

[image: Subsurface mesoscale eddies in the east of the Philippines: three-dimensional biogeochemical structures and transports]
Subsurface mesoscale eddies in the east of the Philippines: three-dimensional biogeochemical structures and transports





ORIGINAL RESEARCH

published: 21 November 2024

doi: 10.3389/fmars.2024.1439787

[image: image2]


Subsurface mesoscale eddies in the east of the Philippines: three-dimensional biogeochemical structures and transports


Ya-nan Ding 1,2, Anqi Xu 2, Suixiang Shi 1*, Kexiu Liu 1, Zhigang Gao 1, Xinrong Wu 1, Feng Nan 2,3,4 and Fei Yu 2,3,4*


1 Key Laboratory of Ministry of Natural Resources for Marine Environmental Information Technology, National Marine Data and Information Service, Ministry of Natural Resources, Tianjin, China, 2 Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China, 3 Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, China, 4 Pilot National Laboratory for Marine Science and Technology, Qingdao, China




Edited by: 

Baptiste Mourre, Spanish National Research Council (CSIC), Spain

Reviewed by: 

Wuchang Zhang, Chinese Academy of Sciences (CAS), China

Huabin Mao, South China Sea Institute of Oceanology, Chinese Academy of Sciences (CAS), China

Anna Teruzzi, National Institute of Oceanography and Applied Geophysics, Italy

*Correspondence: 

Suixiang Shi
 ssx@nmdis.org.cn 

Fei Yu
 yuf@qdio.ac.cn


Received: 28 May 2024

Accepted: 30 October 2024

Published: 21 November 2024

Citation:
Ding Y-n, Xu A, Shi S, Liu K, Gao Z, Wu X, Nan F and Yu F (2024) Subsurface mesoscale eddies in the east of the Philippines: three-dimensional biogeochemical structures and transports. Front. Mar. Sci. 11:1439787. doi: 10.3389/fmars.2024.1439787



Subsurface eddies (SSEs) are a particular type of oceanic eddy that is a common feature in the ocean. The biogeochemical properties of the SSEs differ from those of surface eddies (SEs) and surrounding water, due to their unique physical processes. The biogeochemical property of SSEs in the east of the Philippines were investigated using numerical simulations, including their statistical characteristics, three-dimensional biogeochemical structures and transports, as well as contribution to changes in biogeochemical variables. A total of 501 subsurface anticyclonic eddies (SSAE) and 345 subsurface cyclonic eddies (SSCE) were identified during 2019–2022. Compared with the SEs, the temperature, nitrate (NO3) and dissolved oxygen (DO) anomalies of the SSEs east of the Philippines have two significant anomalous cores of opposite phase: at 200–400 m and 600–800 m, respectively, with the location of the largest meridional velocity (~400 m) being the boundary between positive and negative anomalies. SSEs also play an essential role in influencing chlorophyll (CHL) distribution, with SSAE (SSCE) causing an increase (decrease) in CHL at the euphotic zone (~110 m). In addition, the SSEs-induced NO3, DO and CHL transport and their contributions to the changes in biogeochemical variables were also illustrated for the first time. In more than half of the investigated region, there was a net westward transport of DO and a predominant eastward transport of NO3, primarily attributed to SSAE. Regarding CHL transport in the euphotic zone, SSAE is the primary contributor, with a notable westward CHL transport observed in the study area, and mainly a northward transport occurring north of 12°N. In particular, the NO3 concentration in the euphotic zone was considerably increased by SSAE (up to 12.6%) under average conditions, contributing to primary productivity, which can be critical for biological processes.
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1 Introduction

Mesoscale eddies are prevalent in the oceans and encompass a series of different interactions between physical, chemical, and biological processes that affect ocean circulation, climate change, and carbon cycling on long time scales. Based on the vertical structure and core depth, mesoscale eddies are classified into surface-intensified eddies (SEs) and subsurface-intensified eddies (SSEs, Zhang et al., 2017). The surface cyclonic (anticyclonic) eddies exhibit maximum velocities and isopycnal deformation at the sea surface or upper mixed layer, accompanied by convex (concave) isopycnal surfaces, which induce cooling (warming) of the sea surface at the center of the eddy. Subsurface cyclonic (anticyclonic) eddies, on the other hand, exhibit a concave (convex) lens structure, warming (cooling) the sea surface at the eddy center, with temperature and salinity cores and maximum velocities below the mixed layer (Shapiro and Meschanov, 1991; Thomsen et al., 2016; Lin et al., 2017; Nan et al., 2017; Yang et al., 2019; Zhu et al., 2021). The SSEs have also been referred to as intrathermocline eddies (Gordon et al., 2002; Qiao et al., 2023; Liu and Jing, 2024) or subthermocline eddies (Chiang and Qu, 2013; Chiang et al., 2015), depending on the depth at which their cores are located and the position with respect to the thermocline.

SEs can be easily identified from satellite remote sensing data (e.g., sea level anomaly, sea surface temperature, etc.) and are well understood (Chelton et al., 2007, 2011; Dong et al., 2011; Faghmous et al., 2015; Dong et al., 2022), whereas SSEs are relatively less known because they rely on in-situ measurements or model output. Despite their lower occurrence frequency than SEs, SSEs are prevalent in the western North Pacific, with some regions having higher frequencies than SEs (e.g., east of the Philippines, North Equatorial Current). Their significance is comparable to that of SEs, as demonstrated by recent studies (Xu et al., 2019, 2020; Nan et al., 2022). With the gradual accumulation of ocean profile observations, more and more studies on SSEs have been carried out (Yang et al., 2019; Belkin et al., 2020; Zhu et al., 2021; Song et al., 2022; Sun et al., 2022; Wang et al., 2023a).

As mentioned above, the east of the Philippines, situated in the northwest Pacific and characterized by a complex three-dimensional ocean current system, provides favorable conditions for the formation of SSEs. Various observational studies have highlighted important oceanographic features and SSEs in the region. Song et al. (2017) suggested the existence of a quasi-permanent subsurface anticyclonic eddy east of Mindanao, which is closely associated with the Mindanao Undercurrent. Using data collected from moorings and buoys, Nan et al. (2019) found that a subsurface eddy located east of the Philippines acts as an ‘underwater mixer’ of intermediate waters from the north and south Pacific. More recently, Song et al. (2022) identified two subsurface anticyclonic lenses through multi-instrumental measurements in east of the Philippines. Mooring measurements imply that one of the lenses17 probably originates from the south or southeast along the western boundary. These studies collectively underscore the dynamic and intricate nature of the ocean currents in this region, which play a crucial role in the formation and behavior of SSEs.

As is well known, the thermal and salt transport induced by eddies is crucial for global climate change. The transport of volume, heat, and salt by mesoscale eddies has been quantified based on satellite data and Argo floats (Zhang et al., 2014; Dong et al., 2014, 2017; Mo et al., 2024). Moreover, climate change depends on many important processes related to SSEs, such as how much heat, nutrient and carbon fluxes are induced by SSEs, and how this process responds to global warming. A fuller understanding of their structural and dynamical properties is needed to answer these questions. Xu et al. (2020) and Zhang et al. (2024) statistically analyzed the SSEs in the northwest Pacific Ocean based on model data, as well as gave their vertical thermohaline structure, volume and thermohaline transport. This serves as an effective supplement to the eddy-induced volume and thermohaline transport.

Meanwhile, eddies play a crucial role in the regional marine ecosystem. They transport nutrients, larvae, and other marine organisms between different habitats, supporting a rich biodiversity of fish, mammals, invertebrates, and microorganisms. In addition to this, the east of Philippines is an important spawning ground for Japanese eels, which has practical socio-economic effects (Yu, 1992). An intriguing question may immediately come to mind, that of what the role of active SSEs in biogeochemical transport in the east of Philippines. However, previous studies do not reveal the structure and transport of biogeochemical variables caused by SSEs.

Multiple-platform observations and the availability of BGC-Argo with an optical probe provide an opportunity to unravel the biogeochemical characteristics of SSEs. As a result, some SSE case studies have emerged. Using multiple-platform observations and reanalysis products, the characteristics of temperature, salinity and dissolved oxygen of a subsurface anticyclonic eddy was investigated in the eastern equatorial Indian Ocean (Hu et al., 2022). The 3D biogeochemical structure of a long-lived subsurface anticyclonic eddy was investigated using BGC-Argo and model data in the Northwest Pacific (Ding et al., 2022). Due to the special lens-shaped structure, SSEs can be equally important sources of nutrients to the euphotic zone, greatly enhancing carbon uptake and primary productivity from the atmosphere to the deep ocean (McGillicuddy et al., 2007; Schütte et al., 2016). Therefore, it is of great significance to obtain the 3D biogeochemical structure of SSEs and to assess their role in marine biogeochemical cycling processes.

Overall, previous studies have investigated the biogeochemical spatial structure of individual SSE using observations and numerical models, and obtained the composite vertical thermohaline structures and thermohaline transport of SSEs. However, the distribution of SSEs’ 3D biogeochemical structures, biogeochemical transport, and their contributions to biogeochemical cycles still remain to be investigated, which is what we try to address in this paper. The remaining sections are organized as follows. A brief description of the data and methods, as well as comparisons between observations and model output are given in Section 2. The composite vertical structure of the SSEs in terms of temperature, salinity, velocity, chlorophyll (CHL), nitrate (NO3), and dissolved oxygen (DO) anomalies are presented in Section 3.1, which are compared to the SEs. The contribution of SSEs to changes in the biogeochemical variables is investigated in Section 3.2. Eddy-induced biogeochemical transport is analyzed in Section 3.3. Finally, a summary and discussion are given in Section 4.




2 Data and method



2.1 Copernicus global ocean analysis

Copernicus Marine Environmental Monitoring Service (CMEMS) (http://marine.copernicus.eu/) is an important global observation and monitoring program organized by the European Union. This study used global ocean physical analysis and forecasting product GLOBAL_ANALYSISFORECAST_PHY_001_024 provided by CMEMS (https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-GLO-PUM-001-024.pdf). The Mercator Global Ocean forecasting system (Lellouche et al., 2018) is produced by Mercator Océan (France). The model includes multivariate data assimilation, incorporating a singular extended Kalman (SEEK) filter analysis of along-track satellite sea level anomaly (SLA) and sea surface temperature (SST), along with in situ temperature and salinity profiles. This product contains 3D potential temperature, salinity and currents information from top to bottom over the global ocean. The global ocean output files are displayed with a 1/12-degree horizontal resolution with regular longitude/latitude equirectangular projection and on 50 standard levels. The quality of the Global Ocean Physics Analysis and Forecast Product has been described in the Quality Information Document (Lellouche et al., 2024, https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-024.pdf).

Copernicus Marine Service global biogeochemical analysis and forecast product GLOBAL_ANALYSIS_FORECAST_BGC_001_028(https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-GLO-PUM-001-028.pdf) was used to obtain subsurface mesoscale eddy biogeochemical structures. This product is produced at Mercator Ocean International (Toulouse, France). It provides biogeochemical fields of CHL concentration, NO3, phosphate, silicate, DO, dissolved iron, primary production, phytoplankton, pH, dissolved inorganic carbon, total alkalinity, surface partial pressure of carbon dioxide and light attenuation coefficient. The global ocean output files are displayed with a 1/4-degree horizontal resolution with regular longitude/latitude equirectangular projection and 50 vertical levels are ranging from 0 to 5500 meters. This product is based on the PISCES biogeochemical model. It is forced offline at a daily frequency by GLOBAL_ANALYSISFORECAST_PHY_001_024 coarsened at 1/4 degree, with SEEK-based Data Assimilation of OCEANCOLOUR_GLO_BGC_L4_NRT_009_102. The PISCES biogeochemical model is available on the NEMO (https://www.nemo-ocean.eu/) modelling platform. The quality of the global biogeochemical system has been assessed using an 11-year hindcast simulation (2008–2018), as described in the quality information document (https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-028.pdf) and synthesis quality overview document(https://catalogue.marine.copernicus.eu/documents/SQO/CMEMS-GLO-SQO-001-028.pdf).

This study utilizes daily 3D temperature, salinity, zonal and meridional velocity, CHL, NO3 and DO from 2019 to 2022, covering the latitudinal range of 120°E to 140°E and 0°N to 20°N, and the depth range of 0 m to 1941 m.




2.2 Identification of subsurface eddy

The difference between SSEs and SEs is that SSEs cannot be accurately identified based on altimeter data alone. Therefore, the authors use the Okubo-Weiss parameter method (Okubo, 1970; Weiss, 1991), which is most widely used in mesoscale eddy automatic detection and is particularly suitable for high-resolution numerical models, to detect eddies at individual depths in the model data. In this study, a SSE identification method proposed by the authors based on the high-resolution model data was utilized (Xu et al., 2019, 2020), and firstly, the 3D W parameter distribution was obtained by using the 3D current data, and the Okubo-Weiss parameter was defined as  , where   represents the shear rate of deformation, given by  ; and   represents the stretching rate of deformation, calculated as  ; and   represents relative vorticity, which is  . In this context, u and v denote the zonal and meridional velocity components, respectively. The symbols   and   signify the partial derivatives of a function with respect to longitude and latitude, respectively.

The W-field was smoothed with half-power filters of 1° × 1° to reduce the W-noise. Following this, a sensitivity analysis was conducted on the threshold parameter W0, which determines the boundary of eddies. The results indicated that the most effective threshold value for eddy identification was 0.2. Consequently, the eddy boundary was determined by extracting the threshold contour W0=-0.2σw, where σw denotes the standard deviation of W. Despite the definition of a fixed threshold of 0.2, it is important to highlight that the threshold parameter σw was calculated at every time step, covering the specified domain and depth. Furthermore, vorticity was used to differentiate cyclonic and anticyclonic eddies. In addition, a screening of the eddy shape and velocity at the eddy center was carried out. As the W0 contour wrapped region may be extremely irregular, eddy shape errors greater than 70% and anomalous identification regions with velocity greater than 0.2 m/s near the eddy center were excluded. Kurian et al. (2011) provided a detailed description of eddy shape test, as well as more specific SSE identification process references to the authors’ previous work (Xu et al., 2019).




2.3 Subsurface eddy tracking method

SSEs were detected daily in the form of snapshots, and once the daily eddy fields were identified, continuous trajectories of a given eddy were obtained by tracking them continuously in time for individual eddies. For facilitating the calculation, 0 is used in the 3D matrix to represent the background flow field, 1 for the anticyclonic eddy, and -1 for the cyclonic eddy. Subsequently, the connecting region marking method is employed to identify contiguous areas in the above 3D matrix, where each contiguous area represents an eddy. Based on the marking results, the precise spatial location of the eddy in each layer is determined, and the radius of each eddy is computed. In order to distinguish SEs from SSEs, in this study, only eddies with the overall structure of the contiguous region below 50 m are identified as subsurface mesoscale eddies.




2.4 Comparison between observations and models

The Copernicus Global Ocean Analysis products have been widely used for the study of mesoscale eddies, as they are in good agreement with observations (Qian et al., 2018; Mason et al., 2019; Potter et al., 2021; Wang et al., 2023a). To verify the accuracy of the model outputs, the surface velocity was first compared with the mean eddy kinetic energy (EKE) calculated from satellite data (Supplementary Figure S1). EKE is the perturbation kinetic energy of the instantaneous sea water motion relative to the mean flow field. Its distribution is directly related to mesoscale eddy activity and is one of the most direct factors characterizing the intensity of eddy activity. As illustrated in the figure, the Kuroshio Extension region, Taiwan, and the east of the Ryukyus are the latitudinal high value zones of EKE. Notably, with the exception of the equatorial area, where the model’s EKE exceeds that of the satellite data, both datasets exhibit remarkably similar distribution patterns of EKE in the northwest Pacific. Therefore, it is feasible to identify the SSEs with the current data of this model outputs.

To study the biogeochemical structure of the SSEs, comparisons with existing observations were made to validate the accuracy of the model outputs. The surface and vertical distributions of the modelled CHL, NO3, and DO fields show a good agreement with both satellite data and BGC-Argo measurements (Lamouroux and Perruche, 2023). And the depth of the CHL maximum is well reproduced in the model (Ding et al., 2022). Lamouroux and Perruche (2023) also quantified errors for each biogeochemical variable using BGC-Argo: the model and float CHL concentrations with a correlation coefficient of 0.81, a positive bias of 0.26 log10(mg m-3) and an RMSD of 0.59 log10(mg m-3); the NO3 correlation coefficient of model and float is 0.98, with a negative bias of -0.91 mmol m-3 and an RMSD of 2.81 mmol m-3; for DO, a correlation coefficient of 0.96, a positive bias of 7.44 mmol m-3 and an RMSD of 16.61 mmol m-3. Based on our previous work (Ding et al., 2022), from April to November 2019, Argo2902754 was captured by a cyclonic eddy and the isopycnal was significantly elevated, and the model responded well to this mesoscale eddy. Therefore, it is reasonable to use the model data to study the biogeochemical effects of the mesoscale eddy. It is worth noting that for each eddy, the anomalies of each variable are subtracted from the regional mean within a 5°x5° box centered on the eddy. Consequently, the product error does not affect the composite structures of mesoscale eddy.





3 Result



3.1 3D structure of subsurface eddy

A total of 501 subsurface anticyclonic eddies (SSAEs) and 345 subsurface cyclonic eddies (SSCEs) were detected in the east of the Philippines during 01 Jan. 2019−31 Dec. 2022, of which SSAEs are numerically dominant. The distribution of the trajectories of SSE is depicted in Figure 1, SSEs is similar to SEs, moving westwards as a whole, with a meridional movement near the western boundary due to the Philippine coast. And SSEs originated at ~140°E (the research area is limited only to the west of 140°E) and travelled westward before terminating or originated off the coast of the Philippines (Chiang and Qu, 2013; Chiang et al., 2015). The mean radius and lifespan of SSCEs (SSAEs) are 70.7 km (76.8 km) and 49 (47) days, respectively, which is generally in agreement with previous research (Xu et al., 2019; Zhang et al., 2024). The mean radius of SSCEs is smaller than that of SSAEs, with the maximum (minimum) radius occurring in summer for SSCEs (SSAEs). The mean westward propagation speed of SSCEs (SSAEs) is about 6.2 (7.2) cm/s, which is slightly larger than the speed (~6 cm/s) recently reported by Zhang et al. (2024), and is also closer to the phase speed of the second mode baroclinic Rossby wave at low latitudes.




Figure 1 | Trajectories of SSAE (red) and SSCE (blue) during period 2019–2022 with lifespan longer than 30 days. The red (blue) dots denote the origins of eddies, and the red (blue) diamonds denote their destinations.



To characterize the vertical structure of SSEs, composite maps of eddy anomalies (e.g. temperature, salinity, CHL, NO3 and DO) under the eddy coordinate system (Δx, Δy) were constructed for all identified SSEs. The eddies induced anomaly for a specific field at a particular time and depth was computed by subtracting the regional mean properties within a 5° × 5° box centered around the eddy. The vertical sections of temperature, salinity, and meridional velocity for the composite SSE along the zonal direction at Δy=0 are shown in Figure 2. As depicted in the Figures 2A, B, the composite temperature structure of SSAE and SSCE in the east of the Philippines has two significant anomalous cores: one located between 200−400 m and the other at 600−800 m. The location of the maximum velocity at 400 m is the separation of the positive and negative temperatures anomalies, and the structure of the double cores of such temperature anomalies is determined by the unique lens-shaped structure of ‘upper-convex and lower-concave (SSAE)’ or ‘upper-concave and lower-convex (SSCE)’.




Figure 2 | Vertical sections of zonal (A, B) temperature anomalies (unit: °C), (C, D) salinity anomalies and (E, F) meridional velocity of the composite SSAE and SSCE at Δy = 0 in the east of the Philippines. The horizontal coordinates are the normalized west (negative) and east (positive) distances from the eddy core.



In terms of the salinity composite structure, the salinity anomaly in the upper layer is more complex, and both the SSAE and the SSCE below 200 m have a double-core structure with the opposite spatial distribution characteristics of their vertical structures (Figures 2C, D). The velocity core of the SSE is located between ~200−600 m, with a maximum meridional velocity of ~0.23 m/s. The location of the maximum core is generally consistent with previous studies (Figures 2E, F, Wang, 2017; Xu et al., 2020; Zhang et al., 2024), and the meridional velocity extremes are larger than before.

To better compare the difference between the vertical structure of SSE and SE, the distribution of temperature anomalies, salinity anomalies and meridional velocity of composite SE east of the Philippines is given along the zonal direction at Δy=0 (Figure 3). Different from the SSE, which has two opposite anomalous cores, there is only one negative or positive temperature anomalous core due to the upward or depressing downward doming of the isopycnals in the SCE and SAE, as shown in Figures 3A, B. The extreme value of temperature anomaly caused by the SCE is -1.41°C, which is stronger than the 0.78°C caused by SAE. Both the salinity anomaly observed in the SAE and in the SCE above 400 m have a double-core structure (Figures 3C, D). The composite meridional velocity of both SAE and SCE peak at the surface, with the maximum speed of 0.4–0.5 m/s (Figures 3E, F).




Figure 3 | Vertical sections of zonal (A, B) temperature anomalies (unit: °C), (C, D) salinity anomalies and (E, F) meridional velocity of the composite SAE and SCE at Δy = 0 in the east of the Philippines.



The vertical structures of composite NO3 and DO are given for the SSAE and SSCE, respectively (Figure 4). It is noted from the figure that, corresponding to the temperature anomalies, the DO and NO3 anomaly structures exhibit two prominent cores: located at 200–400 m and 600–800 m, respectively. In the SSCE, the DO anomaly shows negative (positive) anomalies deeper (shallower) than 400 m, while the NO3 anomalies show positive (negative) anomalies below (above) 400 m, respectively. Conversely, in the SSAE, these patterns are reversed. The formation of this anomaly structure is associated with the unique lens-shaped characteristic of SSEs. Without the eddy effects, there was a decreasing trend in the DO concentration as depth increases (Supplementary Figure S2B). Specifically, inside the SSAEs, due to the doming of the isopycnal, the DO-rich water mass above 400 m has been replaced by the lower DO water, resulting in a negative DO anomaly in the upper layer. At the same time, the deeper SSAEs are positively influenced by the relative abundance of DO downwelling. The concentration of NO3, in the absence of eddy influence, exhibits increasing trend with depth (Supplementary Figure S2C), which leads to a phase opposition to DO in SSAEs. For SSCEs, the situation is reversed.




Figure 4 | Vertical sections of zonal (A, B) NO3 and (C, D) DO anomalies (unit: mmol m-3) of the composite SSAE and SSCE at Δy = 0 in the east of the Philippines.



The NO3 and DO anomalies caused by the SSAE are more pronounced than those associated with the SSCE. Specifically, in the upper layer, the SSAE (SSCE) exhibits a maximum positive NO3 anomaly (minimum negative anomaly) of approximately 0.83 mmol m-3 (-0.19 mmol m-3). Conversely, in the lower layer, the minimum negative anomaly (maximum positive anomaly) value of NO3 is about -0.54 mmol m-3 (0.21 mmol m-3) for SSAE (SSCE). The minimum negative anomaly (maximum positive anomaly) of DO in the upper layer is approximately -3.86 mmol m-3 (1.41 mmol m-3) for SSAE (SSCE), while the maximum positive anomaly (minimum negative anomaly) of lower-layer DO is approximately 2.32 mmol m-3 (-0.76 mmol m-3) for SSAE (SSCE).

Correspondingly, the vertical structures of composite NO3 and DO in the SAE and SCE is given (Figure 5). Similar to the temperature anomalies, the anomaly structures of NO3 and DO have only one core located at 200–400 m. The DO in the SCE (SAE) shows negative (positive) anomalies, while the NO3 anomalies, in contrast, exhibit positive (negative) anomalies. In comparison to the SSE, the anomalies in both NO3 and DO associated with the SCE are more significant than those linked to the SAE. In detail, the minimum negative anomaly (maximum positive anomaly) value of NO3 in the SAE (SCE) is approximately -0.83 mmol m-3 (1.41 mmol m-3). Conversely, for DO, the SAE shows a maximum positive anomaly of about 2.69 mmol m-3, whereas the SCE demonstrates a minimum negative anomaly value of -3.38 mmol m-3.




Figure 5 | Vertical sections of zonal (A, B) NO3 and (C, D) DO anomalies (unit: mmol m-3) of the composite SAE and SCE at Δy = 0 in the east of the Philippines.



The euphotic zone is the most biogeochemically active region in the ocean, where the most important of which is phytoplankton photosynthesis, i.e., the conversion of dissolved inorganic carbon into biological organic carbon, which is the fundamental and most important beginning of the marine food chain. The euphotic zone depth, defined as the depth where photosynthetically active radiation (PAR) diminishes to 1% of its surface value, exhibits a close correlation with variations in the vertical distribution of CHL. Based on the empirical formula proposed by Morel and Berthon (1989), the euphotic zone depth was calculated from the total CHL concentration within this zone. The distribution of CHL composites of the SSE at the depth of the euphotic layer (~110 m) is given in Figure 6, with positive CHL anomalies occupying more than 70% of the eddy area in the SSAE, especially on the southeastern side; negative CHL anomalies are much weaker, and take up a very small area on the western side. For the SSCE, negative (positive) CHL values are found on the northeastern (southwestern) side. The sloping topography may be one of the possible reasons for the eastward deflection of the eddy, given that most of the SSE east of the Philippines is near the coast.




Figure 6 | Average CHL anomaly for composite (A) SSAE and (B) SSCE in the base of the euphotic zone (~ 110 m).



The vertical composite structure of CHL in the SSE is depicted in Figure 7. In this illustration, the SSAE, characterized by its convex isopycnal in the upper layer, here resembles the role of the SCE. This similarity facilitates the upward movement of nutrient-rich cold water, which is conducive to photosynthesis by phytoplankton. Consequently, this process leads to increase of CHL concentrations in the euphotic zone. Conversely, the downward compression of the subsurface chlorophyll maximum (SCM) in the SSCE contributes to a reduction in CHL concentration in the euphotic zone. As CHL concentration can reflect phytoplankton biomass to a certain extent, and photosynthesis of phytoplankton plays a crucial role in the ocean carbon cycle as well as in the change of global carbon fluxes, potential CHL changes will lead to the redistribution of carbon in the ocean (Zhao et al., 2020). Therefore, changes in CHL concentrations due to special structure of SSAE are not negligible.




Figure 7 | Vertical sections of zonal CHL anomalies (unit: mg m-3) of the composite (A) SSAE and (B) SSCE at Δy = 0 in the east of the Philippines.



Similar to the SSAE, the SCE, due to the consistent upward convex isopycnal in the eddy, allows the uplift of nutrient-rich cold water, favoring phytoplankton photosynthesis, leading to increased CHL values in the euphotic zone; whereas in SAE the SCM is suppressed downward, resulting in a negative CHL anomaly at the sea surface (Figure 8).




Figure 8 | Vertical sections of zonal CHL anomalies (unit: mg m-3) of the composite (A) SAE and (B) SCE at Δy = 0 in the east of the Philippines.






3.2 Contribution of subsurface eddies to changes in biogeochemical variables

The impact of SSEs on biogeochemical variables such as CHL, NO3 and DO remains unclear. To gain a visual understanding of the changes in biogeochemical variables induced by SSEs, the composite anomaly structures of the eddies were divided by the vertical profile outside the eddy (Supplementary Figure S2) to obtain the contribution ratios of NO3, DO, and CHL changes caused by SSE (Figures 9, 10). Here the averaged vertical profiles over all time periods, excluding the impact areas of all eddies (including SEs and SSEs), were used. It can be observed that, on average, the contribution ratio induced by SSAEs is higher than that induced by SSCE in the east of the Philippines. The NO3 change induced by the center of SSAE reaches up to 12.6% at 100 m, with a negative anomaly of about 2% at 600 m. The contribution ratios of NO3 change induced by the center of SSCE are -1.5% (0.8%) at depths of 200 m (600 m), respectively. The contribution ratios of the DO change induced by the center of the SSAE (SSCE) are -2.5% (1.1%) at 200 m and 2.4% (-1.6%) at 600 m.




Figure 9 | Composite 3D percent of contribution structure of the (A, C) NO3 and (B, D) DO caused by SSAE and SSCE in the east of the Philippines. Black dotted line is the z-axis of the coordinate.






Figure 10 | Composite 3D percent of contribution structure of CHL in euphotic zone caused by (A) SSAE and (B) SSCE in the east of the Philippines. Black dotted line is the z-axis of the coordinate.



The contribution of the center of SSAE (SSCE) to the CHL change exceeds 6.7% (-4.5%) in euphotic zone (Figure 10). While these contributions are relatively small overall, they are not negligible in oligotrophic regions with active SSEs. Notably, the SSAE contributes to a substantial increase in NO3 concentration by up to 12.6% in the euphotic zone at mean state, thereby enhancing primary productivity and playing a critical role in biotic processes. It is worth noting that the position of the composite eddy center is shifted from that of the DO/CHL center both horizontally and vertically, probably due to the eddy vertical tilt induced by ocean stratification (Li et al., 2022) and the asymmetry of mesoscale eddies induced by eddy–eddy interactions (Wang et al., 2023b; Zhang et al., 2024).




3.3 Biogeochemical transport induced by subsurface eddies

The CHL, NO3 and DO transport induced by the SSE movement east of the Philippines (120°E to 140°E and 0°N to 20°N) was calculated for 2019−2022. Taking a cue from previous studies on calculating heat transport by eddies. For a single SSE, the CHL anomaly was calculated as:

 

Where   is CHL anomaly, r is the eddy radius within a given layer and z is the depth layer thickness within the SSE. Using a similar calculation method to CHL, the NO3 and DO anomaly for a single SSE was calculated as:

 

Where   is the NO3 and DO anomaly, n stands for molar mass. An average bin of 0.5° meridional width (Dlat) and 0.5° zonal length (Dlon) was created around each grid point. The total SSE-induced biogeochemical transport within each bin was calculated for the whole period from 2019 to 2022 and divided it by Dlon, Dlat, and the number of snapshots (N). The average SSE-induced zonal biogeochemical transport is given by

 

Similar to  , the SSE-induced meridional biogeochemical transport was calculated:

 

Where   and   are the zonal and meridional propagation speeds of individual SSE, respectively. Instead of using statistically averaged eddy propagation speeds to calculate eddy transport, eddy trajectories were used to calculate transport by eddy movements.

The biogeochemical transport patterns were closely related to how the eddies distributed and moved. The zonal NO3, DO and CHL transport induced by SSAEs and SSCEs tended in opposite directions (Supplementary Figures S3-S5). The spatial distribution of biogeochemical transport irregularities induced by SSEs depicted in the figures is attributable to an insufficient number of eddy samples. The distribution of meridional NO3 transport (in the order of 105 mg/m) is much smaller than that of the zonal NO3 transport (in the order of 106 mg/m), due to differences in propagation characteristics. With distinct isopycnals displacement patterns, the meridional integration of zonal NO3 and DO transport induced by SSAEs and SSCEs tended to partially counterbalance each other (Figure 11). The zonal NO3 transport associated with SSAEs peaks at 128°N, with a magnitude of up to ~5×107 mg. As shown in Figure 11A, the total SSEs result in a net westward NO3 transport between 131°E−137°E, with the SSCEs being the major contributor. And a significant net eastward NO3 transport at 127°E, with a magnitude of up to 3 × 107 mg. In terms of zonal DO transport, the total zonal DO transport induced by the SSEs peaks at 127°E (~9×107 mg) and 139°E (~5×107 mg) as a result of the reversed transport roles of SSAEs and SSCEs.




Figure 11 | The meridionally integrated zonal (A) NO3 and (B) DO transport induced by SSAEs and SSCEs.



As illustrated in Figure 12A, the zonally integrated meridional NO3 transport of SSEs is quite variable, with alternating north-south distributions south of 12°N, while exhibiting a net northward transport resulting from SSCEs between 12°N−17°N. Similarly, the zonally integrated meridional DO transport of SSEs is quite variable (Figure 12B), and the combined effect of the two largely depends on the SSAEs between 5°N−12°N, and on the SSCE north of 12°N.




Figure 12 | The zonally integrated meridional (A) NO3 and (B) DO transport induced by SSAEs and SSCEs.



The meridionally integrated zonal CHL transport induced by SSAEs and SSCEs tended to cancel each other out (Figure 13A), and the final effect is a net westward transport in the 125°E−131°E and 136°E−140°E with a magnitude up to about 2−4×103 mg. However, the zonally integrated meridional CHL transport of SSAEs is much larger than that of SSCEs (Figure 13B). As shown in Figure 13B, Supplementary Figure S5C, along the Philippine coast, a significant net northward CHL transport of up to 103 mg, except for a few latitudes.




Figure 13 | (A) Meridionally integrated zonal CHL transport in the base of the euphotic zone induced by SSEs as a function of longitude, and (B) zonal integrated meridional transport induced by SSEs as a function of latitude.







4 Summary and discussion

In this study, the 3D biogeochemical structures and transports of SSEs and their contributions to the changes in the biogeochemical variables, were investigated for the first time by analyzing the numerical simulations. Compared to the SEs, the SSEs have two significant cores with opposite phases of temperature, NO3, and DO anomalies: one at 200–400 m and the other at 600–800 m, with the maximum meridional velocity at 400 m being the boundary between positive and negative anomalies. SSEs also play a crucial role in influencing the CHL distribution, with more than 70% of the area in the SSAE (SSCE) at the euphotic zone (~110 m) occupied by positive (negative) CHL anomalies. On average, the anomalous NO3, DO and CHL changes induced by SSAEs are found to be stronger than those induced by SSCEs, with contributions from both being less than 10%. While the overall contribution may be relatively small, it is significant in oligotrophic regions where SSEs are active. In particular, the substantial increase in NO3 concentration caused by SSAEs in the euphotic zone at mean state (up to 12.6%) promotes primary productivity and is even considered critical for biological processes.

Previous studies have demonstrated that SSEs are highly non-linear, suggesting a significant impact on subsurface biogeochemical transport, particularly in regions where SSEs are abundant (Gaube et al., 2013; Xu et al., 2019; Xiu and Chai, 2020; Zhao et al., 2020). Here, for the first time, the NO3, DO and CHL transports resulting from SSEs movements east of the Philippines were calculated. The meridionally integrated zonal transports of NO3, DO and CHL for both SSAEs and SSCEs largely offset each other, leading to overall weak zonal transports. In the region from 125°E–131°E and 136°E–140°E, there is a net westward transport of DO and CHL, accompanied by a predominant eastward transport of NO3. In addition, the total SSE leads to a net westward transport of NO3 between 131°E–137°E due to the contribution of the SSCE. For the SSE-induced meridional transport, a net northward of NO3/CHL and a net southward of DO were observed north of 12°N. The SSE-induced meridional CHL transport occurs mainly off the Philippines and Mindanao coasts, and the SSAEs are the major contributor (Supplementary Figure S5).

The distribution of CHL and NO3 in the subsurface layer, as well as the depth of the maximum dissolved oxygen layer, are critical to understanding the near-surface biogeochemical response to the eddies. Therefore, in future studies, the vertical structure of the entire upper ocean should be taken into account when interpreting satellite observations, especially distinguishing between the roles of the two types of eddies with different structures. It is worth noting that this study only estimated the contribution of SSEs to biogeochemistry in the composite state. To have a more comprehensive understanding of how SSEs affect biogeochemical changes, in the future, the authors will calculate SSEs induced changes in CHL, NO3 and DO throughout the ocean, aiming to understand the impact of SSEs on biogeochemical cycling. In addition, the seasonal variation of subthermocline EKE within the study area is evident (Zhang et al., 2021), and the seasonal changes in biogeochemical impacts are also issues of considerable concern, to which we will pay more attention in the future. As more and more BGC-Argo floats and gliders are deployed globally, model output will no longer be the only resource, and more researches on the effects of mesoscale eddies on the biogeochemical elements will emerge. Authors will also use this data in the future to further delve into the physical-biogeochemical processes associated with SSEs.
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