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Suspended particulate matter (SPM) plays an important role in material transport, deposition, resuspension and the function of benthic communities’ processes in deep sea. SPM concentration data is usually indirectly measured by optical/acoustic sensors. However, converting these sensors’ signal to SPM concentration is associated with a number of uncertainties, which will lead to mis-estimation of the results. Some researchers recommend combining several optical/acoustic sensors to determine SPM concentration. However, due to the lack of corresponding video images, the interpretation of significant mismatch signals recorded by different sensors is subjective. Consequently, a better understanding of long-period SPM dynamics, especially in deep sea, is still a challenge. In this study, we seek to monitor the dynamics of SPM in deep sea, by firstly obtaining in-situ digital video images at a water depth of 1450 m on the northern slope of South China Sea in 2020, and secondly developing a digital image processing method to process the in-situ monitoring data. In this method, we defined an image signal which was the ratio between the area of the SPM and that of the total image, to characterize the SPM concentration. A linear regression model of the image signal and SPM concentration was established (R2 = 0.72). K-fold cross-validation showed that the performance of the model was well. We calculated the SPM concentration derived from image signal, and manually classified SPM into three distinct morphological groups. The long-period observation revealed that numerous aggregates existed in deep sea. The change of SPM concentration and morphology under hydrodynamics was synchronous. When current speed equaled to or exceeded 0.15 m/s, there was a significantly increase in SPM concentration and size. However, such increase was episodic. When current speed decreased, they will also decrease. In addition, we compared the image signal with the optical/acoustic backscattering signal, analyzed the mismatch period among these three signals. We found that the optical backscatter signal can’t accurately reflect the SPM concentration during the mismatch period. To our best knowledge, this is the first time that the in-situ digital video images were used to analyze the dynamics of SPM in deep sea.
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1 Introduction

Suspended particulate matter (SPM) refers to a mixture of clay to sand-sized particles that can be detected in suspension, and that consists of minerals from physical-chemical and biogenic origin, living and non-living organic matters (Fettweis et al., 2019). In deep sea, because there is a favorable physical and chemical environment for increased coagulation rates, constituents of the SPM generally are organic-mineral or nonbiological aggregates (Gardner  and Walsh, 1990; Thomsen and Gust, 2000; Arı´Stegui et al., 2009; Bochdansky et al., 2010; Verdugo and Santschi, 2010). In addition, the deep-sea environment is extremely complex, the SPM will reaggregate or disaggregate. In terms of ecosystems, the SPM are the basis of food chain, which is closely related to the function of benthic communities (Duineveld et al., 2001; García and Thomsen, 2008; Amaro et al., 2015). Understanding the dynamics of SPM in concentration and morphology is crucial for investigating the process of material transport, deposition, re-suspension and biochemical cycle (Durrieu De Madron et al., 2017; Diercks et al., 2018; Jia et al., 2019; Wang et al., 2022). Hence, it is of great significance to accurately and continuously monitor the long-period variation of SPM in deep sea.

Long-period and high frequency deep-sea SPM concentration data is typically collected indirectly with sensors, which measure either the optical or acoustic backscatter signal (Eittreim, 1984; Rai and Kumar, 2015; Haalboom et al., 2021). Converting these signals to SPM concentration need to establish an inversion model of optical/acoustic backscatter signal with the true SPM concentration by field calibrations (Holdaway et al., 1999; Neukermans et al., 2012). The true SPM concentration is calculated through gravimetric measurements of filtered and dried in-situ discrete water samples (Wren et al., 2000; Rai and Kumar, 2015). The optical and acoustic signals depend not only on the SPM concentration, but also on the inherent properties of SPM, such as the SPM size distribution and aggregation (Hatcher et al., 2001; Downing, 2006; Sahin et al., 2019), shape and composition (Ohnemus et al., 2018). Whereas, for in-situ long-period observation of deep-sea SPM, the inherent properties of SPM will change under complex hydrodynamic conditions. What’s more, it’ difficult to obtain water samples from the bottom of deep-sea at different time to calibrate the parameters of the inversion model in real time. This will make the interpretation and quantification of the responses of different signal types complicatedly, and result in mis-estimation of the SPM concentration (Fettweis et al., 2019; Haalboom et al., 2021).

Recently, digital imaging technology and image processing algorithms are rapidly developed, which can be used in SPM measurement. This technology can measure both SPM concentration and morphology. The measuring technology is more intuitive because it directly takes photos. According to different image processing methods, this technology can be grouped into two categories. The direct measurement methods conduct microscopic images on a certain volume of water, calculate the size and shape of each SPM in the image, and then estimate the SPM volume concentration either using empirical or 3D reconstruction methods (Syvitski and Hutton, 1997; Eisma et al., 2001; Graham and Nimmo Smith, 2010; Gray et al., 2010; Rai and Kumar, 2015; Ramalingam and Chandra, 2018). However, these methods are expensive and require precise in-situ imaging systems, like Video Plankton Recorder (VPR) (Davis et al., 2005) and Underwater Vision Profiler (UVP) (Gorsky et al., 2000; Picheral et al., 2010). The indirect methods, on the contrary, aim to determine the SPM concentration by analyzing specific image signals, such as the ratio between image hue and saturation (Moirogiorgou et al., 2015), the ratio of blue and red counts (Hoguane et al., 2012), or mean grey level value (Lunven et al., 2003). These methods don’t require sophisticated imaging instrument, and only use a digital camera to capture images. Recently such indirect methods were only applied in riverine environment and there was no relevant research in deep-sea environment.

This paper aims to further understand the dynamics of SPM in deep sea, solve the problem of mis-estimation of SPM concentration measurement caused by existing monitoring technologies, and explore the potential application of indirect image analysis in SPM dynamics. We obtained in-situ digital video images at a water depth of 1450 m on the northern slope of South China Sea in 2020. An indirect image analysis method was proposed to analyze the long-period dynamics of SPM in deep sea. This study is organized as follows. Section 2 describes the study area and equipment. Section 3 introduces image analysis methods and defines an image signal which is the ratio between the area of the SPM imaging area and that of the total image, to characterize SPM concentration. Section 4 analyzes and discusses the cross-correlation of different signals, establishes and validates the relationship between image signal and SPM concentration, analyzes the dynamics of SPM in concentration and morphology and reveals the dynamics of SPM under the effect of hydrodynamics. Section 5 and Section 6 gives the future outlook and conclusion respectively.



2 Field observation


2.1 Study area

The South China Sea (SCS) is one of the largest and deepest marginal seas in the western Pacific Ocean (Wang et al., 2021). The northern slope of the SCS is located between the shelf-break and the deep-sea plain of the SCS, with the water depth of 300-3700 m. The sediments on the slope are mainly argillaceous calcareous silty sand and silty clay (Luan et al., 2019). The Shenhu Submarine Canyon Group (SSCG) is one of the obvious submarine landforms in the northern slope of SSC (Su et al., 2020). The SSCG is composed of 17 NW-SE oriented slope-confined submarine canyons and acts as the primary conduits for sediment delivered from the continental shelf and upper slope to deep water sedimentary basins (Su et al., 2020; Li et al., 2022). Our study area is located at the toe of one of the SSCG. As shown in Figure 1, SH2 (19.90°N, 115.27°E) is the monitoring point, the water depth of SH2 is approximately 1450 m. During the cruise, a box corer was used to collect sediment samples in the study area. After the seafloor sediments were collected, we inserted PVC tubes into the box corer to collect short cylindrical sample which was approximately 50 cm long. The physical properties of the sample were measured in the laboratory and the results are shown in Table 1. The results indicated that the surficial sediments have high water content (ω), high saturation (Sr) and large porosity (n). The mean particle size (D50) approximately equals to 0.01 mm, the sediments are fine and cohesive. In addition, X-ray diffraction experiment showed the surficial sediments are dominated by clay minerals and rich in carbon source. The hydrodynamics within the northern slope of South China Sea is characterized by strong diurnal and semidiurnal tides (Zhao, 2014). The complex topography together with the along-slope tidal currents result in the generation of internal tides (Feng et al., 2021). The water flow velocity caused by internal tides in the deep-sea continental slope can reach 0.15 m/s (Xie et al., 2018). These enhanced hydrodynamics influence water mixing near the seafloor, result in sediment and organic matter resuspension and facilitate materials along-slope transport (Liu et al., 2019; Wang et al., 2022).




Figure 1 | Geographical location (lower left inset) and the multi-beam geomorphology shadow map of the Pearl River Canyon system and adjacent area, red dot (SH2) is the monitoring point. Geographical location was mapped by Ocean Data View. The multi-beam geomorphology shadow map was modified from Ding et al. (2013).




Table 1 | Physical properties of surface sediments in the study area.





2.2 Equipment

The lander, shown in Figure 2A, is made of stainless steel. Its size is 3.5 m in length, 3.5 m in width and 2.7 m in height. An imaging system (to obtain video images), a Nortek Vector Acoustic Doppler Velocimetry (ADV) (to record acoustic backscatter signal and velocity), and a RBR turbidimeter (to collect optical backscatter signal), were mounted in the lander. The height above the seabed of the three instruments is 1.13, 0.6 and 0.82 m respectively. The imaging system consists of a digital video-camera, a LED light and an underwater battery. To reduce the size of the imaging system, a self-contained high-resolution (1080×1920) Charge Coupled Device (CCD) camera, and a Trans Flash (TF) card were used for video storage. The space that the camera can capture is approximately 0.6 m³. Illumination is provided by a small, low-power LED light. The total power of the system is about 18 W (3 W for the camera and 15 W for the LED light). Both the camera and the LED have the anti-pressure and anti-corrosion capacities.




Figure 2 | (A) Schematic illustration of the lander and instruments; (B) the field working picture.





2.3 Field work

The lander was deployed from the Dongfanghong3 survey vessel to the seabed on September 3rd in 2020. It was successfully recovered by controlling acoustic releases to discard counterweight on September 23rd in 2020. The digital video-camera’s imaging rate was 30 frames per second. The video images were taken in burst for 5 s every 3 min followed by a shutdown to conserve battery and memory. The sampling frequency of the RBR turbidimeter is 1/20 Hz and that of the ADV is 16 Hz. The details of the instrument are summarized in Table 2. Each instrument is equipped with an independent, self-contained battery power supply system, enabling long time-series recordings. The field working picture is shown in Figure 2B.


Table 2 | Details of instrument deployments at the study area.






3 Analysis procedure for the digital video images

In order to effectively extract the image signal of the SPM concentration, a fully-automated image processing program was developed to process the deep-sea SPM video images. The video images were processed with the following four steps: (1) converting color images to grayscale images, (2) removing background, (3) converting grayscale images to binary images, (4) defining the image signal of the SPM concentration based on the processed images. The digital video image processing process is shown in Figure 3, and the specific implementation of each step is described in the following subsections.




Figure 3 | Digital video image processing process. (A) The original image (video framing); (B) grayscale image; (C) frame differential image, (D) binary image.




3.1 Grayscale processing

Each image after video framing was a RGB image which was stored in a 3D matrix with a dimension of “1080×1920×3” (Figure 3A). “1080×1920” denotes the total pixel number of the image and “3” denotes three channels of each pixel in red, green and blue. The first operation was to convert RGB images to grayscale images (Figure 3B). The grayscale image consists of a single channel that represents the intensity and brightness of the image (Saravanan, 2010). Converting RGB images to grayscale images will increase the data processing efficiency. Meanwhile, the precision of the results will not be affected. The function for converting RGB image to grayscale image is as follows (Bala and Braun, 2003),



Where Gray(i,j) is the grayscale value at the point (i,j). R(i,j)、G(i,j)、B(i,j) are the values of R, G, B components at point (i,j) in an image, respectively.



3.2 Background removing

Background removing was to distinguish the SPM information more easily. However, we found that the SPM blended into the seabed background by analyzing Figure 3B. The color feature (brightness, chroma, saturation, etc.) and texture feature of SPM were not clear enough. Hence, it is difficult to remove the background from single frame image using common algorithms, such as the image enhancement algorithm and the top-hat transform (Bai et al., 2012). In this paper, based on the moving object detection algorithm of image sequence, we successfully applied the frame difference method to remove the background (Zhao and Wang, 2007) (Figure 3C). The principle of frame difference method is as follows:



Where Ik-1(i,j) and Ik(i,j) is the k-1 and k-frame images respectively, Dk(i,j) is the difference image.



3.3 Binary processing

The images after removing the background should be converted to binary (black and white) images to extract SPM information. The process needs to define a threshold value. If pixel intensity was higher than the threshold value, they will be converted to white pixel (symbol 1) and the remaining was set to black (symbol 0). As a consequence, a binary image was a logical array with zero (black) and one (white). Setting a suitable threshold value for a large set of images was crucial to the accuracy of the processing results. Numerous automatic methods were developed to find the optimal value of the threshold. For example, Pun (1981) derived the maximum entropy method, which extracted an anisotropy coefficient from the gray-level histogram of an image. This method was closely related to its geometrical shape. Otsu (1979) provided an optimal threshold which was selected by a discriminant criterion to maximize the separability of the resultant classes in gray levels. The comparison of several threshold algorithms for images at different times is shown in Figure 4. The trail results indicated that the SPM information in the binary images segmented by maximum entropy method is generally low, whereas Otsu method is unstable. None of the automated thresholding methods were generally robust enough. In order to obtain comparable results, by trial and error, the images in this study were binarized using a constant threshold value (T=2.5), and the trail result was well.




Figure 4 | Comparison of threshold algorithms for images at different times.





3.4 Image signal definition

The imaging area of white spots are the main signals of the SPM concentration (e. g. the spots in Figure 3D). In this paper, the image signal of the SPM concentration is a ratio between the imaging area of white spots and the total area of each image, as shown in equation (3):



where Ci is the image signal. SSPM is the imaging area of white spots, Sall is the total imaging area.




4 Results and discussion


4.1 Correlation between image and optical/acoustic backscatter signal

In the last decade much work has been done to measure SPM concentration by optical/acoustic backscatter (Fugate and Friedrichs, 2002; Downing, 2006; Sahin et al., 2019). Commonly, the relationship between optical backscatter signal and SPM concentration was almost linear (Haalboom et al., 2021), and the acoustic backscatter signal was logarithmically proportional to the SPM concentration (Rouhnia et al., 2014; Öztürk, 2017; Sahin et al., 2017). In this section, we compared the image signal with the optical/acoustic backscattering signal. The time-series of image signal, optical and acoustic backscatter is shown in Figures 5A–C, respectively. We normalized the time-series of the three signals in order to compare them more intuitively in Figure 5D. The results showed that they had a similar change trend. What’s more, it’s worth noting that the optical backscatter signal has obviously different change trend from acoustic backscatter and image signal on September 5th at16:26-September 6rd at 00:53, which is called mismatch period (the pale pink rectangle in Figure 5). In the mismatch period, the optical backscatter signal increased by about 15 times larger than the background value, while the acoustic backscatter and image signal didn’t change significantly.




Figure 5 | Near-bottom (about 1 m) time-series (September 3rd at 00:00-September 6rd at 17:05) at 1450 m water depth. (A) image signal recorded by digital video-camera, (B) acoustic backscatter signal recorded by ADV, (C) optical backscatter signal recorded by RBR turbidity, (D) normalized time-series. In panels (B, C), the grey lines represent the actual data, whereas the black lines represent the 3 min averaged values.



In order to quantitatively compare the image signal and optical/backscatter signal, we used normalized cross-correlation algorithm to evaluate the correlation of the three signals in the whole time-series (September 3rd at 00:00-September 6rd at 17:05) and the partial time-series except the mismatch period respectively. The normalized cross-correlation coefficients were calculated using the crosscorr function in Matlab using the equation 4 and equation 5,





where x and y are the variables of the time-series to be compared (i.e., pair-wise comparison of either image signal, optical backscatter signal, or acoustic backscatter signal), t is time, x-bar and y-bar are the means of the x and y series, respectively, Sx and Sy are the standard deviations of x and y, respectively, k is the time lag, n is the sample size, Cx,y is the cross-covariance coefficient, and rx,y is the cross-correlation coefficient. The results are shown in Figure 6, when offset equaled to 0, the normalized cross-correlation was maximum and closed to 1, which meant that the image signal, optical and acoustic backscatter signal were highly correlated.




Figure 6 | Normalized cross-correlation lag-time plots. (A) Image signal vs Optical backscatter signal (B) Image signal vs Acoustic backscatter signal (C) Optical backscatter signal vs Acoustic backscatter signal. On the vertical axis, values close to one indicate a higher correlation. The horizontal axis refers to the lag time between the two timeseries, negative denotes the delay between the first and second signals. The blue curve is cross-correlation analysis of the whole time-series (September 3rd at 00:00-September 6rd at 17:05), while the green curve is cross-correlation analysis of the partial time-series (except September 5rd at 16:26-September 6rd at 00:53).



However, as shown in Figures 6A, C, the correlation of the partial time-series (the green curve) was higher than the whole time-series (the blue curve). Comparing the video images during the mismatch period with the other period, we found that there was no large amount of SPM in the video images during the mismatch period. The sudden increase in optical backscatter during the mismatch period may be induced by the following three reasons: (1) in the mismatch period the majority of suspended particles were fine particles. The RBR turbidimeter was most sensitive to fine particles (Downing, 2006; Haalboom et al., 2021; Sabine et al., 2022). While these fine particles can’t contribute significantly to SPM weight (D'sa et al., 2007; Sabine et al., 2022). (2) the RBR turbidimeter only measured the signal of a single point, which may not be a representative of SPM concentration in whole study volume (Rai and Kumar, 2015); (3) biofouling or other type of fouling resulted in a temporary increase of the optical backscatter signal (Delauney et al., 2009; Fettweis et al., 2019). The above analysis showed that the optical backscatter signal can’t accurately reflect the SPM concentration during the mismatch period. Therefore, sometimes converting the optical backscatter into SPM concentration by an inversion formula will result in an overestimation of SPM concentration.



4.2 Relationship between image signal and SPM concentration

It is difficult to obtain discrete water samples at 1 m above the seabed. Thus, before recovering the lander, we collected seawater at different water depths (50, 100, 150, 200, 300, 400, 500, 600, 800, 1000, 1282, 1332 and 1372 m) by a deploying a SeaBird 911 CTD-Rosette system, and obtained the corresponding optical backscatter signal recorded by the RBR turbidimeter mounted on the CTD at the same time. We calculated the SPM concentration through gravimetric measurements of filtered and dried water samples, and then established the relationship between the optical backscatter signal and the SPM concentration (mg/L). The result is shown in equation (6),



Where Y is the SPM concentration, X is the optical backscatter signal.

The equation was used in this study to calculate the SPM concentration during September 3rd at 00:00-September 6rd at 17:05. Based on the discussion in Section 4.1, the SPM concentration quantified by optical backscatter signal was overestimated during the mismatch period. Hence, we use the partial time-series to establish the relationship between image signal and the SPM concentration. We conducted linear regression analysis on these time-series. The image signal and the SPM concentration were taken as the independent and dependent variable respectively (Figure 7). The results showed that they had a strong linear relationship. The correlation coefficient R2 was equal to 0.72. And a linear regression model was obtained: y=55.49 x +0.68.




Figure 7 | The relationship of image signal versus the SPM concentration.



K-fold cross-validation algorithm was used to evaluate the performance of the linear regression model (Le et al., 2022). Two evaluation indexes, including root-mean-square error (RMSE) and relative error (RE), were used to measure the deviations of the results (Wang et al., 2012; Ciancia et al., 2020; Kwong et al., 2022), which are described by equation (7) and (8).





where xi,r is the modeled value of the ith element, xm,r is the SPM concentration of the ith element, and n is the number of test data set.

In order to realize the k-fold cross-validation algorithm, we shuffled the sets of “image signal-SPM concentration” data randomly and divided the dataset into 5 groups. For each group, we took this group as a test data set and the remaining groups as a training data set. We fitted the model on the training set and evaluated it on the test set. The performance of the linear regression model was evaluated with the index RESE and RE and the results were summarized in Table 3. The results showed that the RMSE was small and the RE was within ±25%, which indicated high confidence in the model-predicted values. That is to say, the performance of the model was well.


Table 3 | Values of RMSE and RE.





4.3 The dynamics of SPM concentration based on image signal in deep sea

We applied the established linear regression model to whole time-series of image signal to calculate the SPM concentration. The current regime presented in Figures 8A, B showed diurnal and semidiurnal variation in current speed and direction. The current velocity ranged from 0.015 to 0.27 m/s. Figure 8C showed that the background concentration of SPM at the observation station was 1 mg/L. The SPM concentration reached the peak value when current velocity equaled to or exceeded 0.15 m/s. Significant increase in SPM concentration, occurred on September 3rd at 07:26-15:02, September 3rd at 18:01-September 4rd at 05:07, and September 6rd at 11:48-17:05, which were labelled by buff rectangle I, II, III respectively in Figure 8. Particularly, for the period I, the SPM concentration was 1.08 mg/L on September 3rd at 8:00. Then it gradually increased to the maximum (6.62 mg/L) on September 3rd at 11:48. At this time, the current velocity reached to the maximum (0.27 m/s). Subsequently, the SPM concentration gradually decreased to the minimum (0.98 mg/L) on September 3rd at 16:13. Within this more than 8 h interval the SPM concentration increased by 6-7 times larger than the background value (the SPM concentration is 1 mg/L). The SPM concentration variation was coincided with current velocity variation. For the period II, III, the SPM concentration increased by 2 times larger than the background value. The SPM concentration reached to the maximum when the current exceeded 0.15 m/s.




Figure 8 | Near-bottom (about 1 m) time series on September 3rd at 00:00- September 6rd at 17:05 (A) current vector; (B) current speed (the gray dashed line indicates the threshold current when sediments resuspension occurred) (Thomsen and Gust, 2000; Xie et al., 2018) (C) SPM concentration quantified by image signal.



Combined with the physical properties and composition of the surficial sediment in the study area (described in Section 2.1), we inferred that the current speed is not strong enough to resuspend fine and cohesive sediments during the period of observation, but resuspend the fluffy organic-mineral aggregates which were on top of these more cohesive sediments. This conclusion is consistent with the results that Thomsen and Gust (2000) and Thomsen et al. (2002) developed by doing resuspension experiments with natural deep-sea sediments.



4.4 The dynamics of SPM morphology based on images in deep sea

We can directly observe the morphology of the SPM with digital video images. The observation results indicated that the SPM was mainly large aggregates in images. We manually classified them into three distinct morphological groups according the shape and size of SPM (Figure 9). In the first group, the shape of SPM was ellipse and the size was large (Figure 9A), such SPM mainly existed during September 3rd at 07:26-15:02 (labelled by buff rectangle I in Figure 8). In the second group, the shape of SPM was circular and the size was moderate (Figure 9B), such SPM existed during September 3rd at 18:01-September 4rd at 05:07 (labelled by buff rectangle II in Figure 8), and September 6rd at 11:48-17:05 (labelled by buff rectangle III in Figure 8). At other time, the SPM was dot-shaped and the size was small (Figure 9C), we named them the third group. Trudnowska et al. (2021) classified marine particles into five morphotypes by analyzing the properties of individual particles based on images taken by Underwater Vision Profiler, including circular, elongated, flake-type, fluffy, agglomerated forms of multielement structure. However, in this study, because our imaging system provided a relatively large field of view measuring and can’t supply the depth information of each particle, we can’t make precise classification based on individual particles. Hence, the way we analyze the SPM morphology is based on SPM relative changes in 2D images with time. Such discussion may be inaccurate, whereas the aim of this study is not to classify the morphology of particle perfectly but to better understand the dynamics of SPM combined with hydrodynamic information.




Figure 9 | The typical images about three morphological groups of the SPM. (A) the first group, the shape of SPM was ellipse and the size was large, (B) the second group, the shape of SPM was circular and the size was moderate, (C) the third group, the SPM was dot-shaped and the size was small.



Haalboom et al. (2021) speculated the type of SPM under different hydrodynamic conditions according to comparing the time-series of optical backscatter signal (recorded by turbidimeter) and acoustic backscatter signal (recorded by 75 k ADCP) in Whittard Canyon at a water depth of 1400 m. They found that when the current speed increased (especially when the current speed increased to 0.4 m/s), the optical backscatter signal increased, whereas the acoustic backscatter decreased. Based on this finding, they inferred that high current velocity would cause larger aggregates break into dispersed smaller particles, whereas moderate current velocity made fine particles aggregate into larger aggregates. However, in their study, the optical and acoustic backscatter signals were recorded at different heights of, 5 and 45 m above the seabed, respectively. And they have no direct observational evidence (like underwater video images) to verify the conclusion. Different from their study, our digital video images gave us more direct and intuitive evidence to analyze the dynamics of SPM morphology. Our finding was different from theirs. Combined with the hydrodynamic conditions (Figure 8B), we found that high current velocity always correspond to large size of SPM. Particularly, when the current velocity equaled to or exceeded 0.15 m/s, the SPM had the largest size (Figure 9A). Whereas with the decrease of current velocity, the size of SPM was also gradually decreased. Hence, we thought the current speed in our monitoring point was not strong enough to break the large size SPM, and the low current speed made the large size SPM settle down.




5 Future outlook

The digital video camera captures a relatively large field of view, and provides a measuring volume of 0.6 m3. In such configuration, it is meaningless to define a lower limit of particle size the camera can detect. Despite this, we can roughly estimate the pixel size was 0.35 mm according to the marker of known actual size in the image, and the camera was expected to quantitatively capture particles with ESD (Equivalent Sphere Diameter) >0.7 mm. As a matter of fact, for these particles the camera can’t captured, the images as a whole still contain their information in a way of color, texture and so on. Therefore, for the measurement of SPM concentration, the method of this study is to excavate an image signal of SPM concentration by artificially designed image processing algorithms. And the results (discussed in Section 4.1) indicated that the method can effectively work in low SPM concentration in deep-sea environment. The RBR turbidimeter measures optical backscatter signal of particles suspended with particle size >0.88 μm in the water column (Mao et al., 2012). The output voltage is calibrated to turbidity in FTU. The relationship of turbidity and SPM concentration is linear in the range of 0-750 FTU, but it becomes nonlinear for turbidity higher than 750 FTU due to grain shielding effect (Downing, 2006; Mao et al., 2012). In our study, the turbidity values lower than 4 FTU, that is to say, the RBR turbidimeter can work effectively in low SPM concentration deep-sea environment. The acoustic backscatter response of ADV to different particle size is dependent on the operating frequency of the ADV (Ha et al., 2009). The most sensitive diameter of the 6 MHz ADV in this study we used is 80 μm according to scattering theory (Thorne and Hanes, 2002). From laboratory experiments, Li et al. (2019) has shown that 6 MHz ADV works in the range of 0-1000 mg/L.

In general, in the last decades, the optical and acoustic instruments have been widely applied and in deep-sea environment, and this is the reason why we compare the image signal with optical/acoustic backscatter signal. Yet optical and acoustic approach all have their own drawbacks like the analysis and discussion in Section 4.2. And in this study, the image analysis method has obvious advantages, such as it is more intuitive and contains more information which enables a more multidimensional interpretation of the dynamic changes in SPM. Whether the method can work effectively in higher SPM concentration environments remains to be further explored in the future work. In addition, in other scenes such single signal may cannot reflect all the information in the image, whereas the missing information is likely to be related to the SPM concentration. In the future, the use of convolutional neural networks, data-driven learning, and automatic computer extraction of multidimensional image information may further extend the range of work on image-based measurement of SPM concentration.



6 Conclusion

In this study, we conducted an in-situ long-period monitoring of SPM concentration and morphology at a water depth of 1450 m on the northern slope of the South China Sea with digital video images. The results are summarized as follows:

(1) We developed a novel method to process the deep-sea digital video images. In this method, we defined an image signal of SPM concentration. By doing cross-correlation analysis among image, optical and acoustic signals, we made a conclusion that in some period the optical backscatter signal can’t accurately reflect the SPM concentration, whereas image signal can overcome this shortcoming.

(2) We calculated the SPM concentration derived from image signal, and manually classified SPM into three distinct morphological groups. Combined with the hydrodynamics, long-period monitoring results revealed that the increase in SPM concentration and size coincided with distinct peak in current velocity, and the decrease in SPM concentration and size corresponded to the decrease in current velocity. Our direct observational evidence helps to make a conclusion that enhanced hydrodynamics resuspend the organic/inorganic matter on the deep-sea seabed, or transport the material from the continental slope to deep sea. Whereas, reduced hydrodynamics make the material settle down.
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