in Figure 13.

1 T T T T
1.33768 - ®  Experimental Data ]
I Linear Fit
1.33766 |- 1
5
£ 1.33764 | -
= |
S133762 k¥ =0.000119x + 1.337566 i
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T) R =0.995 000002
£1.33760 | 3 o T
Q E .
< L H
5 i
~21.33758 3 .
F Faown
1.33756 | T T
T
0.0 0.2 0.4 0.6 0.8 1.0
Concentration of DOM (g/kg)
FIGURE 9

Variation of refractive index of seawater with the concentration of
DOM.

Frontiers in Marine Science

06

10.3389/fmars.2023.1142718

2500 ——F——7F——7T——T7T T T T T T
I o (DOM)=0.00g/kg * c(DOM)=0.45g/kg
25.008 o o(DOM)=0.15g/kg * c(DOM)=0.60g/kg ]
I © ¢(DOM)=0.30g/kg c(DOM)=0.60g/kg
25006 - o (DOM)=0.75g/kg |
%) L
525.004 - .
E - -
g 25.002 F - . - - - i
= [ c— - . e - -
5
(25000 F e cem e e - - 4
24.998 |- - - -
24.996 |- -
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 200 400 600 800 1000 1200 1400 1600
Time (s)
FIGURE 10

Temperature fluctuation during the optic measurement of various
DOM concentrations.

5 Summary and conclusion

Based on a V-shaped groove optical refractometer with a resolution
of 1.10 x 10 RIU, DOM extracted from natural seawater of Aoshan
Bay was added into Chinese Standard Seawater for the study of the
contribution of DOM on refractive index and salinity. To our best
knowledge, this is the first time to study the influence of DOM on
salinity. Furthermore, the salinity results were compared between the
optics-based and the electric conductivity-based measurement, which
demonstrated that the optical refractometer could represent the
contribution from both ionized and non-ionized substances dissolved
in the seawater, such as DOM, while the electric conductivity
measurement could only represent the contribution of the ionized
substance dissolved in seawater. By comparing the optics-based
salinity and electric-based salinity, the contributions of dissolved
organic matters or non-conductive matters and dissolved conductive
matters to salinity are distinguished. The content of non-conductive

5285 —4——1———71——1———
I . ® Experimental Data
Linear Fit of Experimental Data
552.856— .
A
g
2
2
g
= 52.854 | E
3 y=-0.00065x+52.85505
R™=0.92
sogsp bt
0.0 0.2 0.4 0.6 0.8 1.0
Concentration of DOM (g/kg)
FIGURE 11

Electric conductivity results measured by DW 1526 at different DOM
concentrations.
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FIGURE 12

The temperature fluctuation during the electric conductivity
experiment measured by DW 1526.

TABLE 3 Practical salinity of Chinese Standard Sweater and the
measured salinity by DW 1526 with both ends of the conductivity cell
plugged with rubber.

Practical
sallr_uty 9 Measured Difference between cali-
Chinese o
Salinity brated value and measured
Standard
(PSU) value (PSU)
Sweater
(3YV))
20.000 19.9348 0.0652
30.000 29.9338 0.0662
35.000 34.9348 0.0652
T T T T T T T T T T
35.8 i e Optics-based Salinity ]
357 F = Electric-based Salinity 4
356 .
~355F .
5 L
L3354} i
g I y=0.697x+35.014
353 .
:‘E A R’=0.99
=352f .
3 I
35.1F y=-0.00052x+34.87915
350 L R'=0.92 ]
349 B
34.8 C 1 n 1 n 1 L 1 " 1 " -
0.0 0.2 0.4 0.6 0.8 1.0
Concentration of DOM (g/kg)
FIGURE 13

Salinity with DOM concentration measured by optic and electric methods.
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matters is of great significance for absolute salinity estimating, global
carbon cycle, marine microbiology and so on. Moreover, to measure
contributions of DOM to optics-based salinity in natural seawater, the
resolution and accuracy of optical refractometer need to be further
improved, as for natural seawater, the content of inorganic salts is high
and the content of DOM is relatively low.
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