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Mesoscale eddies can affect the distribution of matter in the ocean due to their inherent characteristics, thereby affecting local ecosystems. However, there are few previous studies on the influence of Great Whirl (GW) on the distribution of particulate organic carbon (POC). This study analyzes the influence of the GW on the three-dimensional distribution of marine POC concentration in the northwestern Indian Ocean, off the coast of Somalia. It is shown that there are significant differences in the spatial distribution modes of POC in the surface and subsurface ocean of GW. In the sea surface, the POC concentration at the edge of GW is higher than the eddy center resulting from the capturing and transporting effect of GW. The difference is about 20 mg·m−3 between the center and the edge. At the subsurface layer (approximately between 50 and 175 m), the concentration of POC in the eddy center is high, while that in the surrounding water is low. The maximum difference between the center and the edge can reach about 10 mg·m−3. These phenomena show that GW will have an impact on the distribution of POC in the ocean, which in turn may affect the carbon cycle progress in the local ocean.
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1 Introduction

Mesoscale eddies are widely present in various oceans around the world, accounting for 80% of the total kinetic energy in the ocean (Klein et al., 2019). Typical mesoscale eddies have spatial scales ranging from tens to hundreds of kilometers and temporal scales ranging from weeks to months (Chaigneau et al., 2009; Chelton et al., 2011b). Mesoscale eddies are the primary carriers of material transport in the ocean (Zhang et al., 2016, 2014a; Dong et al., 2014) and can affect the distribution of substances. For example, mesoscale eddies can influence the distribution of chlorophyll and other substances in the ocean and affect primary productivity and biological pump efficiency (Benitez-Nelson et al., 2007; Correa-Ramirez et al., 2007). The assessment of fixed Nitrogen loss in the oxygen minimum zones can be affected by mesoscale eddies (Bourbonnais et al., 2015). In the Southern Ocean, mesoscale eddies can transport seawater tracers southward through polar front (PF) (Dufour et al., 2015). Mesoscale eddies can also affect the distribution of substances in seawater in the vertical direction. For example, in the South China Sea, the maximum depth affected by mesoscale eddies can exceed 2000 m (Zhang et al., 2016). Mesoscale eddies can provide channels for the transportation of deep-sea sediments (Zhang et al., 2014b). Furthermore, mesoscale eddies can participate in transporting chemical substances generated by seafloor hydrothermal vents (Adams et al., 2011). The changes in vertical nutrient flux caused by eddies can extend to shallower depths (Castelao, 2014).

Particulate organic carbon (POC) is defined as particulate organic matter that is insoluble in water. The chemical composition of POC is extremely complex, mainly including lipids, hydrolyzable amino acids and proteins, carbohydrates, nucleic acids, lignin, black carbon, microplastics, and uncharacterized components (Kharbush et al., 2020). The distribution of POC in the ocean is not uniform. The POC concentration is highest in the horizontal direction at the continental margin, where approximately half of the carbon in the ocean is sequestered (Muller-Karger et al., 2005). In the vertical direction, the concentration of POC in the ocean exhibits a logarithmic decline with increasing depth, sometimes exhibiting abnormally high values (Wangersky, 1976). POC plays a crucial role in the global carbon cycle and is the major pathway by which organic carbon (OC) produced by phytoplankton is exported mainly by gravitational settling – from the surface to the deep ocean (Le Moigne, 2019; Siegel et al., 2016). Meanwhile, the ocean is the world’s largest carbon sink, and POC is the primary vector sequestering carbon in the abyssal ocean (Pavia et al., 2019). Accordingly, fluctuations in POC concentration in the ocean may have a significant influence on global climate. Previous studies have shown that POC, as a seawater tracer in the ocean, is also influenced by the widely distributed mesoscale eddies in the ocean. For example, the mesoscale eddies in the waters of California can transport high concentration POC water from nearshore areas to the west, increasing the concentration of POC at sea and facilitating nutrient redistribution (Amos et al., 2019). Mesoscale eddies can increase POC flux and are a key channel for deep-sea carbon sequestration (Shih et al., 2015; Omand et al., 2015; Dobashi et al., 2022; Li et al., 2017).

Great Whirl (GW) is a large quasi-stationary anticyclone that annually generates near the coast of Somalia during the southwest monsoon season (Figures 1A, B) (Beal and Donohue, 2013; Wang et al., 2019; Vic et al., 2014), with an average center position of approximately 8°N and 53°E (Figure 1C) and an average lifespan of approximately 166 days (Cao and Hu, 2015). Previous studies have explored several theories regarding the mechanism of GW generation, such as: Rossby waves may be responsible for GW generation (Beal and Donohue, 2013; Beal et al., 2013); The sloping coastline of the Somalia may be responsible for GW generation (McCreary and Kundu, 1988); Barotropic instability may be the cause of GW generation (Jensen, 1991). It also has been confirmed that GW, as a large mesoscale eddy, has a significant influence on the transport and distribution of substances in the ocean near the Somali, thereby affecting the distribution of nutrients and marine ecosystems in the entire sea area. For example, GW can affect the distribution of its internal chlorophyll (Dai et al., 2021). However, limited research has been conducted on the influence of GW on the 3D distribution of POC concentration. This study analyzed the flow field and POC data for 24 consecutive years from 1998 to 2021. The distribution characteristics of POC and the influence area of GW indicate that GW had a significant influence on the distribution of POC concentration (Figures 1C, D).




Figure 1 | The introduction of the GW and the phenomenon. (A) Water depth topographic map of the Arabian Sea. (B) Flow field distribution map of the Arabian Sea in August 2021. (C) GW flow field distribution map in August 2021, where the gray line represents the eddy boundary of GW. (D) POC concentration distribution map in August 2021, and the solid line represents the contour line of absolute dynamic topography (ADT).






2 Data and methods



2.1 POC data

The POC data used in this study were derived from CMEMS (Copernicus Marine Environment Monitoring Service, https://data.marine.copernicus.eu/product/MULTIOBS_GLO_BIO_BGC_3D_REP_015_010/description). The particulate backscattering coefficient (bbp) and POC data were inverted using the SOCA-BBP algorithm based on temperature and salinity data from Argo buoys and satellite observations by the Laboratoire d’Océanographie de Villefranche (LOV). The algorithm used a multi-layer perceptron type artificial neural network (Rumelhart et al., 1986; Bishop, 1995). This artificial neural network consisted of an input layer, including time component, surface component (satellite-derived log-transformed particulate backscattering coefficient and chlorophyll-a concentration), vertical component (i.e., normalized depth), and multiple hidden layers (Sauzède et al., 2016). The horizontal resolution of this data was 0.25° × 0.25°, with a time span from 1998 to 2021, covering the ocean from the sea surface to a depth of 1000 m. The data were averaged at a 1-month interval.

We used Equation 1 to define a new variable, abnormal POC concentration (POCa) to efficiently evaluate the influence of GW on POC:

 

where  .represents POC concentration values in the area affected by GW and  represents the horizontal average of POC concentration values in that area.




2.2 Sea surface height

The data used in this study were absolute dynamic topography (ADT) and flow field data published by the Collecte Localisation Satellites (CLS) using the DUACS system, sourced from CMEMS (https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/services). ADT is the sum of sea level anomalies (SLA) and mean dynamic topography (MDT) over a reference period of 20 years (1993-2012). The SLA data were filtered from the available altimeter tasks, such as Sentinel-3A, Sentinel-3B, Sarah, HaiYang-2A, HaiYang-2B, Topex/Poseidon, Jason-1, Jason-2, Jason-3, Envisat, ERS-1, ERS-2, Geosat Follow On, and Cryosat-2, and combined to obtain the best interpolation value. The horizontal resolution of this data is 0.25° × 0.25°, spanning from 1993 to 2023. Before eddy detection was conducted, the data were averaged at a 1-month interval.




2.3 Angular momentum eddy detection and tracking algorithm

This study used AMEDA to identify mesoscale eddies from the above sea surface height dataset (Le Vu et al., 2018). The parameter used in this method (local normalized angular momentum, LNAM) replaces the previously used OW parameter. The main difference between this parameter and the previously used OW parameter is that its value does not depend on the eddy intensity.

First, we identify the extreme point of LNAM as the center of the eddy. Thereafter, we calculate the streamline around that center. We calculate the average radius of each closed streamline by Equation 2, which is the equivalent radius of a circle with the same area as the closed streamline we calculated before:

 

where   represents the average radius and A represents the area of the equivalent circle

The mean velocity is evaluated for each closed streamline by Equation 3:

 

where   represents the mean velocity of the closed streamline,   represents the circumference of the closed streamline and   represents the velocity on the closed streamline.

We identify the Vmax=the maximum value of   and its corresponding speed radius  =Rmax. When the last streamline’s velocity  ≤ 0.97 Vmax, the streamline corresponding to this velocity is the characteristic contour line of the eddy.





3 Results

Overall, the distribution of POC concentration in the surface region shows a characteristic of high in the north, low in the south, and high near the shore. In terms of time, the concentration of POC in seawater is highest in summer (July, August, and September) due to the influence of lighting conditions and other factors. Furthermore, the influence signal of GW on the distribution of POC concentration is highly evident in these three months.

In the horizontal direction, when the seawater depth is not more than 50 m, GW mainly affects the surface distribution of POC through water transport (Figures 2A–F). During the lifecycle of GW, the influence area of GW is mainly concentrated at its edge. Over time, a notable trend is observed, where high concentration POC water bodies in the nearshore and northern waters of GW migrate toward areas with lower POC concentrations due to the flow of water bodies in the GW flow field. High concentration POC water bodies diffuse eastward and southward with the flow of water bodies at the edge of the GW. However, the POC concentration of the water in the central area of the eddy was not significantly affected, and the maximum difference between its concentration and the POC concentration at the edge of the eddy could reach about 20 mg·m−3, with the highly evident signal from July to September. However, the influence of GW on POC in the subsurface layer is different from the transport in the surface layer. In the area affected by the eddy, the extreme value of POC concentration is located inside the eddy, and the signal is most evident from July to September (Figures 2G–L).




Figure 2 | Distribution map of POC concentration in the horizontal direction under climatic conditions. (A–F) Distribution of POC concentration on the sea surface from June to November. (G–L) Distribution of POC concentration on the 80 m layer from June to November. The center position of the circle in the figure is the eddy center position of GW after averaging, with a radius of Rmax, which is the equivalent circle radius.



When the seawater depth is approximately between 50 and 175 m, the high concentration range of POC is mainly distributed in the subsurface layer inside the eddy, with the strongest abnormal signal occurring in the area at a depth of about 100 m and the strongest signal occurring in July and August (Figure 3). The abnormal increase in POC concentration in this area can reach around 8 mg·m−3. This phenomenon indicates that GW has a significant influence on the horizontal distribution of POC within the eddy at the depth approximately between 50 and 175 m.




Figure 3 | Vertical distribution of   inside the eddy. (A–F) Vertical distribution of   at 53.625° E in the climate state from June to November.



In the vertical direction, the average concentration of POC inside and outside the eddy also shows the signal of GW transport and enrichment (Figure 4). In seawater with a depth of no more than 50 m, the   at the edge of the eddy from July to October is higher than that of the internal one, corresponding to the horizontal distribution of surface POC concentration. This notion indicates that GW can transport high concentration POC water in the surface. In the subsurface layer (approximately between 50 and 175 m), the   within the eddy region from July to September is higher than that outside the eddy, and this signal is strongest in July and August. The maximum difference in   between inside and outside the eddy can reach about 10 mg·m−3. This phenomenon further indicates that GW can influence the distribution of POC in the subsurface layer, which helps in enriching marine nutrients in the subsurface layer.




Figure 4 | Vertical distribution of   inside and outside the eddy. (A–F) Vertical distribution of   in the climate state from June to November. The red line represents the outside of the eddy, and the blue line denotes the inside of the eddy. Shadows represent standard deviation.






4 Discussion

Previous studies have shown that the rotational velocity field around eddies can induce horizontal advection of chlorophyll (Chelton et al., 2011a). We also found horizontal advection of POC induced by GW on the surface. Specifically, GW can induce high concentrations of POC water in the north and nearshore to move southward during its lifecycle, especially in summer (July, August, and September). The concentration of POC in the seawater at the edge of the eddy is about 20 mg·m−3 higher than the maximum value at the center resulting from the capturing and transporting effect of GW, which helps in redistributing nutrients in the surface seawater. Mesoscale eddies generate eddy-induced Ekman pumping at the center of the eddy due to differences in surface ocean currents and surface wind speeds or stress curling caused by eddy-induced spatial variability of sea surface temperature or the interaction of the surface stress with the surface current vorticity gradient. This notion means that upwelling is generated in the core of the anticyclone, and downwelling is generated in the core of the cyclone (Gaube et al., 2015). The eddy-induced Ekman pumping can increase the concentration of nutrients inside the anticyclone, resulting in an increase in chlorophyll concentration inside the eddy (Gaube et al., 2013, 2014). In summer (July, August, and September), the eddy center of GW, as an anticyclone, is highly likely to undergo eddy-induced Ekman pumping, generating upwelling and promoting the upwelling of seawater carrying high concentrations of nutrients in the lower layer. This situation results in an abnormal increase in the concentration of POC inside the eddy in the subsurface layer (approximately between 50 and 175 m), with the maximum value even reaching about 10 mg·m−3, which helps in enriching nutrients in the subsurface seawater and works together with the previous horizontal advection, affecting the local marine ecosystem. In addition to the aforementioned two mechanisms, mesoscale eddies can also affect the distribution of chlorophyll through the eddy pumping-the upwelling or downwelling generated during eddy enhancement and so on (Gaube et al., 2014). However, the study results indicated that the signals of the latter did not appear or were weak; hence, it is not discussed here.

In addition, mesoscale eddies are an extremely important oceanic phenomenon closely related to global warming. Greenhouse warming conditions may make mesoscale eddies more frequent (Yun et al., 2024). Mesoscale eddies play an important role in regulating ocean heat absorption and redistribution (Wang et al., 2023; He et al., 2024), especially mesoscale eddies with a horizontal scale of O(100) km, which play a crucial role in regulating ocean heat absorption and redistribution (He et al., 2024). And mesoscale eddies affect ocean carbon sequestration by influencing the heat supply to the ocean surface in the frontal region associated with strong western boundary current extensions (Jing et al., 2020). Our study suggests that mesoscale eddies can also have an impact on the distribution of POC in the ocean, thereby affecting ocean carbon sequestration.

Our study can only investigate the changes in the distribution of climate state POC concentration over the life cycle of GW due to limitations in the quality of POC data. However, we are unable to explore on smaller time scales, such as interannual variations and monthly variations. We only conducted preliminary calculations on the influence of GW on the distribution of POC concentration but did not conduct more precise quantitative calculations.




5 Conclusion

In this study, we mainly study the effect of GW on the spatial and temporal distribution of POC. Our results show that there is a significant difference between the effect of GW on the spatial and temporal distribution of POC when the sea depth is no more than 50 m and when the sea depth is approximately between 50 and 175 m.

From June to November, when the seawater depth is not more than 50 m, the effect of GW on the distribution of POC is mainly manifested in the transport of high-concentration POC water. The flow field at the edge of GW will cause the high concentration of POC water to flow from the north of the GW and the nearshore to the south and east with the flow of seawater, so that the concentration of POC at the edge of GW is higher than that of the water at the center of the eddy, and the difference between the edge and the center can reach about 20 mg·m−3 at most. Due to the influence of light conditions, southwest monsoon, sea temperature and other factors, the signal begins to appear in June and begins to gradually strengthen, and the signal is strongest in August and September. Then the signal begins to weaken and dissipate in November. This phenomenon indicates that GW has a significant impact on the redistribution of nutrients in the local sea area.

From June to November, when the sea depth is approximately between 50 and 175 m, the effect of GW on the distribution of POC is mainly realized that the POC concentration of the water inside the eddy was higher than that of the water at the edge of the eddy, and the difference between the center and the edge is the largest at the depth about 100 m, and the maximum can reach about 10 mg·m−3. Influenced by factors such as the strength of the eddy, the southwest monsoon, and the sea temperature, the signal begins to appear in June and gradually strengthens, and the signal is strongest in July and August. Subsequently, the signal begins to gradually weaken, and in November the signal dissipates. This phenomenon indicates that GW will enrich the nutrients in the subsurface layer of the seawater at approximately between 50 and 175 m, which will increase the concentration of POC in the subsurface water at approximately between 50 and 175 m inside the eddy. The reason for this phenomenon may be that eddy-induced Ekman pumping occurred inside the GW, which causes an upwelling to cause the upwelling of the seawater carrying high concentrations of nutrients in the lower layer, so that the POC concentration of the eddy seawater is higher than that at the edge of the eddy.
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