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Abstract

:

In environments of high suspended sediment concentration (SSC > 1 kg/m3), efficient measurements of SSC through accurate calibration relationships between turbidity and SSC are necessary for studies on marine sediment dynamics. Here, we investigated the performance of three types of optical instrument (OBS-3A, AQUAlogger 310TY, and RBRsolo3Tu with Seapoint sensor) in observations carried out at the middle of the Jiangsu coast, China. These instruments were calibrated in the lab using the water and suspended sediment samples collected from the observation site. It was found that both the calibration curves of OBS-3A and RBRsolo3Tu have an inflection point (at SSC of ca. 15 kg/m3 for OBS-3A and ca. 2 kg/m3 for RBRsolo3Tu), on either side of which turbidity increases (the left side) or decreases (the right side) with the increasing SSC. Only under SSCs smaller than the inflection point can OBS-3A and RBRsolo3Tu be applied to continuous SSC measurements at a fixed point. However, the turbidity output of AQUAlogger 310TY has always a positive correlation with SSC, which applies for SSC up to 40 kg/m3; thus, three fluid-mud events are quantified during this observation. AQUAlogger 310TY has important prospects for field applications in high-SSC environments.
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1. Introduction


The suspended sediment concentration (SSC) is a crucial parameter for the erosion, transport, and deposition processes of marine sediments and their environmental effects [1]. Variations in SSC in seawater are of great importance in research in marine science and engineering, such as the morphological evolution of erosion and sedimentation of the seabed sediment [2], harbor construction and comprehensive regulation engineering of deep waterways [3], and evolution of marine environments and eco-systems [4]. Therefore, it is important to obtain in situ SSCs of seawater in field observations.



Traditionally, the in situ SSC has been derived by weighing the filtered water samples. The sediment mass and water volume being measured directly, this is thus far the most reliable way to conduct SSC measurements. However, this basic approach is not only cumbersome, expensive, and labor-intensive but also has other drawbacks, like unwarranted sampling accuracies, low temporal and spatial resolutions, and short deployments [5]. Later, more advanced technologies of obtaining SSC were introduced by calibrating the in situ acoustic intensity or optical turbidity, and they have facilitated long deployments with high accuracies and resolutions, low in situ interferences, and strong environmental adaptability [6,7,8,9,10].



Optical turbidimeters measure water turbidity, which is thereafter calibrated with SSC, and in this way, the in situ SSC can be observed. The calibrated relationship between water turbidity and SSC is thus pivotal in the application of optical turbidimeters [6]. Within certain ranges, turbidity (Tu) increases monotonically with the increase in SSC and can be converted to SSC accurately according to the monotonic functions. However, the calibration relationships between Tu and SSC can be different using different optical turbidimeters. Besides this, under high SSCs (>1 kg/m3), Tu responds to SSC more intricately, and the response curves may not be monotonous, which gives rise to difficulties in the conversion from Tu to SSC [10,11].



For the last forty years, optical backscatter sensors (OBS), manufactured by D&A Instruments previously and by Campbell Scientific (Logan, Utah, USA) at present, have been widely used in the in situ measurement of marine suspended sediments, especially the OBS-3A type [2,6,12,13,14], which has a measuring range of 0 to 4000 NTU, an accuracy <2%, and a precision <1 NTU. Kineke and Sternberg found that the conversions from Tu to SSC follow such a manner: (1) at SSC <10 kg/m3, Tu increases linearly with SSC; (2) in the middle range of SSC (ca. 10~36 kg/m3), the curve of response flattens and begins to decrease; and (3) Tu approximately decreases exponentially for SSC >36 kg/m3 [11]. In consequence, it is sometimes hard to determine which concentration range the in situ measured turbidity by OBS-3A responds to, i.e., linearly increasing or exponentially decreasing. Furthermore, the responses to high SSCs of individual OBS-3As may not be identical due to the sensitivity of its turbidity sensor (namely the gain setting), which is the factory default. After reaching the full range, the output decreases or remains at the full range as SSC increases [11].



In recent years, more types of in situ turbidity sensors have emerged and are becoming increasingly popular. Among others, the AQUAlogger 310TY (hereinafter referred to as 310TY), produced by Aquatec Group Ltd. (Basingstoke, Hampshire, UK), measures Tu to ~10,000 FTU (accuracy <2%, precision <1 FTU) and can be applied to high-SSC environments. In comparison to OBS, the compact instrument RBRsolo3Tu made by RBR Ltd. (Ottawa, Canada) is light and convenient and has also the advantages of high measurement accuracies (<2%). The Seapoint turbidity sensor is mounted on this instrument, measuring Tu to ~2000 NTU with a precision below 1 NTU. However, the field use of these newly developed turbidimeters to address the problem of high SSC has been seldom reported, and it has not been compared with OBS.



Although the above-mentioned turbidity sensors are all designed and manufactured based on optical physics, their performance can be diverse. Comparisons of SSC measurements between different turbidity instruments were taken for a low SSC range (0 to 1 kg/m3) by Rymszewicz et al. [15], including turbidity sensors of OBS-3A and Seapoint. However, environments of high SSC (> 1 kg/m3) can be found in a variety of coastal settings (e.g., [3,11,13,14,16,17,18]). The accurate measurement of SSC in high-turbidity environments is thus an important issue. Particularly, the performance of the newly developed instrument 310TY, which has a high measurement range, is worth investigating.



The purpose of this paper is to evaluate the performance of three optical instruments (OBS-3A, 310TY, and RBRsolo3Tu) in the laboratory and apply the calibration curves in the field measurements of high-concentration suspended sediments at the Jiangsu coast, China. Therefore, it should be of particular interest to researchers studying high SSC environments.




2. Materials and Methods


The middle of the Jiangsu coast, China, is characterized by high SSC (>1 kg/m3) [14], which makes it an excellent area to study the effectiveness, feasibility, and prospect of the above three types of optical turbidimeters in the in situ measurement of SSC of high-turbidity waters. A tripod was set on the inner shelf of the Dafeng Harbor on the middle of the Jiangsu coast during 12–14 November 2019 (Figure 1). The mean water depth of the observation site was around 7 m. Two 310TYs (0.1 and 0.2 m above the seabed (asb)) and two OBS-3As (0.4 and 1.0 m asb) were mounted on the tripod. A floater was anchored very close to the tripod, and two RBRsolo3Tu turbidimeters were deployed at the middle (0.5H, H denotes the water depth) and near-surface (0.9H) of the water column. These six instruments were all set to have a sampling frequency of 1 Hz, measuring for 30 s in each sampling interval of 3 min.



During the observation, 200 L water samples were taken from the middle layer of the water column at the site of the tripod. Meanwhile, 1 L water samples were collected from the layers near-surface and near-bottom, respectively. To ensure that sufficient sediments were collected, the samples were always taken at the flood/ebb maximum.



The above six turbidity sensors were calibrated in the laboratory. The seawater and suspended sediments collected from the middle layer of the water column were mixed into the lab samples of different SSCs (0.04–31.54 kg/m3), which were kept uniform by continuous stirring. Each turbidimeter was immersed in a lab sample (at the same height of 15 cm above the tank bottom) to obtain a steady output of turbidity and a sub-sample of 100 mL was taken to be filtered, dried off, and weighed to derive the SSC. The detailed procedure can be found in Shao and Maa (2017) [13].



The grain size distributions of suspended sediment in the water samples were measured using a laser diffraction particle size analyzer, the Malvern Mastersizer 2000. For suspended sediment in the middle layer, 3 sub-samples were taken from the well-mixed lab sample. The median grain size (D50) and the mass contents of clay (<4 μm), silt (4~62.5 μm), and sand (>62.5 μm) of the sub-samples were thus obtained. Similarly, the grain size distributions were analyzed of the samples of the suspended sediment near-surface and near-bottom, as well as those of the surface bed sediment.




3. Results


The grain-size distributions of the suspended sediments in the three sub-samples taken from the middle water column show few discrepancies and thus one of them was selected as a representative. D50 of the suspended sediment was 9.3 μm, and clay (<4 μm), silt (4~62.5 μm), and sand (>62.5 μm) contents were 18.6%, 79.3%, and 2.1%, respectively, revealing the attributes of cohesive sediments [19]. Besides this, D50 of the near-surface and near-bottom samples of suspended sediment was 9.4 μm and 11.1 μm. Clay, silt, and sand contents were 18.0%, 81.5%, and 0.5% for the near-surface sample and 16.7%, 78.9%, and 4.4% for the near-bottom sample. Thus, the grain-size distribution of the suspended sediment varied a little throughout the water column. The surface bed sediment was much coarser than the suspended sediment (Figure 2), the samples having a D50 of 45.4 μm and contents of clay, silt, and sand of 10.0%, 49.8%, and 40.2%, respectively.



Each of the three types of turbidimeters had its patterns of calibration curves. Firstly, the conversions from Tu measured by the two OBS-3As to SSC were different (Figure 3). For the OBS-3A 0.4 m asb, the responses of Tu to SSC were divided into two SSC ranges: (1) low, 0 to 5.65 kg/m3, where the increase in Tu was approximately linear; (2) high, >5.65 kg/m3, where the curve was flat, suggesting the OBS-3A sensor was unresponsive to SSC changes. The response curves were initially fitted into various forms, including linear, second or third-order polynomials, exponential, logarithmic, and power laws. To make the curves as continuous as possible, some adjustments of coefficients were carried out to match the transition from one range to the next [11]. Two curving segments were chosen after a process of trial and error:


Tu = 877.59 C   (C < 5.65 kg/m3, R2 = 0.99),



(1)






Tu = 4959.6   (C ≥ 5.65 kg/m3, R2 = 1),



(2)




where Tu is turbidity in NTU and C is SSC in kg/m3. Equations (1) and (2) correspond to the linear and unresponsive ranges in Figure 3a.



However, for the OBS-3A 1.0 m asb, the data fell into three SSC ranges: (1) low, 0 to 4.95 kg/m3, turbidity approximately increased linearly; (2) mid, 4.95 to 14.95 kg/m3, the increase in turbidity tended to flatten, and a quadratic function applied to the fitting; (3) high, ≥14.95 kg/m3, where turbidity decreased with SSC. Finally, three sections of curves were confirmed:


Tu = 560.61 C     (C < 4.95 kg/m3, R2 = 0.99),



(3)






Tu = −17.45 C2 + 508.50 C + 700.44   (4.95 ≤ C < 14.95 kg/m3, R2 = 0.99),



(4)






Tu = −2.89 C2 + 80.43 C + 3850.30   (C ≥ 14.95 kg/m3, R2 = 0.99),



(5)







Equations (3)–(5) denote the linear, quadratic, and decreasing ranges in Figure 3b.



Secondly, the turbidity outputs of the two 310TYs 0.1 and 0.2 m asb responded coincidentally to the SSC of the lab samples. Both can be divided into two parts: (1) SSC was 0 to 4.88 kg/m3, water turbidity almost increased linearly with SSC; and (2) when SSC was larger than 4.88 kg/m3, turbidity increased with SSC in terms of logarithmic functions (Figure 4).



Equations (6) and (7) show the linear and logarithmic relations of the 310TY 0.1 m asb (Figure 4a), and those of the 310TY 0.2 m asb are expressed as in Equations (8) and (9) (Figure 4b).


Tu = 684.9 C    (C < 4.88 kg/m3, R2 = 0.99),



(6)






Tu = 3160.8 lnC − 1668.2   (C ≥ 4.88 kg/m3, R2 = 0.99),



(7)






Tu = 707.1 C   (C < 4.88 kg/m3, R2 = 0.99),



(8)






Tu = 3277.8 lnC − 1745.9   (C ≥ 4.88 kg/m3, R2 = 0.99),



(9)




in which Tu is turbidity in NTU and C is SSC in kg/m3.



Thirdly, turbidity measured by the RBRsolo3Tu at 0.5H asb showed a consistent response to SSC with that of the RBRsolo3Tu at 0.9H asb. The calibration curves consist of two parts: (1) SSC < ca. 1.9 kg/m3, Tu increased linearly with SSC; and (2) SSC > ca. 1.9 kg/m3, Tu decreased with SSC (Figure 5).



For the RBRsolo3Tu at 0.5H asb, Equations (10)–(12) were determined to reflect the three sections of the response curve (Figure 5a):


Tu = 806.29 C    (C < 1.92 kg/m3, R2 = 0.97),



(10)






Tu = −65.42 C + 1674.7   (1.92 ≤ C < 3.40 kg/m3, R2 = 1),



(11)






Tu = 3223.2 e−0.234 C   (C ≥ 3.40 kg/m3, R2 = 0.99),



(12)







Likewise, Equations (13)–(15) denote the three sections for the RBRsolo3Tu at 0.9H asb, the first of which is linearly increasing and the others are decreasing in linear and exponential forms, respectively (Figure 5b):


Tu = 816.91 C   (C < 1.88 kg/m3, R2 = 0.95),



(13)






Tu = −62.11 C + 1649.6   (1.88 ≤ C < 3.46 kg/m3, R2 = 1),



(14)






Tu = 3487.3 e−0.256 C   (C ≥ 3.46 kg/m3, R2 = 0.97),



(15)







For the continuity of the calibration curves, the responsive data were fitted into three sections (Equations (10)–(15)). However, it was noted that the two-point regressions in Equations (11) and (14) may lead to errors and thus should be adopted with caution.




4. Discussion


4.1. Applications of the Calibration Curves


The purpose of the calibrations of the turbidity sensors is to obtain the SSC data from in situ measurements. Due to the existence of nonmonotonic Tu~SSC relationships, a challenge arises to identify which side of the calibration curves should be used, increasing turbidity output (low SSC) or decreasing turbidity output (high SSC) (e.g., Figure 3b and Figure 5). The use of observed time series can solve this problem to some extent, which can be understood through a diagram of Tu~SSC conversions (Figure 6).



Firstly, a calibration curve of Tu~SSC conversion is assumed as in Figure 6a. For turbidities from a small value to the maximum of the measuring range (i.e., the inflection point), the curvilinear sections showing positive responses of turbidity to SSC are applicable with no doubt. However, multi-solution is inevitable if the output of turbidity decreases after reaching the full range of measurements. This is likely due to the decrease or increase in SSC. The latter is associated with the turbidity increasing again to the full range after a high SSC event. Therefore, if only one peak exists in the time series of turbidity (Figure 6b), the curves can be applied with a positive response of turbidity to SSC (Figure 6c). Otherwise, if multiple peaks reach the full range of turbidity (Figure 6d), it is difficult to determine that SSC firstly increases and then decreases between two peaks or decreases first and then increases (Figure 6e).



According to the above principles, the time series of turbidity at a variety of depths observed from the middle of the Jiangsu coast can be converted to those of SSC (Figure 7). Because the turbidity measured by 310TY monotonically responds to SSC (Figure 4) and only a peak occurs in the time series of turbidity at 0.1 and 0.2 m asb, these turbidities can be converted to SSC using Equations (6)–(9). Figure 7a reveals that three fluid-mud events take place near the seabed (t = 31.55~33.05 h, 39.45~39.7 h, and 43.8~45.85 h), during which the thickness of fluid-mud is larger than 10 cm and SSC > 10 kg/m3 [16].



The maximum turbidities measured by OBS-3A at 0.4 and 1.0 m asb are 4912.2 and 2480.9 NTU, and both are smaller than the upper limits of the linear ranges, i.e., 4959.6 and 2755.0 NTU (Figure 3). Equations (1) and (3) can thus be applied to derive the SSC 0.4 and 1.0 m asb (Figure 7b), the peak SSCs attaining 5.60 and 4.43 kg/m3, respectively. In the same way, the full ranges of turbidity observed by RBRsolo3Tu at 0.5H and 0.9H asb are included in those of the linear ranges of the calibration curves (Figure 5). Therefore, the time series of SSC are calculated using Equations (10) and (13), with peak SSCs of 1.80 and 1.43 kg/m3, respectively (Figure 7c).




4.2. Comparisons with Previous Studies


Although studies on the calibrations of 310TY and RBRsolo3Tu have been rarely reported, the results of OBS-3A calibrations in this study are comparable with previous research. Kineke and Sternberg calibrated the OBS at the Amazon estuary [11] and so did Shao and Maa at the Changjiang estuary [13]. The overall patterns of their calibration curves are the same as in this study: (1) at low SSCs, the OBS output increases approximately linearly with SSC; (2) as SSC continues to increase, the growth of the OBS output slows down until an inflection point is reached, and this section of the curve can be fitted as a quadratic function; and (3) for larger SSCs, the OBS output is decreasing. The linear ranges and the inflection points vary slightly: the former is 0~10 kg/m3 [11] and 0~5 kg/m3 [13] in the previous research and 0~4.95 kg/m3 for the OBS-3A at 1.0 m asb here; and the latter is 19 kg/m3 [11], ca. 15 kg/m3 [13], and 14.95 kg/m3 in this study. These differences can be attributed to distributions of suspended sediment grain/floc size [10].



The different patterns of the calibration curves for the two OBS-3As at 0.4 and 1.0 m asb are dependent on the gain setting [11]. The OBS-3A at 0.4 m asb is associated with the high set of gain (i.e., Tu is more sensitive to smaller SSC changes), which leads to the turbidity output initially increasing linearly to the full range as SSC increases and then remains at the full range (Figure 3a) until SSC is sufficiently high to cause a decrease in turbidity [11]. By contrast, if the gain is set low to match the maximum turbidity output (the inflection point), the case of the OBS-3A at 1.0 m asb takes place (Figure 3b).




4.3. Comparison of the Performance of the Three Instruments


The full ranges of turbidity measured by OBS-3A and RBRsolo3Tu are around 4500 and 1600 NTU, respectively, which correspond to the inflection points of the calibration curves. On either side of the inflection point, Tu is positively (left) or negatively (right) correlated to SSC. A given turbidity output is likely to correspond to two SSC values which are smaller or larger than that of the inflection point. This gives rise to difficulties in the conversion of Tu~SSC when the maximum Tu reaches the full range several times (Figure 6d,e). Therefore, the use of OBS-3A or RBRsolo3Tu in continuous measurement of SSC at a fixed point is only appropriate for SSCs smaller than the inflection point (ca. 15 kg/m3 for OBS-3A and 2 kg/m3 for RBRsolo3Tu in this study). It is found that a positive correlation of Tu~SSC occurs under SSC < ca. 40 kg/m3 for the identical sediment if using the 310TY with a full range up to ca. 10,000 FTU. Thus, 310TY has important prospects for field applications in high-SSC environments.



The six turbidimeters respond differently to an identical SSC, e.g., 0.04, 0.51, 0.69, and 1.48 kg/m3 (Figure 8). All these SSCs are within the linear ranges and in response to a certain SSC, the outputs of the three types of turbidity sensors differentiate from each other. Besides this, due to different gain settings, the responses of turbidimeters are dissimilar even if they have the same type of sensor. Assuming that 1 NTU equals 1 FTU, in response to an SSC of 1.48 kg/m3, for example, the differences in the outputs of the six turbidimeters range from 42.6 to 552.6 NTU, which accounts for 3.7~48.0% of the average. Moreover, the outputs at SSC = 1.48 kg/m3 from the two OBS-3A sensors vary up to 358.4 NTU, which is 36.2% of their average.



It is noted that grain-size distribution, flocculation of fine particles, and sediment mineralogy greatly influence the Tu~SSC calibration curves [6,10,20,21,22,23,24]. The surface bed sediment is much coarser than the suspended sediment here (Figure 2), and SSC would be excessively overestimated if using the surface bed sediment for calibrations [6,20,21,22]. Therefore, it is a prerequisite to use the suspended sediment in the water samples when calibrating SSCs. Moreover, there is a hypothesis that the grain-size distribution, flocculation of fine particles, and sediment mineralogy remain stable during the field measurement and are identical to those of the suspended sediment in the lab samples for calibration. On such a basis, the Tu~SSC calibration curves can be applied to obtain the time series of the in situ SSC. This issue deserves further study in the future.





5. Conclusions


Three optical instruments (OBS-3A, 310TY, and RBRsolo3Tu with Seapoint sensor) were deployed in the in situ measurement of turbidity at the middle of the Jiangsu coast, China, and water and suspended sediment samples collected from the observation site were used in the lab calibrations of these three instruments. The calibration curves can be built showing the relationships between turbidity and SSC, with the range of observed SSC up to 31.5 kg/m3. The results show that both the calibration curves of OBS-3A and RBRsolo3Tu have an inflection point (at SSC of ca. 15 kg/m3 for OBS-3A and ca. 2 kg/m3 for RBRsolo3Tu), on either side of which turbidity increases (the left side) or decreases (the right side) with the increasing SSC. Only under SSCs smaller than the inflection point can OBS-3A and RBRsolo3Tu be applied to continuous SSC measurements at a fixed point. However, the turbidity output of 310TY has always a positive correlation with SSC, which applies for SSC up to 40 kg/m3; thus, three fluid-mud events are quantified during this observation. In conclusion, 310TY has important prospects for field applications in high-SSC environments.
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Figure 1. Maps of the study area: (a) regional overview. The red rectangle denotes the study area; (b) observation sites. The triangle and circle represent the tripod and the anchored floater, respectively; (c) scheme of the vertical deployment of the instruments. 
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Figure 2. Grain-size distributions of the samples of suspended sediment (curves in green, blue, and orange) and bed surface sediment (red curve). The dotted lines mark the grain-size range of silt (4~62.5 μm). 
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Figure 3. Laboratory calibration for OBS-3A on the tripod showing the response of Tu to SSC of the lab samples: (a) 0.4 m asb; (b) 1.0 m asb. The dashed horizontal lines mark the maximum values of the measured turbidity. 
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Figure 4. Laboratory calibration for 310TY on the tripod showing the response of Tu to SSC of the lab samples: (a) 0.1m asb; (b) 0.2 m asb. 
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Figure 5. Laboratory calibration for RBRsolo3Tu bonded to the anchored floater showing the response of Tu to SSC of the lab samples: (a) 0.5H asb; (b) 0.9H asb. H is the water depth. 
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Figure 6. Diagram of Tu~SSC conversions: (a) Schematized Tu~SSC calibration curve and the full range of Tu measurement is marked; (b) Tu-1 and Tu-2: two types of temporal variations of Tu both having only one peak (≤full range); (c) SSC-1 and SSC-2: temporal variations of SSC converted from Tu-1 and Tu-2 by the left (monotonic increasing) side of the calibration curve in subplot (a), respectively; (d) Tu-3: the third type temporal variations of Tu, showing two peaks at the full range of Tu measurement; (e) SSC-3-1 and SSC-3-2: possible SSC time series corresponding to Tu-3, in which SSC-3-1 indicates that SSC firstly increases and then decreases between the two peaks of Tu-3 while SSC-3-2 is the opposite. Note that the values in the coordinates only denote relative magnitudes. 
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Figure 7. Time series of the in situ SSC measured at the middle of the Jiangsu coast, China, by the three types of turbidimeters (310TY, OBS-3A, and RBRsolo3Tu), starting from 09:30 November 12, 2019. The mean water depth of the observation site is around 7 m. 
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Figure 8. Outputs from the six turbidimeters in response to an identical SSC (0.04, 0.51, 0.69, and 1.48 kg/m3). 
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