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Hotspot of Organic Carbon Export Driven by Mesoscale Eddies in the Slope Region of the Northern South China Sea
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Mesoscale eddies frequently observed in the northern slope region of the South China Sea (SCS) significantly modulate the biological and biogeochemical behavior of organic carbon (OC). There have been few comparative studies on biological and biogeochemical processes in a pair of anticyclonic eddies (ACEs) and cyclonic eddies (CEs) in continental slope. In our research, an ACE–CE pair was observed in June 2015 on the northern slope of the SCS. The surface dissolved OC (DOC) was approximately 3 μmol L–1 higher in the ACE than that of the CE, and particulate OC (POC) was approximately 3.9 μmol L–1 higher in the CE than in the ACE. Along the transect across the ACE and CE, the concentrations of DOC and fluorescent dissolved organic matter (FDOM) were coincident with the downwelling and upwelling in the eddies. In the euphotic layer, the total OC (TOC) stock in the ACE was higher than that of the CE with a lower POC/TOC ratio. There was net consumption of both DOC and POC in the upper 120 m in the ACE; however, net POC production was observed within the CE. The results also indicated that the production of fresh OC was higher in the CE while carbon export was higher in ACE. The vertical export rates of DOC and POC at 120 m in the ACE were approximately 70.2 and 1.69 mmol C m–2 day–1. Summarizing these measurements, the horizontal export of TOC across the slope to the SCS basin transported by dual eddies was estimated more than 22.1 × 109 g C. This estimate implies that mesoscale eddies can contribute significantly to carbon sequestration in the SCS.
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INTRODUCTION

It has been reported that the CO2 sink in global marginal seas is approximately 0.36 Pg C year–1, contributing 21% of the global ocean net sea-air CO2 flux (Takahashi et al., 2009; Dai et al., 2013). In continental slope regions, a number of physical processes, such as eddies, upwelling, cross-slope currents, and gravity currents near the benthic layer, play significant roles in burials of organic carbon (OC) produced on shelf regions and transport of OC to fuel ecosystems in basin areas. The particular carbon flux at slope regions is approximately 10 times that of the deep sea at the same depth (Walsh, 1991). Thus, the control mechanism of OC inventory and fluxes in slope regions is one of important keys to estimate global OC budgets (Hedges and Keil, 1995; de Haas et al., 2002).

Mesoscale eddies are ubiquitous and highly energetic in the ocean that significantly modulate biological and biogeochemical processes in marginal seas (Hu et al., 2014; Sarma et al., 2019b). In a cyclonic eddy (CE), nutrient-rich deep water is carried up to the surface with upwelling. Oschlies (2002) estimated that the typical simulated eddy-induced nitrate supply was 0.05 mol m–2 year–1, which accounted for approximately one-third of the total flux of nitrate into the euphotic zone in the subtropics and mid-latitudes. Higher concentrations of chlorophyll-a and nutrients, as well as OC production, were typically observed in a CE than those of an anticyclonic eddy (ACE) (Sarma et al., 2019b). Higher production of dissolved OC (DOC) was also reported in either an early-stage or decaying-stage ACE ecosystem (Lasternas et al., 2012; Chen et al., 2015). The surface water of ACEs containing high DOC and particulate OC (POC) were transported into deeper layers. At the depth decomposition of POC and consumption of DOC greatly affect OC composition, contributing to the oceanic carbon pool and carbon pump (Kolasinski et al., 2012; Lasternas et al., 2012). Recently, observations in Bay of Bengal indicated that mesoscale eddies could change patterns of carbon sources and sinks by vertical and horizontal water mixings (Sarma et al., 2019a). Many previous studies focused on the exchange of sea-air CO2 and inorganic carbon fluxes in the ocean (Dai et al., 2013; Jiao et al., 2014; Cao et al., 2019; Li et al., 2020), but the quantification of the production and consumption of OC within eddies remains controversial. Though eddy-driven POC export is often observed with sediment traps (Zhou et al., 2013; Jiao et al., 2014), the impact of eddies on DOC export is rarely addressed.

The South China Sea (SCS) is one of the largest semiclosed marginal seas bounded by China and Southeastern Asian countries with a narrow and steep continental slope in the north. The distributions of carbon sources and sinks in the SCS are diverse in different seasons. The northern slope and basin of the SCS is a source of atmospheric CO2 in the warm season, while this region behaves as a sink in the cold season. In total, over one year, the northern SCS is a weak sink of atmospheric CO2 (Zhai et al., 2013). The currents in the northern SCS are significantly influenced by the topography and monsoon, which produce upwelling along the coast and mesoscale eddies in the slope region (Wong et al., 2015; Liu et al., 2018a). Mesoscale eddies play vital roles in the SCS (Zhang et al., 2016; He et al., 2018), with a frequency of more than 30 mesoscales per year approximately of which 52% are CEs (Xiu et al., 2010). Chen et al. (2007) and Hu et al. (2014) illustrated that the estimated integrated primary production in the SCS was significantly higher in CEs and lower in ACEs than in non-eddy waters, which was coincident with the model results (Xiu and Chai, 2011). However, studies of OC export within eddies on the northern slope of the SCS are deficient, and more in situ observations are required. Here, we first evaluated the impact of eddies on OC in a pair of CE and ACE on the northern slope of the SCS. The vertical and horizontal OC fluxes were quantified, and the consumption and transformation of DOC and POC within the eddies were explored. We present and validate that the OC export to the mesopelagic zone in the SCS could be underestimated if mesoscale processes are ignored.



SAMPLING AND METHODS


Sample Collection

The study area was on the northern slope of the SCS (18°55′N–20°59′N; 114°14′E–116°42′E; Figure 1), and the cruise was conducted in the summer season between 13 and 29 June 2015. Hydrographic measurements and water samples were undertaken with a SBE911 plus dual conductivity-temperature-depth (CTD) sensor unit and SBE 32 Water Sampler (Seabird Scientific, Bellevue, WA, United States), which recorded temperature, salinity, pressure, density (σt), photosynthetic available radiation (PAR), and other variables. Dissolved oxygen (DO) was measured immediately after sample collection with a DO analyzer (Jenco, San Diego, CA, United States, Model 9173). The DO analyzer was calibrated with traditional iodometric method, and the r2 between the two methods is 0.90 with the slope 0.97. Apparent oxygen utilization (AOU) was calculated as the difference between oxygen saturation and the observed oxygen concentration (Garcia and Gordon, 1992). Euphotic layer depth was defined as the depth at which only 1% of the surface PAR remained (Kirk, 1994).
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FIGURE 1. Study area in the South China Sea (A) and sampling stations in June 2015 (B). The color in (B) represented the averaged sea level anomalies in June 2015 (AVISO).


Seawater samples were retrieved with acid-cleaned Niskin bottles attached to the SBE32. All filtration was completed within 3 h to avoid alteration of microbes. DOC samples were filtered using nylon syringe filters with 0.45 μm pore size into 20 mL glass ampoules, which had been combusted at 450°C for 5 h. Fluorescent dissolved organic matter (FDOM) samples were filtered similarly to DOC samples but using PES syringe filters (Millipore, 0.22 μm pore size). POC samples were filtered through precombusted GF/F (Whatman, diameter 25 mm) filter with 0.7 μm pore size. The filter papers were folded and stored in foil. All the filtered samples were then stored in the dark at −20°C.



Sample Analysis

DOC samples were measured using a high-temperature catalytic oxidation method (Sugimura and Suzuki, 1988) with a Shimadzu TOC L-CPH analyzer. A five-point standard curve (R2 ≥ 0.999) was applied by measuring the solution of potassium hydrogen phthalate which was made freshly every day. Each DOC sample was determined three to five times until standard variation < 2%. Deep sea water provided by Dr. Dennis Hansell’s laboratory at the University of Miami was used for quality assessment. All the DOC concentrations of the deep sea water corresponded to the reference concentration (41–44 μmol L–1).

Fluorescent spectra were determined by a fluorescent spectrophotometer (HITACHI F-4500) with a 1 cm quartz cuvette. Emission (Em) spectra were scanned from wavelength of 300–550 nm with an interval of 1 nm, while excitation (Ex) spectra were recorded every 6 nm from 274 to 478 nm. The slit widths of both Ex and Em were 5 nm. The excitation emission matrix spectra (EEMs) were corrected by subtracting the Milli-Q water EEMs regarded as blank, which were scanned every day. EEMs were also Raman normalized with Milli-Q water EEMs that were scanned every time. Inner filters were ignored due to the low absorbance of open ocean samples (Kothawala et al., 2013). The components were identified from EEMs using the parallel factor (PARAFAC) analysis model with MATLAB 2014 as well as the DOMFluor toolbox (Stedmon and Bro, 2008; Murphy et al., 2013).

Before POC was measured, the filter paper with samples were dried and further processed with fuming acid to remove inorganic carbon. After acidification, POC was measured with elemental analysis isotope ratio mass spectrometry (EAIR/MS).



RESULTS


Hydrologic Background and Mesoscale Eddy Characterization in the Northern Slope of the SCS

The current circulation in the northern slope of the SCS is influenced by monsoon, topography, and the Kuroshio. The potential temperature (θ) and salinity (S) properties of the seawaters at sampling stations are shown in Supplementary Figure S1. The red curve representing the SCS basin water was obtained by Argo at (13.46°N, 113.71°E) in June 2015, and the blue curve representing west Pacific Ocean water was obtained at (18.69°N, 130.35°E) in June 2015 (data from http://www.argo.org.cn/). The seawater characteristics at sampling stations in the northern slope region in June 2015 were relatively similar to those of the typical SCS basin water rather than those of the west Pacific Ocean water. The intruding water from Kuroshio Current had a minimal impact on the SCS slope water in summer, which was consistent with a weak intrusion of Kuroshio water in the Luzon Strait due to southwesterly winds (Xue et al., 2004). Because there was no heavy rain during the observation time, water with low salinity (<32) was observed in the study area and was possibly caused by the dilution of fresh coastal waters.

During the observation period, a pair of mesoscale eddies appeared on the slope: a CE in the east of the study area and an ACE in the west (Figure 1B). The CE and ACE could influence the study area during our investigation period (Supplementary Table S1). The CE moved westward and pushed the ACE off to the southwest (Hu and Zhou, 2019). A northwest-to-southeast corridor crossed the middle of the area carrying the high-temperature, low-salinity, low-density, and low-AOU surface water (Figure 2). Waters from the Pearl River plume were first transported eastward, turned southwestward into the study area, and then eventually entered the corridor and into the SCS basin, which induced a large phytoplankton bloom of 500 km long and 100 km wide on the slope (He et al., 2016; Hu and Zhou, 2019). Because of the impact of upwelling within the CE and riverine input, the water masses within the upper layer on the SCS slope region in June 2015 consisted of shelf water, SCS surface water, and SCS subsurface water, a three-endmember of mixing model could be used to derive the contribution of each water mass.
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FIGURE 2. The surface distribution of temperature (°C) (A), salinity (B), σt (C), and AOU (μmol L–1) (D) in June 2015.




Components and Characteristics of Fluorescent DOM

The split-half model validation indicated that a five-component model, including three humic-like components (C1, C2, C3) and two protein-like components (C4 and C5) (Supplementary Figure S2), was the most appropriate representation of the data. PARAFAC model results were tested against the OpenFluor database to determine which components were matched in the published literature (Murphy et al., 2014). C1 had Ex/Em maxima of <270, 310/380 nm, with similar characteristics to fluorophore M (Coble, 1996). C1 was previously considered a marine or terrestrial humic-like component that could be from microbial-derived substances or byproducts of photobleaching of C2 (Tanaka et al., 2014; Li et al., 2015). C2 (Max Ex/Em ≤270, 350/435 nm) was generally categorized as terrestrially derived materials (Guéguen et al., 2014; Osburn et al., 2015), with similar characteristics of fluorophore C (Coble, 1996). C3, which was characterized as fluorophore A, had a broad excitation peak with maxima of approximately <250 and 400 nm and an emission maximum of 490 nm (Coble, 1996). C3 is a widespread component in aquatic environments, and has been reported as terrestrial humic substance composed of high-molecular-weight and aromatic organic compounds (Murphy et al., 2014; Catalá et al., 2015; Osburn et al., 2016). C4 (max Ex/Em = 280/350 nm) and C5 (max Ex/Em ≤270/320 nm) were categorized as a mixture of traditional protein-like peaks T and B (Coble, 1996), which were considered tryptophan- and tyrosine-like fluorophores, respectively (Osburn and Stedmon, 2011; Painter et al., 2018).

The percent of humic-like components (C1, C2, C3) increased from the surface to bottom while protein-like materials (C4, C5) decreased because of degradation. The ratio of total protein and total humic components was calculated as ΣP/ΣH = (C4+C5)/(C1+C2+C3), which represented the contribution of bioavailable organic matter to total DOM (Coble, 2007). A/C was defined as the ratio between the intensity of peak A (C3 in this paper) and peak C (C2 in this paper) indicating the degree of photodegradation. Higher A/C values indicated more organic matter was degraded by photobleaching (Coble, 1996). M/C indicated the contribution of marine sources to the total DOM and was calculated by the ratio of peak M (C1 in this paper) to peak C (C2 in this paper) (Helms et al., 2013).



Distribution of Dissolved and Particulate Organic Matter in the Northern Slope of the SCS

The surface (0–5 m) DOC and POC concentrations in summer at the northern slope of the SCS were 66–91 and 2.4–14.0 μmol L–1,respectively, with average concentrations of 80 ± 8 and 6.2 ± 3.4 μmol L–1 (Figure 3), which was comparable with the results of previous studies (Hung et al., 2007; Meng et al., 2017). High concentrations in summer were observed in the region intruded by the cross-shelf transport of coastal water (L09, L10, L11) (Figure 3). The surface DOC in the shelf water was 91 ± 0.6 μmol L–1, and the POC was 10.8 ± 2.7 μmol L–1, which were much higher than the surface DOC and POC in other areas. The average surface DOC concentration in the ACE (79 ± 5.6 μmol L–1) was greater than that within the CE (76 ± 9.3 μmol L–1) (Figure 3A). POC demonstrated the inverse behavior and was higher in the CE (7.0 ± 2.7 μmol L–1) than in the ACE (3.1 ± 0.4 μmol L–1) (Figure 3B).


[image: image]

FIGURE 3. Surface distribution of DOC (μmol L–1) (A) and POC (μmol L–1) (B) in June 2015.


In the study area, Section C stretched across the eddy system (Figure 1B), which provided the chance to study the different behaviors of DOC and POC. Stations L02, L03, L04, L05, L06, and L07 were located in the ACE (downwelling), while stations L13, L14, and L15 were in the CE (upwelling). Stations L10, L11, and L12 were located on the rim shared by the two eddies (Figure 1B). Temperature and σt were impacted by the eddies in section C (Supplementary Figures S3a,c). The impact of the CE and ACE on salinity, however, was not conspicuous, as this variable could be more sensitive to the intrusion of shelf fresh water (Supplementary Figure S3b). The distributions of AOU, DOC, C4, C5, ΣP/ΣH, A/C, and M/C in the upper 450 m of section C were disturbed by physical processes, with lowered contours in the west and uplifted contours in the east (Figures 4A–G), which was coincident with the downwelling and upwelling within the ACE and CE in section C. The congruence could indicate the impacts of the ACE and CE on the distribution of DOC and FDOM. POC, which may be more influenced by in situ production than by eddies, was more abundant on the edge of the ACE-CE system (Figure 4H) due to the bloom caused by the cross shelf transport in summer (He et al., 2016).
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FIGURE 4. Distribution of AOU (μmol L–1) (a), DOC (μmol L–1) (b), C4 (R.U.) (c), C5 (R.U.) (d), ΣP/ΣH (e), A/C (f), M/C (g), and POC (μmol L–1) (h) of section C in June 2015.


During the observation period in 2015, stations L05 and L06 were located in the center of the ACE (downwelling), and stations L14 and L15 were close to the center of the CE (upwelling) (Figure 1B). AOU increased from the surface to the deep layer (Figures 4A, 5A) and was higher in the CE than in the ACE in the upper 450 m (Figure 5A). Increased primary production was observed within the CE because of the addition of nutrients (Xiu and Chai, 2011; Kolasinski et al., 2012). Because of the supplement of oxygen by photosynthesis, the AOU could be decreased. The high AOU within the CE in the SCS, however, might have been caused by the addition of AOU from the deep layer carried by upwelling, indicating that the AOU was more influenced by vertical water mixing than biological and biochemical processes in summer. The DOC concentration was higher at the surface than that at deep and was higher in the ACE than in the CE (Figures 4B, 5B). On the one hand, newly produced DOC by photosynthesis in the euphotic layer could be accumulated by downwelling. On the other hand, DOC in upwelling areas could be diluted by deep water with low DOC concentrations. C4 and C5 are protein-like fluorescent DOM components that are fresher and more bioavailable than humic components. C4 and C5 could be produced by primary production in the euphotic layer and be degraded progressively with depth. ΣP/ΣH indicated the proportion of protein-like components in DOM was highest in the surface, and decreased with depth. Similar to the DOC distribution, C4, C5, and ΣP/ΣH were higher in the downwelling area than in the upwelling area (Figures 5C–E). Photo degradation was more intense in the ocean surface layer with high A/C, with higher values in the ACE than in the CE (Figure 5F). Surface water converged in the ACE, resided longer, and experienced more exhaustive photobleaching. A high M/C could indicate high contribution of in situ production, which was observed higher value in the ACE than in the CE (Figure 5G). The contradiction could be explained by the accumulation of fresh products in the upper layer of the ACE. Because of the obvious impact of biological production, mesoscale eddies have a relatively low impact on the distribution of POC (Figure 5H).
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FIGURE 5. Vertical profile of AOU (μmol L–1) (A), DOC (μmol L–1) (B), C4 (R.U.) (C), C5 (R.U.) (D), ΣP/ΣH (E), A/C (F), M/C (G), and POC (μmol L–1) (H) in ACE (red lines) and CE (blue lines) in summer 2015.




DISCUSSION


Impact of the ACE and CE on the Organic Carbon Inventory in the Euphotic Layer

The euphotic layer depths in the northern SCS were 83, 65, and 61 m in spring, summer, and autumn, respectively. The inventory of total OC (TOC, TOC = DOC+POC) in the euphotic zone was 62.2 ± 10.8 g m–2, while the contribution of POC was 6.81% of TOC.

During the observation period, the euphotic layer depth within the ACE was approximately 79 m, which was deeper than 62 m in the CE (Table 1). In the corridor area between these two eddies (transect including stations L10, L11, L12), phytoplankton bloomed. In the bloom, the euphotic layer was shallow approximately 51 m, which was possibly impacted by high concentrations of suspended particular matter from the coast preventing light penetration as well as the inverse wells of the ACE and CE. Similar results were reported in the Bay of Bengal, where the depth of the seasonal thermocline defined as the depth of the 20°C isotherm shoaled in the CE, but deepened in the ACE relative to non-eddy conditions due to the convergence and divergence associated with the ACE and CE, respectively (Sarma et al., 2019a).


TABLE 1. Inventory of organic carbon in euphotic zone in summer 2015 of northern slope of SCS.

[image: Table 1]The inventory of TOC inside the ACE was 69.8 ± 8.4 g m–2, which was 1.23 and 1.32 times greater than the TOC inventories in the CE and in the corridor, respectively. However, the POC inventory in the ACE was lower than those of the CE and areas outside the eddies. POC inventories and ratios of POC to TOC can be related to the high OC production driven by nutrient addition with upwelling in the CE (Table 1). In the corridor of cross-slope-transport, the POC stock was most abundant, with the highest POC/TOC ratio (8.26), which was caused by the blooms and biota in coastal waters.



The Production and Consumption of Organic Matter in Eddies

The water in upper layer during June 2015 was composed of three water masses, shelf water (SHW), SCS surface water (SUR), and SCS subsurface water (SUB) based on θ-S characteristics (Supplementary Figure S4). To calculate the OC influenced by in situ biochemical processes, a three-endmember-mixing model was applied to derive the conservative components of DOC and POC in the study area in 2015 so that the OC produced by in situ biochemical processes can be delineated. The mixing model was based on the equilibrium equations of salinity and temperature:
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where θ and S on the right of the formulas represent the in situ temperature and salinity, respectively. fshw, fsur, and fsub represent the fractions of shelf water, SCS surface water, and SCS subsurface water, respectively. Science the DOC and POC was correalted with temperature and salinity significantly (p < 0.01) (Supplementary Figure S5), conservative DOC (DOC0) and POC (POC0) were calculated by:
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where DOCshw, DOCsur, and DOCsub represent the DOC concentrations of the three endmember water masses. Similarly, POCshw, POCsur, and POCsub represent the POC concentrations of three endmember water masses. The differences between in situ measured DOC (POC) and DOC0 (POC0) were DOC (POC) modulated by biochemical processes, marked as ΔDOC (ΔPOC):
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If ΔDOC and ΔPOC were positive, net productions of DOC and POC were observed; conversely, net consumptions were observed.

Water masses with salinity < 32 are considered as the shelf water. Because of intrusion of the shelf water in the study area in 2015, the endmember temperature and salinity of the shelf water were the 30.6 ± 0.3°C and 31.7 ± 0.2, respectively (Supplementary Table S2). The DOC and POC endmembers in the shelf water were 91 ± 0.6 and 10.8 ± 2.7 μmol L–1, respectively. Except for those stations impacted by the shelf water, the average surface values of DOC and POC at other sampling stations were considered the endmember values of the SCS surface water because there is a lack of the west Pacific water during our study period. The temperature and salinity in the SCS surface water were 18.4 ± 1.4°C and 34.6 ± 0.0, respectively, and the DOC and POC were 76.7 ± 6.3 and 4.5 ± 2.2 μmol L–1, respectively. The water mass with the maximum salinity was regarded as the SCS subsurface water and had an average temperature and salinity of 18.4 ± 1.4°C and 34.2 ± 0.0, respectively. The average DOC and POC in the SCS subsurface water were 54.2 ± 4.4 and 1.90 ± 0.96 μmol L–1, respectively. σt was conservative to the water masses. The relative standard deviation between the model calculated σt0 and in situ-measured σt was less than ±5%, which means that three-endmember mixing model was reasonable.

The surface water was mainly a mixture of shelf water and SCS surface water in 2015 (Supplementary Figures S6a1,b1,c1). Because the bottom depth was only 80 m at Station L17, measurements were not used in the mixing model. The surface water in the ACE was almost completely constituted by the SCS surface water (Supplementary Figure S6b1). There was a small proportion of subsurface water in the eastern part of our study area, where the CE was observed (Supplementary Figure S6c1). In section C, the shelf water was distributed only in the upper 55 m (Supplementary Figure S6a2). In the upper 100 m, there was more SCS surface water in the ACE than in the CE, while there was more subsurface water in the CE than in the ACE (Supplementary Figures S6b2,c2), confirming the impacts of downwelling and upwelling in ACEs and CEs.

Both production and consumption existed in the upper layer (∼120 m) in 2015 (Figure 6). The dashed gray line in Figure 6 is the 1:1 line, indicating that the amount of OC produced was equal to the amount of carbon consumed. Above the gray line, the measured DOC (POC) was higher than the modeled DOC0 (POC0), which represented in situ net production (ΔDOC, ΔPOC > 0). The measured DOC (POC) was less than the modeled DOC0 (POC0) below the gray line, indicating there was net consumption at some stations (ΔDOC, ΔPOC < 0). Biochemically modulated DOC and POC were obviously impacted by physical processes in the eddies, especially on the surface. Net production and net consumption of DOC (Figure 6A1) were observed on the surface in the ACE (red triangles) and CE (blue triangles), respectively, while net consumption and net production of POC (Figure 6B1) were observed in the ACE and CE. The discrimination of biochemically modulated oraganic matter in the ACE and CE was not as apparent in the subsurface than in surface. There was net consumption of both DOC and POC at more stations in the ACE (Figures 6A2,B2), with integrated ΔDOC and ΔPOC in the upper 120 m of −173.7 and −51.1 mmol m–2, respectively. In the CE, samples with negative ΔDOC (Figure 6A2) and positive ΔPOC (Figure 6B2) were observed at more stations. The integrated ΔDOC in the upper 120 m was −234.2 mmol m–2, indicating that there was more removal than production of DOC in the upwelling area. The integrated ΔPOC in the CE of 45.5 mmol m–2, and POC was produced more in CE. The net removal of DOC has been reported in the Pearl River estuary and Arctic shelf, possibly resulting from the substantial portion of bioavailable DOC and insufficient marine in situ productivity (Alling et al., 2010; He et al., 2010). Wu et al. (2017) and Meng et al. (2017), however, illustrated net DOC production of 2.8 ± 3.0 and 3.1 ± 1.3 μmol L–1 in the river plume and coastal upwelling zone, respectively. The different results could be caused by differences in the coastal water fraction and the stage of the eddies (Halewood et al., 2012; Lasternas et al., 2013). The loss of OC could be due to photochemical oxidation and microbial degradation (Bauer et al., 2013 and the references therein). The ACE could increase the depth of the euphotic layer, resulting in increased photodegradation of OC. Eddies could also adjust the microbial species composition in the upper layer because of changes in nutrients and organic matter characteristics (Doblin et al., 2016; McGillicuddy, 2016). The net consumption of DOC in the CE was likely to result from the utilization of microbes from the deep layer. The correlation between ΔDOC and ΔDIC (dissolved inorganic carbon) indicated the contribution of OC to the CO2 pool (Meador and Aluwihare, 2014; Wu et al., 2017). In June 2015, the net consumption of DOC in the ACE and the CE implied a potential CO2 source of northern slope of the SCS, which might have resulted from the carbon dynamics within mesoscale eddies.
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FIGURE 6. Measured DOC vs. modeled DOC0 (A) and measured POC vs. modeled POC0 (B) derived from the mixing model. Triangles represent samples of surface, while circles represent subsurface samples. Marks in red represent samples in warm eddy and in blue represent samples influenced by cold eddy. The gray dashed line means that the modeled value was equal to measured value.


Upwelling could transport relatively nutrient-rich water from the deep layer, acting as a supplement to oligotrophic surface water (Siegel et al., 2011; Sarma et al., 2019b). On the one hand, nutrients could stimulate the primary production of phytoplankton, increasing the production of fresh OC, especially POC (Romankevich, 2013). On the other hand, bacteria could be excited by nutrients, especially in the oligotrophic zone, resulting in the increased transformation of OC (Zweifel et al., 1993; Räsänen et al., 2014). Biochemically modulated dissolved inorganic nitrogen (ΔDIN), dissolved inorganic phosphorus (ΔDIP), and dissolved inorganic silica (ΔDISi) were derived with the same three endmember mixing model. In the ACE and CE, the correlations between OC and nutrients were negative (Table 2), indicating that inorganic nutrient consumption had a greater impact on the production of OC. In addition, the degradation of DOC and POC may induce the reproduction of inorganic nutrients (Han et al., 2012; Wu et al., 2017). In the ACE, ΔDOC had no significant relationship with nutrients, indicating that ΔDOC accumulation was caused by processes with limited nutrient participation. There was no nutrient addition to the surface layer within the ACE; thus, the production of POC was limited, and POC degradation was high. In the CE, however, nutrients stimulated primary productivity, and net POC production existed.


TABLE 2. Correlation between biochemical modulated organic carbon and nutrient.

[image: Table 2]The flux of net OC could be calculated by ΔDOC or ΔPOC × Eddy area × N, where N is the number of eddies per year. In the SCS, approximately 32.8 ± 3.4 eddies are observed by satellite each year, 52% of which are CEs and 48% of which are ACEs, and the average radius of the eddies is 87.4 km (Xiu et al., 2010). The fluxes of net DOC consumption in the ACE and CE were 0.79 and 1.15 Tg C year–1, respectively, which were much higher than the river input (0.46 ± 0.3 Tg C year–1) (Liu et al., 2018b). The net POC consumption in the ACE was 0.23 Tg C year–1, while the net production in the CE was 0.22 Tg C year–1, resulting in a relative equilibrium of POC. However, the frequency and intensity of mesoscale eddies in the SCS are various in different seasons, which could change the production and consumption of OC. Thus, the dynamic of DOC and POC in eddies occurring in spring, autumn, and winter remains to be estimated.



Vertical and Horizontal Export of Organic Carbon Driven by Mesoscale Eddies in the Slope Region

Downwelling in the ACE could enhance carbon export in the ocean. Zhou et al. (2013) estimated the POC flux in ACEs of the SCS using 234Th, reporting that the flux was 1.6-fold higher in the eddy region than in the non-eddy region. The carbon export rates were calculated with the advection-diffusion equations (8) and (9):
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where w was vertical velocity, which was reported to be (4.4–31.7) × 10–4 cm s–1 in the core of the ACE and (5.8–14.7) × 10–4 cm s–1 in the CE at the depth of 120 m (Yang and Liu, 2003; Yuan et al., 2007; Hu et al., 2011; He et al., 2015). Kz is the vertical eddy diffusivity coefficient, which could be considered 1 × 10–4 m2 s–1 (Cai et al., 2003). [DOC] and [POC] represent the DOC and POC concentrations, respectively, while z is the water depth. In the CE, carbon was transported upward on average because of upwelling in the center, with a DOC transport rate of 43.2 ± 0.941 mmol C m–2 day–1 and a POC transport rate of 1.60 ± 1.01 mmol C m–2 day–1 (Figure 7). The DOC and POC export rates at 120 m in the ACE core were 70.2 ± 3.61 and 1.69 ± 0.182 mmol C m–2 day–1, respectively (Figure 7). The POC export at 100 m in the ACE was comparable to that calculated by 210Po–210Pb disequilibria (unpublished data) in summer in the northern slope region, which accounted for 5.45% of the average primary production in the study area (unpublished data). Cai et al. (2015) have reported the POC export flux at 100 m based on 234Th/238U disequilibrium was 2.0–6.4 mmol C m–2 day–1 in the northern slope region of SCS in summer, which was a little higher than that transported by ACE. In total, the mesoscale eddies modulated the export of DOC and POC by accelerating transport downward at a rate of 27.0 and 0.09 mmol C m–2 day–1. The intense vertical mixing induced by the mesoscale eddies greatly increased the carbon export rate was much higher than that in the same depth (∼100 m) in the SCS basin (non-eddy region) with export rate of 0.27–1.3 mmol C m–2 day–1 for DOC and 0.06–0.19 mmol C m–2 day–1 for POC (Hung et al., 2007), indicating a considerable contribution of mesoscale eddies, especially the ACE, on carbon export from upper to deep layers.
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FIGURE 7. The conceptual diagram of the vertical and horizontal export rate of organic carbon in the northern slope of the SCS driven by dual eddies. ACE, anticyclonic eddy; CE, cyclonic eddy.


The horizontal cross-slope currents are related to the mesoscale processes. Two drifters with a drogue centered at the depth of 15 m were deployed during our study period on the northern slope of the SCS (Chen et al., 2016). The currents measured by these two drifters are southeastward approximately 136.2° and 145.6° with speeds of 0.2 and 0.3 cm s–1, respectively. The horizontal export fluxes of DOC and POC were 16.5 × 103 and 1.11 × 103 mmol C m–2 day–1. The sedimentation POC flux in the northern SCS was 0.8–21 mmol C m–2 day–1 determined by different methods (such as 234Th/238U disequilibrium, 210Po/210Pb disequilibrium, 210Pb/226Ra disequilibrium, and sediment traps) (Ho et al., 2009; Yang et al., 2009; Wei et al., 2011; Cai et al., 2015), which contributed much less to POC dynamics compared to the horizontal export driven by the ACE–CE eddy-pair in our study. He et al. (2016) reported that the cross-slope corridor with a phytoplankton bloom was approximately 500 km long and 100 km wide, and lasted more than 19 days. The three-endmember mixing model illustrated a coastal water depth of approximately 55 m. Based on the bloom sizes and coastal water layer depth, the DOC and POC horizontally transported could be calculate as [DOC] or [POC] × wh × Sa × t. The wh was the velocity of the horizontal cross-slope currents. The Sa was the section area of the currents, which was calculated by depth (55 m) multiplied by width (100 km). The t was the lifetime (19 days) of the cross-slope flows. The DOC and POC fluxes are estimated approximately equal to 20.7 × 109 and 1.40 × 109 g C, respectively (Figure 7), equivalenting to 4.5 and 0.07% of riverine DOC and POC fluxes (Huang et al., 2017 and the references therein). Meng et al. (2017) illustrated DOC transport via intensified downwelling of 3.1 × 1012 g C over a large shelf area between December and February, with downwelling over a widened shelf from 114.5° E to 118.5° E. The corridor between a pair of ACE and CE played a considerable role in the transport of OC from the shelf to the basin region, acting as an important contribution to carbon sequestration in the basin of the SCS.



CONCLUSION

In June 2015, physical, biogeochemical, and biological processes in a CE and SCE pair were studied on the northern slope region of the SCS. The surface DOC within ACE was 3 μmol L–1 higher than that of CE, while the POC in the ACE was 3.9 μmol L–1 lower than that of the CE. In the upper 450 m, DOC distributions were affected by eddies. The contours of DOC are depressed due to downwelling in the ACE and uplifted due to upwelling in the CE. The euphotic depth was deeper and TOC inventory was higher in the ACE which could be the results from current convergence and downwelling. The ratio of POC to TOC was higher in the CE than that of ACE, which could be driven by new production enhanced by upwelled nutrient addition.

The results of the three-endmember-mixing model indicated that the ACE induced net consumption of DOC and POC in the upper layer, while net POC production was observed in the CE, indicating that nutrient addition by upwelling within the CE promoted primary productivity. The net consumption of TOC indicated a potential CO2 source within mesoscale ACEs in the northern slope of the SCS during summer.

Because of the vertical mixing within eddies, the DOC and POC export at 120 m in eddies were approximately 27.0 and 0.09 mmol C m–2 day–1, respectively, which was much higher than the export at the same depth in the basin areas of the SCS. More than 22.1 × 109 g C of OC was exported from the slope to the basin within 19 days through the cross-slope-current in the corridor between these two eddies, demonstrating the slope ecosystem significantly contributed to carbon sequestration in the deep basin. The vertical and horizontal carbon exports in the slope system could be underestimated if the impact of mesoscale eddies was neglected, which deserves more comprehensive study in the future.
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