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Abstract

:

A cross-sectional area (CSA) is a key element in the optical properties of suspended particles. The seasonal evolution of CSA has great potential for use in mapping total suspended particles, and such mapping plays an important role in water quality monitoring. In this study, the spatiotemporal variations in CSA in the Bohai Sea and the Yellow Sea were studied using temperature, salinity and chlorophyll-a data collected by four cruises. The CSA field data covered a wide range of spatiotemporal variabilities in the Bohai Sea and the Yellow Sea. The results revealed that the largest CSA (>2 m−1) was found in the coastal area, while the CSA (≤1 m−1) on the outer shelf was much smaller. Large values of CSA (>15 m−1) were observed in winter, whereas the smallest values of CSA (0~2 m−1) were observed in summer. These results suggest that vertical mixing and ocean stratification might be important physical mechanisms that influences the CSA seasonal distribution in the surface layer. The results also showed that phytoplankton played an important role in the CSA, with an R2 value of 0.601. The seasonal patterns of CSA documented in this study provide a fundamental theory for research on optical properties, mapping transparency, and photosynthetically active radiation.
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1. Introduction


Suspended particles are one of the important components in coastal and oceanic water, and play an important role in the processes of biology, physics, and chemistry [1]. More specifically, the depth of light penetration is dependent on suspended particles due to the attenuation caused by absorption and scattering; thus, the penetration of light into the surface ocean is of great importance for productivity [2]. Meanwhile, the suspended particles in the surface layer are of extreme importance to solar radiation reaching the sea surface; hence, solar irradiance affects the sea surface temperature by controlling the energy budget in the surface ocean and further influences the depth of mixed layer and ocean stratification [3]. In addition, the backscattered light from suspended particles is an integral foundation of ocean color in monitoring suspended particles, water transparency, and turbidity [4,5,6]. Therefore, understanding the properties of suspended particles related to light absorption and scattering is essential for deepening the knowledge of water radiative transfer, aquatic photosynthesis processes, and ocean color algorithms.



Theoretically, the chance of a photon interacting with a suspended particle depends on the cross-sectional area (CSA) of the particle [7]. According to the Mie theory and the spherical hypothesis, for particles larger than a few wavelengths of light, the scattering and absorption coefficients become approximately proportional to the diameter of the particle [8]. Taking the backscattering coefficient bbp(λ) as an example, based on the assumption of a sphere for the particle, the relationship between bbp(λ) and diameter is expressed as follows [9,10]:


bbp=Qbbe(λ)·πD2/4=Qbbe(λ)·CSA(λ)



(1)




where Qbbe(λ) and CSA(λ) denote the backscattering efficiency and the cross-section area of the particle, respectively. Equation (1) shows that the CSA has a direct influence on the backscattering coefficient (bbp), and this can also be analogized and applied to other optical properties, such as absorption, scattering, and light extinction coefficient, which is consistent with other laboratory and field studies [7,11,12]. Understanding the variability of the inherent optical properties is of great importance for the aquatic environment and remote-sensing applications [10]. Taking bbp as an example, bbp strongly influences the remote-sensing retrieval accuracy of total suspended matters (TSM) and chlorophyll-a concentration (Chl-a) [13]. Therefore, as previous studies have reported, the CSA possesses great importance to the research of optical properties [7,14,15].



In recent decades, measuring the CSA of suspended matter in situ has become much easier through floc cameras and laser diffraction [9,16,17]. The distribution of particle volume concentration (VC) with size can be derived based on the Mie theory and the near-forward scattering measured by the LISST [16]. Supposing that the suspended particles are spherical and have material homogeneity, the CSA can be calculated based on the particle volume. Recently, there has been mounting evidence on the impact of CSA on optical properties [7,9,11,12,14,15]. Based on a series of complex experiments in the laboratory, Hatcher clarified that with the suspended flocs maturing, bbp at six optical wavelengths (442, 470, 510, 589, 620, 671 nm) were a function of CSA [12]. Mikkelsen et al. analyzed the relationship among CSA, VC, TSM, and the beam attenuation coefficient by using linear regression analysis, and found that the beam attenuation coefficient is directly affected by CSA [11]. Flory illustrated that a flocculation event may change the particle size distribution and further had an impact on the optical properties of the water column [9]. Tighter linear relationships among CSA, bbp, and the beam attenuation coefficient were found in the Bohai Sea and Yellow Sea [14]. Bowers found mounting evidence that remote sensing reflectance (Rrs(λ)) at the sea surface is more closely related to the CSA of suspended particles than to their mass [7]. Based on the close relationship between Rrs(λ) and CSA, Wang developed a remote sensing algorithm for CSA using the Rrs(λ) at 490 and 555 nm based on the Geostationary Ocean Color Imager (GOCI), with values of R2, the root mean squared error (RMSE), and the mean absolute percentage error (MAPE) at 0.700, 2.126 m−1, and 40.7%, respectively [15]. Though the estimation of CSA is important, limited studies on the spatiotemporal distributions are available.



In view of the complexity and variability in the optical properties in the coastal ocean, the composition and concentration of particles may vary greatly, which will have an influence on the CSA [9,12]. The distribution and changes of CSA are beneficial for deepening the knowledge of research on the properties of suspended particle and ocean color. Hence, the aim of this study is to explore the CSA distribution and its impact mechanisms in the coastal ocean. The Bohai Sea and the Yellow Sea are typical shallow, semi-enclosed seas [18]. The warm and cold water masses in the Bohai Sea and Yellow Sea contain seasonal changes [19] that will have an effect on stratification in the ocean and lead to particle resuspension [20]. Additionally, the Yellow River and the Yangtze River have the second and the fourth largest sediment loads in the world, respectively, and transport approximately 1.08 × 109 t and 4.78 × 108 t sediment to their adjacent seas annually, respectively [20]. At the same time, as the semi-enclosed inland sea in China, the self-purification abilities in the Bohai and the Yellow Sea are very limited. In general, the Bohai and the Yellow Sea are home to dynamic and complex physical and biogeochemical oceanography through the influence of the river discharge and upwelling, as well as sediment resuspension. The relationship between the optical properties and CSA in the Bohai and the Yellow Seas has been studied [15], but there is no research on the controlling factors of the temporal and spatial distributions in CSA.



Therefore, this study uses spring, summer, autumn, and winter observational data to explore the seasonal variability in the CSA distribution in the Bohai Sea and the Yellow Sea. Our aim is to give a more thorough picture of the seasonal CSA variation and to better understand the influence mechanisms underlying the CSA distribution in the Bohai Sea and the Yellow Sea using the observed salinity, temperature, wind, and chlorophyll data. Additionally, the study of the distribution of CSA can make the analysis of the suspended particles more robust and establish a theoretical foundation for studying the optical properties in coastal oceans.




2. Materials and Methods


2.1. Study Area


Four interdisciplinary oceanographic research cruises were used to collect data in the Bohai Sea and the Yellow Sea in November 2013, May 2014, and June and December 2016 (Figure 1), which separately represented the information in all four seasons. Each cruise took 16–20 days, and there were no episodic weather processes (for instance, typhoons and storm tides) during the cruises. The Bohai Sea and the Yellow Sea are typically shallow, semi-enclosed seas with case 2 waters [21]. The Bohai Sea is the largest inner sea of China (117°30’–121°E, 37–41°N), and it is a shallow sea with a total area of 77,000 km2 and an average depth of 18 m [22]. It can be divided into four parts with typical features: the Liaodong Bay (LDB), the Bohai Bay (BB), the Laizhou Bay (LB), and the Central Bohai Sea (CB) [22]. The Yellow Sea covers an area of approximately 380,000 km2 with average and maximum depths of approximately 44 and 140 m, respectively [18]. In recent decades, due to the rapid development of agriculture and industry, abundant nutrients and sediments were exported to the Bohai and Yellow Sea [23], and together with the accumulative effects of winds, currents, and the resuspension of particles caused by vertical mixing, led to a low transparency and complicated optical properties for the water column [24].




2.2. In Situ Data Measurements


The CSA concentration values were calculated from the field measurements of the volume scattering function via a LISST-100X Type-C particle size analyzer. The background scattering measurement of LISST is critical to optimal instrument performance and for checking the overall health of the instrument. Hence, to examine the stability of this instrument, the LISST was calibrated with Milli-Q ultrapure water before each cruise survey [18]. If there was a problem with the instrument or if the water or windows were not clean, error messages would be displayed. At each station, the LISST instrument was put into the water, and then, pulled close to the surface after 3–5 minutes and deployed downward again until the sea bottom was reached. To prevent perturbations affecting the water column, only downcast measurements were valid for data analysis [15]. The LISST instrument had 32 size ranges logarithmically distributed across a continuous size spectrum from 2.5 to 500 μm [7,25,26]. The upper size of each bin was 1.18 times larger than the lower bin, and the width of the size classes varied from 0.45 to 76 μm [19]. Scattered light in the near forward-scattering angles was measured on detector rings, and the inversion model was established based on the Mie theory to calculate the particle volume concentration in the 32 size bins [17]. According to the measured volume concentration of suspended particles, the cross-sectional area concentration values were estimated effectively. With the hypothesis that particles are a standard sphere, the cross-sectional area concentration can be obtained as follows [7,15]:


CSAi=32DiVCi



(2)




where CSAi, Di, and VCi denote the cross-sectional area concentration, mean diameter, and volume concentration of the particles in size bin i, respectively. As noted by previous studies [27,28,29], the measurement of LISST usually shows significant instability in the minimum and maximum size range, which may be caused by the existence of suspended particles smaller than or larger than the size used. Therefore, we excluded the minimum and maximum size data from our analysis. Then, we summed all the cross-sectional area concentration whose sizes binned from 2 to 31 and obtained the total cross-section area concentration:


CSA=∑i=231CSAi



(3)




where i ranges from 2 to 31 with corresponding values of 3.2 µm ≤ Di ≤ 390 µm.



At each station, a Conductivity–Temperature–Depth (CTD) system was put into the water during the summer and winter cruises. When the CTD was deployed vertically from the sea surface to the bottom during the cruises, a minimum distance (approximately 3–5 m) between the CTD and the seafloor was maintained to protect the instrument. Therefore, only temperature and salinity near the bottom were measured by the CTD.



Each water sample (1000–4000 ml determined by water turbidity) was filtered with a 47 mm Whatman GF/F filter. The filters were dried at a constant temperature of 105 °C for 3 h to obtain TSM with an accuracy of 0.01 mg. Then, the filters were pre-combusted at a constant temperature of 450 °C for 5 h to remove organic matter and obtain the inorganic suspended matter (ISM) with an accuracy of 0.01 mg. The organic suspended matter (OSM) is obtained by subtracting ISM from TSM.



Water samples were collected (100 ml), then filtered onto 25 mm filters (GF/F, Whatman) under a low suction pressure (<0.1 kPa). The filters were immediately frozen in liquid nitrogen for subsequent laboratory analysis. The Chl-a pigments were extracted from the filters by N, N-dimethylformamide, and the Chl-a concentrations were determined fluorometrically using the Turner Design (Trilogy) fluorometer.



Statistical analysis was performed with MATLAB software (MathWorks Inc., Natick, MA, USA). In this study, a standard statistical measure known as the coefficient of determination (R2) was used to gauge the relationship between the CSA and Chl-a [15].





3. Results


3.1. Hydrography


Based on the CTD data measured during the summer and winter cruises, the hydrological characteristics of the Bohai and the Yellow Sea were analyzed (Figure 2 and Figure 3). The ocean stratification and vertical mixing were suitable proxies for characterizing the water column [9,30]. According to the definition of the mixed layer depth (MLD) and the thermocline, in this paper, the difference values of temperature, salinity, and density between the surface and bottom were used to indicate the strength of vertical turbulence mixing. More specifically, the smaller temperature difference between the surface and bottom indicated a weaker stratification stability, which was opposite to the salinity. The greater top-to-bottom salinity difference corresponded to strong vertical mixing [31]. The spatial distributions of the differences between the surface and bottom hydrological features (the difference between the surface and bottom) are shown in Figure 2. In summer, the minimum temperature difference was mostly located in the Bohai Sea (Figure 2a), especially the Yellow River Estuary, which means that the stratification was weak. Near the Shangdong Peninsula and Subei Shoal, there were slightly larger value zones, as the water column was mixed thoroughly by the shallow water. The difference (∆T > 6 °C) was large in the outer sea, thus implying that the stratification was stable. The salinity and density difference distribution were similar to the temperature difference distribution in summer, which indicated that the water column near the coastal was mixed more uniformly. There was a striking difference between summer and winter. Figure 2d shows that the temperature difference was small on the whole, and had a maximum (∆T < 0.5 °C) in the center of the Yellow Sea; this meant that the winter ocean stratification was weaker than the summer in its entirety and the water column was mixed uniformly, especially near the shore. The salinity and density distributions also proved this point.



The distributions of temperature and salinity on transects A, B, and C in summer and winter (Figure 3) were used to study the effects of temperature and salinity on the CSA vertical distribution in the Bohai and Yellow Sea. In summer, the vertical temperature difference of the three transects was obvious, and the sharp change of the temperature contour line at approximately 15–20 m implied the existence of thermocline (Figure 3a,e,i). In transect C, the water column was mixed more uniformly in shallow water, and the depth of the mixed layer reached up to 20 m (Figure 3i). The vertical salinity distribution was similar to the temperature, which had an obvious stratification (Figure 3b,f,j). When the water column was stratified (the thermocline was formed), the vertical mixing near the surface was stronger, and the vertical mixing in the subsurface was weak. A striking difference between the vertical distribution of temperature and salinity in winter and summer was observed. In winter, the vertical temperature (Figure 3c,g,k) and salinity (Figure 3d,h,l) were uniform from the sea surface to the bottom, which indicated the water column was mixed thoroughly.



Since the CTD data in spring and autumn were not available, the hydrological features of the spring and autumn season are not displayed in this section. Previous studies argued that the vertical mixing degrees in spring and autumn were between those in summer and winter [32,33]. In more detail, as the sea surface temperature increases, the thermocline starts to form so that the mixed layer raises rapidly and the mixed layer depth becomes shallower in spring [32,33]. Conversely, as the sea surface temperature in autumn gradually decreases, the thermocline is broken down and the stratification stability becomes weaker so that the depth of the mixed layer continues deepening until reaching the maximum in winter. Therefore, the mixed layer depth in autumn is second to that in winter.



In short, strong vertical mixing is found in autumn and winter. The thermocline starts to form in spring and the vertical convection gradually diminishes. Since the stratification in summer is strongest among the four seasons, so then the vertical mixing is weakest [32,33].




3.2. Horizontal Distribution of CSA


The spatiotemporal CSA distributions in the surface layer of the Yellow Sea and the Bohai Sea observed during each cruise are displayed in Figure 4. Overall, the CSA of the four seasons nearshore was higher than offshore. The highest CSA was located in the Subei Shoal and was extended to the southeast part of the Yellow Sea. Meanwhile, the CSA distribution showed seasonal differences, and the seasonal variations in different regions were also different. For example, the most obvious seasonal variations were found offshore. The surface patterns of CSA showed that the offshore CSA in winter was largest, and its maximum value reached up to 1 m−1. The CSA in spring was second and the maximum zone was located at the center of the South Yellow Sea, and the CSA in summer near offshore was the smallest, at only approximately 0.5 m−1. Moreover, compared with the CSA offshore, the surface variation in CSA in the coastal areas was smaller, and the CSA in winter was larger, while the CSA in summer was the smallest. In spring, the large CSA value was located at Subei Shoal. During summer, the CSA nearshore was low, at only approximately 1.5 m−1. In autumn, the CSA was much larger than that in summer, and the CSA in the Bohai Sea increased obviously, especially near the Yellow River estuary areas. The CSA in winter was larger than other seasons in general, and the largest CSA (≥15 m−1) was located in the Subei Shoal and Yellow River estuary areas. Compared with the other three seasons, the CSA near the southwest part of the Korean peninsula also increased during winter.



Based the CTD depth deployed from the sea surface to the seafloor, we selected the middle and bottom layer. The spatiotemporal distributions of CSA in the middle and bottom layer in the Bohai and the Yellow Seas are shown in Figure 5 and Figure 6, respectively. The CSA in the middle distribution was similar to that on the surface. The nearshore CSA was larger than that of the offshore. As shown in Figure 5, there were also obvious seasonal variations in the CSA distribution in the middle layer. The CSA in winter and autumn were larger, and the CSA in summer was smallest. The CSA in spring was slightly larger than that in the summer. Overall, the values of CSA in the middle layer were larger than the CSA on the surface.



Compared with the surface and middle distribution of CSA, the CSA on the bottom increased evidently and was largest (Figure 6). Meanwhile, the seasonal variability of CSA on the bottom layer was the same as the surface and middle layers, in which the maximum CSA value was in winter and the CSA in summer was smallest.




3.3. The Vertical Profiles of CSA


To thoroughly investigate the relationship between CSA distribution and the change in water depth, we selected three transects during the four cruises based on the specificity of geographical location and the number of stations in each transect (Figure 1). Figure 7a–d illustrates the CSA vertical distribution in transect A (0–220 km) during spring, summer, autumn, and winter. Transect A (Figure 1) was located in the Bohai Sea, at the left side of the Yellow River Estuary and on the right side of Liaodong Bay. In general, the CSA values on both sides of the section were relatively large, and compared with the right side, the CSA near the Yellow River estuary was larger. With the increase of the distance from the shore, the CSA gradually decreased. However, the values of CSA increased with the depth which corresponded with the CSA distribution in the surface, middle, and bottom layers, except for the CSA near the coast in summer. Additionally, the vertical distribution of CSA had the same seasonal distribution with the horizontal distribution, which was that the CSA in summer was smallest and the CSA in winter was largest. Compared with the other seasons, the CSA in winter, especially near the Yellow River estuary, was obviously largest, with a maximum value of 28 m−1. In transect B (0–200 km), the CSA in the bottom (Figure 7e–h) was greater than on the surface. However, the CSA values in spring and summer were an exception. In spring, the CSA in the surface (Figure 7e) in the middle of the transect was slightly larger than the CSA in the subsurface layer. The CSA in summer (Figure 7f) showed a strong stratification and the maximum CSA was found in the subsurface. Transect C (0–300 km) (Figure 1) is a section of the Southern Yellow Sea, located near 34°N. Although the CSA value in winter was largest, the trend of the CSA vertical distributions in spring, autumn, and winter were roughly approximate, while the CSA vertical distribution was uniform. The nearshore CSA was much greater than the offshore. The maximum zone of CSA was around the Subei Shoal and gradually extended offshore. In comparison with the other seasons, the CSA in summer showed a greater difference. In summer, the CSA in section C bore a resemblance to section B, which had a CSA stratification in the subsurface and the CSA maximum was found in the subsurface and bottom layer.





4. Discussion


4.1. Patterns of CSA Variation in the Bohai and Yellow Sea


Previous studies have commonly investigated the importance of CSA on optical properties [7,9,11,12,14,15]. In order to deepen the knowledge of the influences of CSA variations on suspended particles and ocean color in coastal oceans, the spatiotemporal distributions of CSA and their influencing factors must be explored. The results (Figure 4, Figure 5 and Figure 6) for the seasonal patterns of CSA in the Bohai and the Yellow Sea revealed that the CSA varied on both spatiotemporal scales. The CSA is shown to be dependent on TSM, VC, the particle size spectrum, and the mean effective density of suspended particles [11]. The particles can be divided into OSM and ISM, as presented in Figure 8. Therefore, to some extent, the CSA will increase and vary as a function of increasing the OSM and ISM, and the influences of composition of suspended particles on CSA will be discussed. A previous study argued that hydrodynamic forcing agents, such as the vertical turbulence mixing, tidal current, and subtidal current, will bring the sediment resuspension and transportation [20], which may play a significant role in determining the CSA distribution.



The thermocline forms the layer that acts as a barrier to vertical mixing and then restricts sediment movement; the thermocline begins to form in spring and becomes strongest in summer [32,33]. At the same time, the summer wind speed was too weak to stir the water column [20] (Figure 9b), thus the vertical mixing was weakest in the four seasons (Figure 2a,b; Figure 3a,b,e,f,i,j). Due to the form of the thermocline and weak vertical mixing (Figure 3a,b,e,f,i,j), the seabed suspended matter could not be easily transported to the sea surface so that the CSA in the surface was smallest (Figure 4b). In the coastal ocean, given the shallow water, the water column was susceptible to perturbations induced by the wind. The stability of the stratification was weaker compared with offshore. Consequently, the maximum CSA in the surface layer was found in the near shore areas.



In winter, the stratification broke down and the vertical mixing became strongest due to the strong northerly monsoon wind and surface cooling. The curl of wind stress associated with the wind waves stirred the seabed sediment into the water column and brings about the particle suspension [20,34,35]. Furthermore, the sea surface temperature was lowest so that the surface cooling strengthened the vertical mixing [36,37]. Therefore, the water column was highly mixed leading to the sediment being transported to the surface, which caused the largest CSA in the surface layer (Figure 4d).



In spring, with the increase of heat input on the sea surface, the stratification was gradually stable because of the form of the thermocline [32,33], which restricted the bottom sediment movement. Furthermore, the wind speed was weak enough to retain vertical mixing (Figure 9a). Therefore, the CSA in the surface was small, specifically in the outer sea (Figure 4a).



During autumn, not only did the mean wind speed increase (Figure 9c) but the sea surface temperature also gradually decreased. Hence, the vertical mixing induced by strong wind and surface cooling enhanced. In the Bohai and the Yellow Seas, the thermocline began to form in April and disappeared in September [32,33]. Therefore, the highly mixed water column carried the bottom layer suspended sediment upwards to the sea surface easily. As a result, the CSA at sea surface increased and ranked only second to the CSA in winter.



The resuspension of sediments induced by vertical mixing can increase the CSA on the sea surface, as mentioned above. Additionally, as the phytoplankton bloom began and progressed, the organic particles increased, and detrital particles gradually aggregated to form loose flocs [9,12], which increased the cross-section area of the suspended particles. Furthermore, the oceanic chlorophyll-a concentration (Chl-a) is the important indicator of phytoplankton [38]. Thus, to some extent, the Chl-a concentration may be used as the representative of the phytoplankton contribution to CSA. Due to the occurrence of phytoplankton bloom, the increasing organic particles concentration, together with the flocculation, led to an increase in CSA [9]. In summer, the strong stratification not only prevented the sediments in the bottom from being transported to the surface, but also was strong enough to inhibit the bottom layer nutrients from being entrained to the surface layer. Therefore, the available nutrients in the surface are gradually consumed, and the phytoplankton concentration decreased. However, the phytoplankton kept growing in the subsurface, and thus the appearance of subsurface chlorophyll maximum layer (SCML) was found in the stratified water column [39]. As a result, an obvious stratification of the CSA was discovered in the subsurface layer, as Figure 7b,f,j show. When winter came, the phytoplankton biomass decreased as a function of decreasing temperature. As a result, the contribution of organic particles to CSA was thoroughly decreased.



To more thoroughly explore the relationship between CSA and Chl-a, the correlation of CSA and Chl-a measured during summer and winter (the cruise data in spring and autumn were unavailable) is shown in Figure 10. In the surface layer, although the Chl-a concentration in summer was lower than in spring and autumn because of the phytoplankton bloom and the SCML (Figure 7f,j) induced by the strong stratification [39], the correlation in summer was slightly higher, at up to 0.601 (Figure 10a). The high CSA in few observations were represented by open symbols corresponding to the low Chl-a concentration, which was mostly because these stations were located near the coast, and due to the shallow water, the resuspended sediments were also present. In winter, compared with the correlation coefficient in summer, the correlation between the CSA and Chl-a was lower (Figure 10b), at only at R2 = 0.145. In summer, most CSA concentration increased as a function of the increasing Chl-a, but this did not happen in winter. The ISM in winter was far greater than OSM compared with summer (Figure 8), which implied that in winter, instead of the low phytoplankton concentration, the resuspension of sediments caused by wind and surface cooling was likely the main factor that dominated the CSA and needs to be studied further. Due to the lack of field Chl-a data in spring and autumn, currently, we can only give a general discussion on the influence of phytoplankton on CSA. Further investigations focusing on this topic are still required in future.



Except for the two factors previously mentioned, the suspended particles transported by runoff may also increase the CSA near the offshore area. The Yellow River and the Yangtze River, which have the second and the fourth largest sediment discharge in the world, discharge about 1.08 × 109 t and 4.78 × 108 t sediments, respectively, to their adjacent seas annually [20]. Therefore, abundant sediments and nutrients were exported to the Bohai and the Yellow Sea, causing a high CSA concentration. However, in a previous study, most of the river discharged sediment was trapped in the estuary area and did not affect the outer sea directly [40,41], which was one of the reasons that the CSA near the Yellow and Yangtze river estuaries was higher than in the outer sea (Figure 4). Nevertheless, the river discharges and sediment carriages during the four seasons were different and their influences on CSA need to be studied further.




4.2. Implications of Applications of CSA


The CSA of the suspended particle is an important parameter that is relevant to the inherent optical properties of the suspended particle [15]. The distribution of CSA provides a new insight into the particle biogeochemical properties and the role of particles in the determination of water optical properties. Understanding the variability of the inherent optical properties is of great importance for radiative transfer studies in marine waters, studies coupling optics with ecosystems and biogeochemical models, in situ monitoring of suspended particle dynamics, as well as for ocean color remote sensing [10]. The CSA is closely related to the optical properties of the suspended particle, such as bbp, attenuation, and scattering coefficients [7,11]. With the appearance of flocs, the magnitude of observed bbp may change slightly [9]. Compared with the TSM, the CSA was more responsible for the variations in the beam attenuation coefficient and bbp, with R2 values of 0.910 and 0.906, respectively [14]. The result was consistent with the study of Hatcher et al. [12], who observed the strong relationship between bbp and the CSA in an experiment, and the study of Flory et al. [9], who observed bbp increasing with the CSA of flocs, which implied that the CSA may be a better indicator to describe bbp and the beam attenuation coefficient values and is more retrievable from ocean color measurements than TSM [7].



Usually, most remote sensing algorithms are empirical [42,43] and are thus simple and rapid in data processing. However, such empirical models apply simple or multiple regressions between the property of interest and the ratios of irradiance reflectance or remote-sensing reflectance, and do not require a full understanding of the relationship between remote-sensing reflectance and the inherent optical properties [44], which may decrease the accuracy of these models and limit the applicability of these approaches when the bio-optical conditions depart from these representative data sets used to empirically derive the covariance relationships [45]. The semi-analytical model combines the empiricism and radiative transfer theory that can be applied to different water types, and the accuracy is often much better than those of the empirical algorithms [44]. Therefore, the understanding of CSA is essential for deepening the understanding of the inherent optical properties and improving the semi-analytical ocean color inversion algorithms.



Taking Equation (1) for example, bbp equals the backscattering efficiency multiplied by the CSA of the particles per m3 of water, and there are equivalent efficiencies for absorption and scattering [46]. Therefore, inherent optical properties are linked with CSA by efficiency factors [10]. Recently, there is mounting evidence showing that the backscattering efficiency (Qbbe) is bound up with the particle composition [14,46]. For instance, Bowers [46] showed the relationship between the Qbbe(λ) at 665 nm and the composition of particles (the particle mass ratio), which implied that the composition of the particles might be detected via Qbbe(665). Analogously, Wang et al. [14] discovered that all particles may be separated into two parts in the Bohai and the Yellow Sea, which were small mineral particles with low Qbbe and large and organic particles corresponding to high Qbbe, respectively. The CSA can be derived from the satellite using the model established by Wang et al. [15], and based on the inherent optical properties algorithm [47], the backscattering coefficient can be calculated via satellite Rrs(λ). Hence, the Qbbe is available by calculating the ratio of backscattering coefficients and the CSA. The pattern of particles composition can be mapped based on the Qbbe derived from satellite, which is important for the optical properties of the type of particles found in coastal waters [46].



In addition, given the rapid and recent development of mainland, abundant sediments were exported to the Bohai and the Yellow Seas together with the accumulative effects of winds, currents and particle resuspension, leading to a low transparency for the water mass [24] and the increase in the extinction coefficient in the upper water [38]. Meanwhile, Wang [15] reported a strong correlation between CSA and transparency (R2 = 0.87) in the Bohai and the Yellow Sea and discovered that the distribution of CSA can potentially map transparency and photosynthetically active radiation, which would be of great importance to phytoplankton photosynthesis and water quality monitoring.



As reported in the previous study, the amount of suspended particles is commonly quantified by the TSM, and various algorithms have been developed to draw up TSM maps combined with remote sensing data [43,48]. Taking into account that the possibility of a photon interacting with particles depends on the CSA, the optical properties at the sea surface are more closely related to the CSA of suspended particles than to TSM [7,11]. This may imply that it is inappropriate to estimate TSM from Rrs(λ) because of an unstable relationship between TSM and Rrs(λ), and thereby introduce errors in TSM estimations. The relationship between CSA and TSM can be approximately expressed as follows [7,10]:


TSM=23ρDACSA



(4)




where ρ and DA denote the overall density and the mean diameter of the suspended particles, respectively. This implies that the CSA distribution might act as an alternative approach for drawing up a TSM map. However, at present, estimating TSM from CSA also requires additional information on particle diameter and density [11], and this algorithm still needs to be further evaluated for whether this approach can improve estimations of TSM.





5. Conclusions


Field measurements from four seasons were used to study the seasonal and spatial CSA distributions in the Bohai Sea and the Yellow Sea. Obvious seasonal changes in the patterns of CSA were observed. In spring, despite the organic particles being highly concentrated due to the phytoplankton bloom, the gradually growing thermocline limited the bottom matters upwards, leading to a small CSA on the sea surface. The stratification in summer was strong enough to block the vertical mixing. As a result, the bottom sediments could not be carried to the sea surface so that the CSA on the surface was smallest, and the CSA maximum zone was in the subsurface due to the existence of SCML. In autumn, the strong wind and surface cooling induced vertical turbulent mixing and diffused the resuspended sediment, which may increase the CSA in the surface layer. Though the concentration of phytoplankton biomass in winter was small, the resuspension of sediments caused by the strongest vertical mixing became dominant, and hence the CSA was largest. In addition, the river runoff brought about a large amount of sediment discharge, which may have affected the CSA on the surface near the shore.



The mechanisms of the spatiotemporal CSA distribution were studied based on the in situ measured data, but acquiring the current velocity of each layer based on the field data was difficult. Thus, only the vertical mixing, phytoplankton, and river discharge influences on the CSA distribution were discussed. In addition, the episodic weather processes (for instance, the typhoons and storm tide) that can substantially influence the CSA over a short time need to be studied further.



Improved knowledge of CSA can deepen the understanding of inherent optical properties, and improve the remote sensing algorithms. Meanwhile, due to the strong relationship between the CSA and inherent optical properties, the CSA may be a superior indicator for describing the beam attenuation and backscattering coefficients values.
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Figure 1. Locations of sampling stations in the Bohai Sea and the Yellow Sea during four cruises in 2013, 2014, and 2016. The colors indicate bathymetry. The thickened black line represents the selected section, which is expressed as section A, B, and C, respectively, from north to south. 
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Figure 2. Spatial distributions of the normalized differences (difference values between the surface and bottom) of surface and bottom hydrological features, including the temperature (T, unit: °C), the salinity (S, unit: psu), and the density (P, unit: kg/m3); (a–c) show summer measurements, and (d–f) show winter measurements. 
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Figure 3. Distributions of temperature and salinity: (a–d) are transect A, (a,c) are the temperature in summer and winter, respectively; (b,d) are the salinity in summer and winter, respectively. (e–h) are transect B, the sequence is the same as that on transect A; (i–l) are transect C, the sequence is the same as that on transect A. 
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Figure 4. Cross-sectional area (CSA) distribution in the surface layer in (a) spring, (b) summer, (c) autumn, and (d) winter. The interpolation was implemented by the nearest-neighbor interpolation in Matlab (R2016a). 
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Figure 5. CSA distribution in the middle layer in (a) spring, (b) summer, (c) autumn, and (d) winter. The interpolation method was the same as Figure 4. 
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Figure 6. CSA distribution in the bottom layer in (a) spring, (b) summer, (c) autumn, and (d) winter. The interpolation method was the same as Figure 4. 
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Figure 7. The CSA vertical profiles (unit: m−1) at each cruise: (a–d) are transect A, (a–d) are spring, summer, autumn, winter, respectively; (e–h) are transect B, the sequence is the same as that on transect A; (i–l) are transect C, the sequence is the same as that on transect A. The interpolation method is the same as Figure 3. 
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Figure 8. The organic suspended matter (OSM) and inorganic suspended matter (ISM) concentration in each station for (a) summer; (b) winter. 
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Figure 9. Mean wind velocity during four cruises for (a) spring; (b) summer; (c) autumn; (d) winter. The wind data was retrieved from http://www.remss.com/. 
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Figure 10. The relationship between CSA and chlorophyll-a concentration (Chl-a) for (a) summer; (b) winter; the red lines represent the fitting curve. The open circles represent sampling stations located near the coast. 
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